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Following the discovery of the first specific and essential role of nickel in biology in 1975 (the dinuclear
active site of the enzyme urease) [1], nickel has become a major player in bioinorganic chemistry, particularly
in microorganisms, having impacts on both environmental settings and human pathologies. At least
nine classes of enzymes are now known to require nickel in their active sites, including catalysis of redox
[(Ni,Fe) hydrogenases, carbon monoxide dehydrogenase, methyl coenzyme M reductase, acetyl coenzyme
A synthase, superoxide dismutase] and nonredox (glyoxalase I, acireductone dioxygenase, lactate
isomerase, urease) chemistries. In addition, the dark side of nickel has been illuminated in regard to
its participation in microbial pathogenesis, cancer, and immune responses. Knowledge gleaned from
the investigations of inorganic chemists into the coordination and redox chemistry of this element
have boosted the understanding of these biological roles of nickel in each context. In this issue, eleven
contributions, including four original research articles and seven critical reviews, will update the
reader on the broad spectrum of the role of nickel in biology.

The understanding of the biological role of nickel from the inorganic chemistry side is reviewed on
a theoretical basis by Siegbahn et al. [2], who discuss the enzyme mechanisms, including the canonical
mechanism of urease, in view of the recently reported crystal structure of the enzyme-substrate
complex [3]. This chemistry is further elucidated by original contributions on the pH dependence of
binuclear nickel peptide complexes by Keegan et al. [4].

The knowledge of proteins involved in cellular nickel trafficking (metalloregulators and
metallochaperones) is summarized by Higgins in a review [5], which is complemented by a second
monographic article by Nim and Wong [6], that focuses more specifically on the maturation of the nickel
enzyme urease as a paradigmatic example of how cells balance nickel essentiality and toxicity. These
two reviews are augmented by two original research papers on this aspect of the nickel bioinorganic
chemistry field: the paper by Alfano et al. [7] is focused on Coo], an accessory protein necessary for
the maturation of the nickel-dependent enzyme carbon monoxide dehydrogenase, while the paper
by Barchi and Musiani [8] describes the structure-function relationships in InrS, a nickel-dependent
transcription factor from cyanobacteria.

Other reviews in this issue focus on aspects of nickel in human health, with the goal of making
this literature more accessible to the bioinorganic community. The general aspects of the field are
surveyed by Buxton et al. [9], while a more focused review by Maier and Benoit [10] discusses the role
of nickel in microbial pathogenesis. The role of noncoding RNA in nickel-induced human cancer is
discussed in a review by Zhu et al. [11], while the role of human acireductone dioxygenase in human
health and its metal-dependent function are discussed in the monograph by Liu and Pochapsky [12].

The range of nickel containing systems is still expanding, as demonstrated by the original research
paper by Suttisansanee and Honek, which reports a preliminary characterization of a nickel activated
and mycothiol-dependent glyoxalase I from fungi [13].

Inorganics 2019, 7, 131; doi:10.3390/inorganics7110131 1 www.mdpi.com/journal/inorganics
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In conclusion, we hope that these open-access contributions will serve as guiding lights for future

research into the biological role of nickel. We thank the authors for their original contributions for the
special issue, and we thank the reviewers for their insightful comments on each article.
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Abstract: Nickel (Ni) metal and Ni compounds are widely used in applications like stainless
steel, alloys, and batteries. Nickel is a naturally occurring element in water, soil, air, and living
organisms, and is essential to microorganisms and plants. Thus, human and environmental nickel
exposures are ubiquitous. Production and use of nickel and its compounds can, however, result
in additional exposures to humans and the environment. Notable human health toxicity effects
identified from human and/or animal studies include respiratory cancer, non-cancer toxicity effects
following inhalation, dermatitis, and reproductive effects. These effects have thresholds, with indirect
genotoxic and epigenetic events underlying the threshold mode of action for nickel carcinogenicity.
Differences in human toxicity potencies/potentials of different nickel chemical forms are correlated
with the bioavailability of the Ni%* ion at target sites. Likewise, Ni2* has been demonstrated to
be the toxic chemical species in the environment, and models have been developed that account
for the influence of abiotic factors on the bioavailability and toxicity of Ni** in different habitats.
Emerging issues regarding the toxicity of nickel nanoforms and metal mixtures are briefly discussed.
This review is unique in its covering of both human and environmental nickel toxicity data.

Keywords: nickel; bioavailability; carcinogenicity; genotoxicity; allergy; reproductive; asthma;
nanoparticles; ecotoxicity; environment

1. Nickel Occurrence and Uses

Nickel (Ni) is a naturally occurring element and is found in abundance in the earth’s crust and
core. Nickel occurs in air, water, sediments, and soil from various natural sources and anthropogenic
processes. Nickel is introduced into the environment and is circulated through the system by chemical
and physical processes and through biological transport mechanisms of living organisms [1]. Nickel is
essential for the normal growth of many species of microorganisms and plants [1].

Nickel exists in nature mainly in the form of sulfide, oxide, and silicate minerals, and is an
important commercial element in industrialized societies. Thus, human and environmental Ni
exposures are ubiquitous. Anthropogenic nickel releases to the environment occurs locally from
emissions of metal mining, smelting, and refining operations; from industrial activities, such as nickel
plating and alloy manufacturing; from land disposal of sludges, solids, and slags; and from disposal
as effluents. Other diffuse sources may arise from combustion of fossil fuels, waste incineration, and
wood combustion.

Nickel compounds can be water-insoluble, like oxidic (such as black nickel oxide) and sulfidic
(such as nickel subsulfide), with the latter being sparingly soluble in some media. A third group of
nickel compounds are water-soluble (such as nickel sulfate). Metallic nickel (nickel metal and alloys)
are nickel substances with very low or no water solubility.

The important uses of nickel substances in transportation products, aerospace equipment, paints,
ceramics, medical applications, electronics, food and beverage production, batteries, chemicals,

Inorganics 2019, 7, 89; doi:10.3390/inorganics7070089 3 www.mdpi.com/journal/inorganics
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and many other uses indicate that potential exposure to nickel metal, nickel compounds, and
nickel-containing alloys is wide ranging. Although many sources and types of exposure exist, potential
toxicity is dependent on the physico-chemical characteristics of the nickel substance, as well as the
amount, duration, and route of exposure.

2. Nickel Exposure to Humans and Toxicokinetics
2.1. Nickel Exposures

2.1.1. Occupational

Occupational exposure to Ni is primarily associated with workers in the nickel-producing and
nickel-using industry sectors. Industries associated with nickel production include mines, mills,
refineries, and smelters, whereas, nickel using/processing industries include alloy and stainless-steel
production, catalysts, pigments, batteries, and electroplating. In addition, many industrial processes can
generate Ni exposures such as welding and grinding of Ni-containing alloys [2-4]. Workplace exposure
is primarily to airborne nickel; inhalation is therefore the major route of exposure of toxicological
importance in occupational settings. To a lesser extent, skin contact can occur during certain processes
or physical handling of nickel and/or nickel containing-products [3,4]. Oral exposure also occurs as a
consequence of swallowing inhaled coarse particles or through hand to mouth contact.

2.1.2. General Public

Nickel is naturally present in the air, soil, water, plants, and various foods. Nickel in the air
can result from forest fires, volcanoes, and anthropogenic activities [4,5]. Anthropogenic activities
can also contribute to nickel levels in the soil, water and plants; their Ni levels are generally higher
near industrial sites involved with the mining and processing of nickel. The primary source of nickel
exposure for the general public is via dietary intake from foods like chocolate, coffee, teas, legumes,
and nuts that tend to have naturally higher Ni levels and to a lesser extent from drinking water [2,5].
Other nickel exposure sources for the general public include commonly used products like cooking
pots and pans, jewelry, and medical devices like dental appliances and joint prostheses [4,6]. Exposure
of the public to nickel and its compounds is generally low [7].

2.2. Toxicokinetics and Bioavailability of Nickel

The absorption, distribution and elimination of nickel is affected by factors like route of exposure,
physical form of the material (massive or powder), metal release and in the case of dusts or powders,
the aerodynamic size of the nickel particles. While most of the historically available information relates
to micron-size particles of nickel-containing substances, recent studies have looked at the toxicokinetics
of nickel nanoparticles to characterize how they differ from those of the corresponding micron size.
This is further discussed under Section 5.2.

2.2.1. Gastrointestinal

Gastrointestinal absorption of nickel comes from nickel present in ingested beverages, drinking
water and foods. Nickel is naturally present in foodstuff as it is essential to plants. Ingestion of
soil is also possible, particularly in small children. For the general public, oral ingestion of nickel is
the most relevant exposure pathway for systemic absorption and toxicity. In occupational settings,
mucociliary clearance of inhaled nickel dust that is swallowed can contribute an appreciable amount
to absorption via the gastrointestinal tract [2]. The gastrointestinal absorption and bioavailability of
ingested nickel is affected by the type of matrix (food, soil) ingested and the prior presence of food in
the stomach. For example, the absorption of nickel in fasted subjects given water soluble nickel sulfate
in drinking water was higher (up to 27%) than in subjects given nickel sulfate with food (0.7-5%) [8,9].
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Other factors like the chemical form of nickel also affect absorption. Generally, water soluble nickel
compounds have a greater oral absorption than poorly soluble nickel substances.

2.2.2. Respiratory

In toxicological terms, inhalation is the most important exposure route for nickel particles in
occupational settings. Absorption of nickel particles deposited in the nasopharyngeal, tracheobronchial,
or alveolar regions of the respiratory tractis dictated by several factors, such as the particles aerodynamic
diameter (d,e), solubility, surface area, amount deposited, ventilation rate, clearance, and retention
rates [10-12]. Only particles sufficiently small (<100 pm dae) can enter the respiratory tract and be
inhaled. An important first step in inhalation absorption is particle deposition. Particle size dictates
both the depth of deposition along the respiratory tract and the subsequent absorption. Particles
deposited in the lower regions of the respiratory tract (alveolar) are predominantly <4 pm d,e; particles
deposited in the tracheobronchial region are 4-10 um d,e and particles deposited in the nasopharyngeal
region are between 10 pm and 100 um. Less than or equal to 10% of inhaled respirable size aerosol are
deposited in the pulmonary region of the human respiratory tract [13]; the fraction is even lower for
workplace aerosols. While this small percentage is expected to be cleared via dissolution, macrophages,
or lymph nodes, the mucociliary clearance of the majority of deposited undissolved particles leads
to their expectoration or swallowing, contributing to the gastrointestinal absorption. Similar to
gastrointestinal absorption, the water-soluble nickel compounds are more readily absorbed in the
respiratory tract than the poorly soluble compounds [5]. Animal studies with respirable size aerosols
have shown that the poorly soluble nickel particles have long lung retention times and slow clearance,
and thus accumulate over time.

2.2.3. Dermal

A very small fraction of nickel that is dermally exposed is absorbed. Following dermal exposure,
nickel ions (Ni?*) and particles can penetrate the skin, especially at sweat ducts and hair follicles. Here
too, particle size is a limiting factor for absorption; smaller sized particles are absorbed more readily
than larger sized particles. Additionally, dermal absorption of nickel is affected by solubilizing agents
like detergents, solvents, and the presence of barriers to the skin, such as clothes or gloves [14-17].
During exposure to metallic nickel in massive forms (e.g., jewelry) corrosion and Ni?* ion release must
occur prior to absorption. Research has shown that approximately <2% of soluble compounds [18,19]
and <0.2% of metallic and insoluble nickel [20] is absorbed.

2.3. Distribution, Metabolism and Excretion of Nickel

The distribution and elimination of nickel is influenced by the route of administration and binding
to proteins. Nickel in the bloodstream is bound to albumin and metalloproteins, which modulates
their tissue distribution and elimination. Postmortem analysis of nickel in human tissues shows that
the highest amounts of absorbed nickel is distributed to the lungs, thyroid glands, and adrenal glands,
with lesser amounts to brain, kidneys, heart, liver, spleen, and pancreas [2,21]. Inhaled nickel is
predominantly distributed in the respiratory tract (lungs, nasal sinus), followed by the kidneys [22].
Inhaled soluble nickel is eliminated primarily in the urine, while mucociliary clearance leads to a
fraction of the inhaled poorly soluble nickel particles being eliminated in the feces. Orally absorbed
nickel is distributed to the kidneys, followed by the liver, brain, and heart [23]. Nickel absorbed via
the gastrointestinal tract is excreted predominantly in urine; unabsorbed nickel is eliminated with
the feces. Hair is another distribution and elimination tissue for absorbed nickel. Nickel can also be
eliminated via sweat and human breast milk [24-26]. The majority of dermally exposed nickel is not
absorbed and thus not available for distribution.
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3. Toxicity of Nickel

3.1. Toxicity and Nickel Ion

As with other metals, the toxicity of nickel-containing substances is considered to be related to the
bioavailability of the metal ion (Ni?*) at systemic or local target sites [10]. The main human health
effects of concern associated with Ni exposure include nickel allergic contact dermatitis, respiratory
carcinogenicity, reproductive toxicity and non-cancer respiratory effects.

3.2. Nickel Allergic Contact Dermatitis (NACD)

3.2.1. Prevalence in General and Clinical Populations

Nickel is one of the most common causes of allergic contact dermatitis (ACD). An estimated 12-19%
of females and 3-6% of males in the general population are allergic to nickel (i.e., nickel-sensitized) [27].
Higher percentages are recorded in dermaotology clinics [28]. The reason for the relatively high
prevalence of nickel sensitization is due to the use of nickel-releasing consumer items that come
in direct and continuous prolonged contact with the skin. Although exposure may occur in some
occupational settings (generally associated with soluble nickel salts), the marked prevalence of nickel
sensitization in the general population is primarily due to consumer dermal exposure to nickel released
from articles (e.g., in jewelry, watches, eyeglasses) that are made of nickel-plated materials or high
nickel-releasing alloys.

3.2.2. Induction vs. Elicitation

Many chemical agents, including nickel, can cause allergic contact dermatitis (ACD) which results
in inflammation of areas of the skin in sensitized (i.e., allergic) individuals. While nickel ACD can
cause pain, inflammation and discomfort, it is not life threatening because it causes a delayed-type
allergy (type 4), which cannot trigger anaphylactic shock, contrary to some other types of allergies
(type 1, 2, or 3). The development of nickel ACD requires that an individual become immunologically
sensitized to nickel. This is termed the induction phase or sensitization phase and the length of this
phase varies between individuals. It can range from 1-3 weeks to develop, following days to weeks
of prolonged intimate contact in a piercing or on the skin with a nickel-containing article that has
released a sufficient amount of solubilized Ni?* onto the skin. The quantity of Ni?* that is sufficient
to induce sensitivity varies with the individual. If the skin is already damaged, sensitization may be
induced more quickly and by lower amounts of the solubilized Ni?*. Temperature, the presence of
other allergic conditions, gender, and age may also be determining factors for (1) susceptibility, (2) the
amount of Ni?* required for a reaction, and (3) the time to develop sensitization to nickel. Induction
of nickel sensitization most commonly originates from body piercing but is also more likely if skin
exposure to Ni is combined with irritants and/or moisture that could also compromise the skin barrier.

A nickel-sensitized individual, when re-exposed to Ni?* on the skin in sufficient amounts, may
have an allergic response within several hours. This is termed the elicitation phase, which often
occurs at a lower concentration of Ni?* than required for inducing sensitization in the first place.
The elicitation of nickel ACD usually only occurs at the site of exposure but it can also occur in
skin remote from the current site of contact with nickel, (e.g., at the location where previous nickel
sensitization reactions have occurred) [29].

While oral systemic elicitation of ACD in individuals previously sensitized by direct and continuous
prolonged skin contact is well documented to occur in a small proportion of nickel-sensitized individuals
(e.g., hypersensitive people), there exists some controversy about the ability to sensitize individuals
when nickel exposure is oral, intravenous, or inhaled [30].
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3.2.3. Mechanisms of Nickel ACD

Nickel ions released from nickel compounds, nickel metal, and various alloys may trigger skin
reactions when they are absorbed into the skin. These Ni?* ions can then bind to and activate epithelial
cells such as Langerhans or dendritic cells in the basal layer of the epidermis (see Figure 1). These cells
produce cytokines or chemokines, triggering complex immune reactions that activate antigen-presenting
cells and T cells [31-33]. As part of this process, migration of activated antigen-presenting cells to
the draining lymph nodes occurs, where the bound nickel, as a hapten, is presented to the naive
CD4-positive T cells [34]. Nickel differs from classical haptens by its ability to form coordinative bonds
with proteins and to directly activate human innate immune cells via the toll-like receptor (TLR) 4 [35].

THE LAYERS OF HUMAN SKIN

Ni?
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Figure 1. Nickel ions from exposure to solubilized nickel compounds or released from corrosion of
nickel metal or alloys must cross the skin barrier and reach the basal layer of the epidermis to cause an
allergic reaction. Modified with permission from original image: Designua/Shutterstock.com.

Future exposure to nickel in sufficiently high amounts (above threshold) would lead to the
activation of the nickel-specific T-cells. Migration of these cells into the bloodstream triggers visible
signs of allergic reactivity after hours of NiZ* exposure [36]. The exact sequence of events and interactions
between antigen presenting and immune cells involved in nickel allergy are still being elucidated.

3.2.4. Sources of Exposure: Nickel Release versus Content

Nickel ACD was first noticed in occupational settings where soluble forms of nickel came into
contact with worker’s skin [37]. Individuals working in electroplating shops, in battery manufacturing,
and with nickel catalysts were the most susceptible to nickel ACD. However, workplace-related nickel
dermatitis is now relatively rare due to improved production processes and occupational hygiene
measures that limit exposure.

Non-occupational nickel sensitization is well documented. It was first observed in individuals
who had skin contact with suspenders in the 1950s-1960s, followed by jean buttons and zippers,
then nickel-releasing ear-piercing items and nickel-plated jewelry [38]. The significant differences in
prevalence between females and males is sometimes correlated with the much higher prevalence of
ear-piercing among women, but other factors such as hormone differences and the tendency for young
women to wear more and/or low-quality jewelry than males may also play a role [39].

The release of Ni?* is necessary for causing nickel sensitization and nickel ACD, which are
threshold effects (requiring release of ions above a specific amount to cause a reaction). Alloys such
as many stainless steels contain nickel but do not release a sufficient amount of Ni?* to cause an
individual to become nickel sensitized or elicit a nickel ACD reaction if they are nickel-sensitized.
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To have nickel release from metallic nickel or nickel alloys, the nickel metal must be corroded and
the corrosion product dissolved into Ni?*. For this reason, sweat or other wet conditions can increase
the release rate compared to dry conditions.

The risk of nickel sensitization or elicitation of nickel ACD can be managed and minimized
through reduced exposure to nickel-releasing items. In the workplace, exposure reduction includes
personal protective equipment and other risk management measures. For consumers, exposure can be
reduced through avoidance of direct and continuous prolonged exposure to items releasing nickel
in amounts greater than the threshold for nickel ACD, and switching to items made from surgical
stainless steel (AISI 316L) and other low nickel-releasing alloys, or non-nickel-containing materials.

Accordingly, the European Union (EU) nickel restriction (REACH, Entry 27 of Annex XVII) [40] is
based on nickel release, rather than nickel content. Articles intended to come into direct and continuous
prolonged contact with the skin must release less than 0.5 ug Ni/em? surface area of the item per week
using the standardized methodology to assess conformity and compliance with this specific regulation
(EN1811:2011+A1) [41]. Items known to be associated with nickel ACD that are included under the
EU nickel restriction include necklaces, bracelets and chains, anklets, finger rings, wrist-watch cases,
watch straps, rivet buttons, tighteners, rivets, earrings, and zippers.

3.2.5. Susceptible Populations

Nickel sensitization is not an inherited condition. It is related to direct and continuous prolonged
skin contact (i.e., exposure) to materials releasing an amount of nickel sufficiently high to cause
sensitization reactions, be that nickel metal, nickel alloys, or soluble nickel salts.

A common cause of nickel sensitization and nickel ACD is body piercing, which involves inserting
high nickel-releasing studs into the wound to prevent closure during healing and bypassing the skin
barrier. Once healed, with the stud removed, additional contact with nickel in the pierced area may
occur by wearing jewelry or posts in piercings that release a significant amount of Ni?*.

Individuals who have reactions to other allergens, have overly sensitive skin or other skin diseases,
and individuals who sweat excessively have been considered to be more susceptible to nickel allergy.
This susceptibility is not unique to nickel but is rather a function of increased immunological reactivity,
decreased skin barrier function, or increased corrosion due to sweating. These individuals would be
more likely to attend dermatology clinics for treatment of nickel allergy and other skin problems, and
would have to avoid not only high nickel-releasing items but also other skin allergens and irritants.

A very small part of the nickel-allergic population is hypersensitive to nickel. These individuals
react to lower concentrations of nickel on the skin than most nickel-sensitive individuals. A small
fraction of these people also react to oral nickel exposure. Prevention of elicitation in these individuals
is important and is done on a case-by-case basis. Regulation and prevention of nickel sensitization and
nickel ACD of the general population is not intended to protect these hypersensitive individuals [42],
as they are a small subset of the general population and may need more specific medical advice. While
a low-nickel diet is helpful for some of these individuals who react to ingestion of nickel [43], oral
hyposensitization, using gradually increasing low doses of nickel has also been shown to increase the
amount of nickel needed to cause a nickel allergic reaction [44].

3.3. Nickel Carcinogenicity

Nickel carcinogenicity is an occupational concern due to the required inhalation route of exposure
and high exposure levels. The evidence for carcinogenicity, or lack thereof, of nickel metal and nickel
compounds come from epidemiological and animal (rats and mice) studies. These studies indicate that
the inhalation route is the exposure route of concern and the respiratory system (lungs and nasal sinus)
the target organ for carcinogenicity of nickel compounds. The human and animal evidence supports
the respiratory carcinogenicity of nickel compounds but do not identify nickel metal as a respiratory
carcinogen. The hazard classifications reflect this difference in carcinogenicity between nickel metal
and nickel compounds.
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Under the European Union Classification, Labeling and Packaging (CLP) legislation, many soluble
and insoluble nickel compounds are classified as Carc 14, stating that these compounds are known to
have carcinogenic potential for humans, based largely on human evidence. This classification specifies
inhalation as the only route of concern [45]. Nickel metal is classified as Carc 2, suspected human
carcinogen based on insufficient evidence from human studies with suggestive evidence from animal
studies via non-relevant routes of exposure. Likewise, the International Agency for Research on Cancer
(IARC) classified soluble and insoluble nickel compounds under Group 1, carcinogenic to humans, and
nickel metal and alloys under Group 2B, possibly carcinogenic to humans [46].

3.3.1. Human and Animal Evidence for Nickel Carcinogenicity

High exposures to mixtures of water-soluble and complex-insoluble nickel compounds in workers
involved with mining, refining, and processing of sulfidic nickel ores have been associated with
excess respiratory cancer risks. No excess respiratory cancer risks in workers at lateritic ore refineries,
alloy manufacturing, or electroplating have been observed. A seminal comprehensive study by
the International Committee on Nickel Carcinogenesis in Man (ICNCM) examining cancer risks in
10 cohorts of about 80,000 nickel processing and nickel alloy production workers reported an association
between exposure to certain sulfidic, oxidic and water-soluble nickel compounds, and respiratory
cancer of the lungs and nasal sinus; no association with exposure to metallic nickel was identified [47].
Among the nickel compounds, different chemical forms appear to have different carcinogenic potentials
and potencies in the human studies.

Animal studies are useful in elucidating mechanisms of carcinogenesis and determining the source
of the carcinogenicity observed in humans (mixed exposures) to specific nickel substances. There are
eight relevant lifetime inhalation and oral carcinogenicity studies in rats and mice [48-52]. The animal
studies support the conclusions from human studies that the inhalation route and the respiratory tract
are the relevant exposure route and target organ, respectively, for nickel compounds carcinogenicity.
No carcinogenicity is associated with the oral exposure route. A recent review of the human and animal
evidence for the respiratory carcinogenicity of nickel metal and nickel compounds is provided in the
European Chemicals Agency (ECHA) background document in support of occupational exposure limit
values [2].

In interpreting nickel carcinogenicity studies, it is important to realize that exposures in animal
studies are to a “pure” nickel compound (a single nickel compound), while exposures in human
epidemiological studies are to mixtures of nickel compounds (plus other inorganic compounds).
Any potential co-carcinogenic or promoting effect of the different nickel compounds and other
inorganic compounds (e.g., arsenic, acid mists) in the human studies will not exist in the single
exposure animal studies.

There is generally a good correlation between the human occupational exposure studies and
animal studies on the carcinogenicity of nickel and nickel compounds. The evidence from both human
and animal studies point to the absence of carcinogenic effects of nickel metal but the presence of
carcinogenic effects for sulfidic and oxidic nickel compounds. The only inconsistency between the
human and animal evidence relates to the carcinogenicity of soluble nickel compounds [53]. The animal
studies have failed to show carcinogenic effect of pure soluble nickel compounds following inhalation
and oral exposures. In the human studies, an association between inhalation exposure to soluble
nickel (with additional exposures to insoluble nickel compounds) and/or smoking and lung cancer
was observed in some groups of workers.

3.3.2. Inhalation Exposure Route

The 1990 ICNCM report [47] concluded that inhalation exposure to mixtures of water-soluble nickel
compounds (e.g., nickel sulfate, nickel chloride) and water insoluble nickel compounds (e.g., nickel
subsulfide, nickel oxide, complex Ni-Cu oxides) were associated with excess respiratory cancer risk in
workers. Much of the excess respiratory cancer risk was associated with exposure to high concentrations
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(1 mg Ni/m?) of soluble compounds or (=10 mg Ni/m?) of a mixture of sulfidic and oxidic nickel
compounds. Excess nasal and/or lung cancer risks have been observed in different cohorts of workers.
More recently, analyses of dose-responses for the main chemical forms of nickel (soluble, oxidic and
sulfidic compounds) that included 13 cohorts of nickel workers (~100,000 workers), indicated that no
excess cancer risk were observed in these studies when exposures to nickel in the inhalable aerosol
fraction were kept <0.1 mg Ni/m?3 [13].

The ICNCM report and subsequent studies found no association between metallic nickel and
excess risks of lung or nasal cancer [54]. In two reports where hints of possible correlations between
excess cancer risk and nickel metal exposure have been indicated, failure of cross-validation of the
test model and non-significant odds ratio after adjusting for confounding exposures suggest that the
risks for metallic nickel may have been overestimated [55,56]. No association has been found between
increased respiratory cancer risk and inhalation exposure to metallic nickel outside the nickel refineries,
when local populations were used as controls [57,58]. More recent cohort studies support the lack of
association between exposure to metallic nickel and excess respiratory cancer [59-63].

In rats and mice, seven lifetime carcinogenicity studies via the inhalation route have been
conducted in which the maximum tolerated doses were reached [48-50,52,64]. A 30-month inhalation
study with nickel metal powder in Wistar rats did not increase the incidence of lung tumors [52]
consistent with an earlier study in rats and mice, that, although compromised by high mortality, also
suggested that metallic nickel did not cause cancer [65]. While positive results have been found in
one intratracheal instillation study of nickel metal in rats [66], the doses in that study were shown to
not be achievable via the normal inhalation route; intratracheal instillation is a non-physiological and
non-relevant exposure route for workers and the public. Other inhalation studies in guinea pigs and
hamsters have buttressed the negative carcinogenicity of metallic nickel [65,67]. Thus, there has been a
consistent lack of increased respiratory cancer risk associated with metallic nickel exposures in animals
and humans.

The ability of nickel substances to induce respiratory tumors after inhalation may be related to the
bioavailability of the Ni2* ions at target sites within epithelial cells (Figure 2). The bioavailability of
Ni2* ions in the nucleus of target respiratory epithelial cells is not dictated by just the water solubility of
the nickel particle but by the interplay of factors like respiratory toxicity, extracellular and intracellular
dissolution, and lung clearance [10]. According to the bioavailability model, it is the delivery of
sufficient (above threshold) Ni?* ions to the nucleus of respiratory epithelial cells, which is influenced
by other factors, that governs the respiratory carcinogenicity of nickel.

Nickel subsulfide exposure induced lung tumors in male and female rats at levels >0.1 mg Ni/m?
respirable aerosol, but not in mice. At the lowest concentration level at which increased tumors
were detected, the incidence and severity of chronic lung inflammation in rats was similar between
nickel sulfate and subsulfide, even though the tumor outcome was different. According to the Niz*
bioavailability model, nickel subsulfide has a high carcinogenic potential due to its low extracellular,
but high intracellular dissolution, resulting in the highest dose of bioavailable Ni?* in the nucleus of
respiratory epithelial cells.

Green nickel oxide induced some tumors in rats, but only at higher exposures (1.0 mg Ni/m?
respirable aerosol) and with no clear dose-response [49]. The low extracellular but medium intracellular
dissolution of nickel oxide results in the delivery of above-threshold doses Ni?* ions to the nucleus of
respiratory epithelial cells, causing the tumors observed in rats. Nickel oxide had equivocal evidence
of tumors in female mice. Perhaps mice are not very susceptible to the carcinogenic effects of nickel
even tough other metals, such as cobalt, have been able to induce excess lung tumors in mice [68,69].
Another possibility is that mice have higher thresholds for the nickel cancer-causing mechanisms.

Nickel sulfate inhalation exposures in rats have not induced tumors at exposure levels up to
0.11 mg Ni/m? respirable aerosol, and 0.22 mg Ni/m? respirable aerosol in mice. A plausible explanation
for this is that nickel sulfate is not carcinogenic by itself at the exposure levels that can be tolerated
by rats without overt toxicity; in human studies exposures are mixed and soluble Ni can enhance
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the lung carcinogenicity of more insoluble Ni compounds through inflammatory and proliferative
effects. However, the lack of tumors in rats is likely due to the high extracellular but low intracellular
dissolution of nickel sulfate that results in the delivery of below threshold or insufficient dose of Ni%*
ions to the nuclei of respiratory epithelial cells.

Likewise, metallic nickel may have failed to induce lung tumors in rats following inhalation
exposure due to its high extracellular but low intracellular dissolution, resulting in low bioavailability
of Ni* ions in the nucleus of target respiratory epithelial cells.

Nickel Subsulfide Nickel Oxide Nickel Sulfate Hexahydrate Metallic Nickel
(MMAD=1.7 - 3um) (MMAD=1.9 - 2.6m) (MMAD=1.8 - 3.1um) (MMAD=1.8um)
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T [ ° Ni*
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Figure 2. Summary of the bioavailability model for nickel carcinogenicity potential in humans and
animals. According to this model, the interplay of factors like respiratory toxicity, maximum tolerated
dose in animals, lung clearance, and delivery of sufficient nickel ions to the nuclei of respiratory epithelial
cells influence the carcinogenicity observed with nickel in animal inhalation studies. DMT—Divalent
Metal Transporter. Reproduced with permission from [10], Taylor & Francis Ltd. www.tandfonline.com.

3.3.3. Oral Exposure Route

Besides respiratory cancer, there are currently no consistent and reliable epidemiological data to
suggest that nickel causes excess cancer risks at other organ sites. Although excess cancer of the buccal
cavity and pharynx, or stomach, or prostate have been reported in some workers exposed to nickel,
these findings have been rare and have not been consistently reproduced [46,70].

Exposure to soluble nickel compounds, by themselves, via the oral route has not produced tumors
in rats [51] or mice [71]. No robust animal studies exist for oral administration of metallic or insoluble
nickel compounds. However, the negative results with the most bioavailable of the nickel compounds
via the oral route are also relevant for these less bioavailable substances since absorption is needed for
any systemic effects.

3.3.4. Dermal Exposure Route

There is presently no human epidemiological study linking dermal exposure to metallic
nickel and/or nickel compounds with excess local or systemic cancer risks. For the dermal route,
no skin cancers have been reported with exposure to nickel compounds or alloys, and the systemic
absorption of nickel through the skin is very low (<2% for soluble Ni substances and 0.2% for nickel
metal). Thus, the epidemiological data do not suggest an association between cancer and dermal
nickel exposure.
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No cancer studies in animals using dermal administration of soluble, insoluble nickel compounds,
or metallic nickel have been conducted. However, based on the low dermal bioavailability of Ni?* and
other physiological considerations, it is not expected that dermal exposure to metallic nickel and/or
nickel compounds will be associated with cancer.

3.3.5. Other Exposure Routes

No consistent epidemiological data currently exists linking nickel exposure via other routes
(e.g., implants) to cancer. Given the specificity of nickel cancer on the respiratory system, it is not
expected that nickel cancer will be associated with routes other than inhalation.

There are various animal studies assessing the carcinogenicity of the different nickel chemical
forms following parenteral, intratracheal instillation, intraperitoneal and injection administrations [2].
However, these routes of exposure are not appropriate nor physiologically relevant for metallic nickel
and nickel compounds. For example, while local sarcomas at sites of injection of nickel metal powder
were found, the relevance of these findings for the assessment of nickel metal respiratory carcinogenicity
or other carcinogenicity in humans is highly questionable [54].

3.3.6. Nickel Compounds” Genotoxic and Carcinogenic Mode of Action

Generally, carcinogenic substances can be direct-acting genotoxicants, indirect-acting
genotoxicants, or substances that cause cancer via non-genotoxic modes of action. For direct-acting
genotoxicants, all exposure levels are assumed to be associated with some degree of excess cancer risk.
Direct-acting genotoxic agents are positive in bacterial, germ cell, and mammalian cell mutagenicity
tests and interact directly with DNA. Nickel compounds have been consistently negative or showed
weak effects in bacterial, in vitro and in vivo mutagenicity tests. Nickel ions have a weak interaction
with DNA but a preferentially stronger interaction with proteins. For example, Ni2* has binding
constants of 6.7 x 107! M~! and 4.37 x 10 M~! for adenosine (nucleic acid) and cysteine (amino
acid), respectively [72,73]. Nickel and nickel compounds are therefore not considered to have a direct
genotoxic mode of action (MOA) [2].

For indirect-acting genotoxic agents and non-genotoxic agents, threshold exposure levels can be
identified below which cancer risks are expected to be negligible. Indirect genotoxicants can damage
DNA via secondary mechanisms like generation of reactive oxygen species (ROS) or inhibition
of repair. Table 1 summarizes the genotoxicity evidence for nickel and provides examples of
relevant references. In vitro, nickel compounds have been shown to cause DNA damage (such
as fragmentation, single-strand breaks) indirectly through increased formation of oxidative radicals.
Nickel compounds enhanced the induction of sister chromatid exchange, chromosomal aberrations
and micronucleus formation in vitro. Nickel compounds have also been shown to increase formation
of DNA-Protein crosslinks.

Additionally, nickel compounds are known to inhibit DNA repair enzymes in vitro; NiZ* ions
competitively inhibit the repair enzyme ABH2 by binding to the same site as Fe?* [74]. DNA repair
inhibition may also occur via inhibition of DNA ligation and post replication repair. Non-genotoxic
modes of action include the induction of epigenetic effects that can affect gene expression. Nickel
compounds can increase histone phosphorylation (H3510), methylation (H3K4), ubiquitination (H2B
and H2A) and decrease histone acetylation (H4) through decreased histone acetyltransferase activity
(Table 1). Nickel compounds can induce selective fragmentation or decondensation of heterochromatic
long arms of X-chromosomes (Table 1). Recent reports also suggest that non-coding RNAs play a role
in nickel respiratory carcinogenesis [75-77]; see the review “The role of Non-coding RNAs Involved in
Nickel Induced Lung Carcinogenic Mechanisms” by Zhu et al. in this issue.

The in vivo genotoxic effects of nickel compounds in the lung are observed following inflammation
and macrophage activation that results in indirect oxidative DNA damage. Preventing inflammation
would therefore prevent the indirect genotoxic effects and prevent tumor formation. The indirect genotoxic and
non-genotoxic effects of nickel compounds have thresholds below which these effects are not observed.
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This furthers support the bioavailability model wherein nickel carcinogenicity depends on the delivery
of sufficient amounts of Ni?* ions to the nucleus of respiratory epithelial cells [10]. Taken together, the
totality of the evidence supports an indirect genotoxic and/or non-genotoxic MOA with thresholds for
nickel carcinogenesis.

Table 1. Summary of genotoxicity evidence of nickel and nickel compounds in vitro, in vivo and

in humans.

Genotoxicity/Carcinogenicity

In Vitro Studies

In Vivo Animal Studies

Human Studies

Positive, indirect
damage; e.g., single

Positive in welders but
unassignable to Ni [84,85];

DNA damage Positive [81-83] positive in mucosa of
?:;aﬁeﬁ‘:ilz; ][:,;I;_[;O] orthodontic patients but
& unassignable to Ni [86-88]
Impair DNA repair Positive [74,89-91]

Gene Mutations

Low-to-none [92-95]

Low mutations [23,92,96]

Chromosomal alterations

a Mixed
results [23,96-98]

a Mixed results [99-101]

a Mixed results [102-107]

HIF-1x-dependent

Stabilization of HIF-1,
increased
HIF-1x-dependent gene

Increased
HIF-10-dependent Cap43
expression [108],

changes expressions, e.g., hematocrit and/or
Cap43 [108-111] hemoglobin [51]
Increase via increased
Apoptosis/Autophagy Increase [109,112-115] expression of caspase 8 in

workers [116]

Histone modifications

*Hypermethylation

Positive at
H3K9 [117,118]

In workers at
H3K4 [119-121]

*Hyperphosphorylation

Positive at H3510 [122]

Positive, inhibiting

*Hyperubiquitination deubiquitinating enzyme
activity [123]
Hypoacetylation via Increased H3K9
*Hypo/hyperacetylation inhibiting histone acetylation in steel
acetyltransferase

activity [124,125] workers [121]

Oxidative DNA lesions
linked to nickel levels [130]

Positive in rats and
mice [80,128,129]

Oxidative stress,

ROS production Positive [78,124,126,127]

@ Mixed results indicates that both positive and negative effects were observed.

3.4. Reproductive and Developmental Toxicity

3.4.1. Human Epidemiological Studies

In 1994, Chaschschin et al. [131] published a preliminary qualitative report of an apparent increase
in spontaneous abortions and structural malformations in newborn babies whose mothers were
employed in the Russian nickel refinery at Monchegorsk. These workers were exposed via inhalation to
a mixture of water-soluble and water-insoluble nickel compounds, as well as metallic nickel. Due to this
concern, a large epidemiological study of the Russian cohort was launched in 1995 to determine whether
the observed effects were due to their workplace nickel exposures or to other factors in the workplace
and/or ambient environment. Researchers set up a birth registry for all births occurring in the region
during the period of the study, which included information on 22,836 newborns and 2793 pregnancy
outcomes surveyed for spontaneous abortions [132,133]. Exposures were reconstructed (using air
and urinary nickel measurements) for the female workers at the refineries to be able to link specific
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pregnancy outcomes with occupational exposures via inhalation and systemically bioavailable doses
of nickel (i.e., urinary nickel levels). A series of reports by Vaktskjold et al. [132-135] based on results
from this study indicated that exposure of female refinery workers to soluble nickel was not associated
with adverse pregnancy outcomes for (1) male newborns with genital malformations, (2) spontaneous
abortions, (3) small-for-gestational-age newborns, or (4) musculoskeletal effects in newborns.

Background urinary nickel levels in the female Monchegorsk population had a geometric mean
of 5.9 ug/L, the low-exposure refinery workers had urinary levels up to 70 ug/L (~12-fold increase in
urinary levels) and the high-exposure workers had urinary levels between 70 and 179 ug/L (up to 30-fold
increase in urinary levels). Urinary nickel levels are better indicators of fetal exposure, as they account
for systemically absorbed Ni?* from occupational and non-occupational sources (e.g., diet) by all routes
of exposure. The data from this study showed no correlation between nickel exposures (urinary levels
as high as 30-fold over background) and observed reproductive impairment. Further evidence that
nickel exposure was not adversely affecting the reproduction of these women was provided by the lack
of a “small-for-gestational-age” finding and the lack of an association of male genital malformations
with nickel exposure. Both endpoints are considered “sentinel” effects (i.e., sensitive endpoints) for
developmental toxicity in humans.

Other epidemiological studies have been carried out to examine potential associations between
nickel exposure and reproductive and developmental outcomes in both occupational and environmental
exposure. While there are population-based studies that examined potential associations between
nickel exposure and reproductive and developmental outcomes; these studies suffer from limitations
derived from their reliance on single pollutant models to assess risks in multi-pollutant studies. These
studies are useful to generate hypotheses; yet, they are not robust enough to establish reliable evidence
of causality. For example, a comparison of the low birth weight results from Ebisu and Bell [136] to
those in the refinery workers’ study of Vaktskjold et al. [132] demonstrates that the risks predicted from
the population study were not realized in workers with daily air nickel intake levels 60 to 376-fold
higher than the minimal needed to detect these effects with sufficient statistical power.

3.4.2. Studies in Animals

Potential fertility impairment due to exposure to nickel compounds (including the most
bioavailable forms) has been extensively studied, and no effects on fertility have been found. There are
several reliable 13 week and one- and two-generation studies utilizing inhalation or oral administration
of water-soluble nickel compounds in rats that have not indicated adverse effects on fertility, estrous
cycling, sperm parameters, vaginal cytology, copulation and fertility indices, precoital intervals,
gestation lengths, gross necropsy findings and histopathology [137-142]. Because reproductive
toxicity effects are related to the bioavailable Ni?* at target sites, the lack of fertility effects following
exposure to water-soluble nickel compounds (which have the highest bioavailability) is also relevant to
water-insoluble nickel compounds and nickel metal, which have lower bioavailability [143]. Therefore,
based on reliable studies, neither water-soluble nickel compounds, nickel metal, nor insoluble nickel
compounds carry harmonized classifications for fertility effects in the EU (see Part 3 of Annex VI; CLP
Regulation) [144].

While no fertility effects were reported in these studies, adverse developmental effects have
been consistently observed following exposure to water-soluble nickel compounds such as nickel
sulfate and nickel chloride in rats and mice. The most sensitive effect observed in rat studies was
perinatal mortality, or an increased death rate of the offspring around parturition [138,141,142,145].
While no other developmental effects, including malformations (i.e., teratogenesis), were identified
in a rat prenatal developmental toxicity study with water-soluble nickel chloride at the maximum
tolerated dose of 42 mg Ni/kg bw/day [139,140], nickel chloride was shown to cause malformations
(e.g., microphthalmia) in a prenatal developmental toxicity study in mice at 46 mg/kg bw/day and
other teratogenic effects at higher doses [146]. Based on these studies, soluble nickel compounds are
classified as Repro 1B for developmental effects, with the most sensitive effect being perinatal mortality
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in rats. For comparison, toxicokinetic data indicates that oral exposure to insoluble nickel compounds
or metallic nickel (micron-size powder or massive form) would not allow enough absorption of Ni**
to exceed the threshold for developmental effects in rodents with soluble nickel compounds (i.e., there
is 100-fold lower oral absorption of nickel from nickel metal compared to soluble nickel compounds in
rats [143]).

3.4.3. Conclusions on Reproductive Toxicity

While developmental toxicity was observed in high-dose oral animal studies with water-soluble
nickel compounds, an epidemiological study of female workers exposed to nickel metal and nickel
compounds at exposure levels higher than present in current operations [132-135] has not indicated
adverse developmental effects in humans. Thus, the threshold-mediated developmental effects
observed in rodents (1) may not be relevant to humans or (2) may not have been observed in
the exposed human population because even the highest measured for female workers” exposure
(e.g., ~179 ug Ni/L in urine) was lower than the levels achieved in rats at the most sensitive LOAEL for
reproductive effects (2300 ug Ni/L in urine). In either case, the relevance of the positive results in rats
with soluble nickel compounds (at what seem to be concentrations not relevant to human exposures)
needs to be considered together with the negative results for the highest exposed human population in
a weight of evidence approach [145]. At the very least, the data indicates that humans do not appear to
be more sensitive to developmental toxicity effects of Ni?* than rodents.

3.5. Non-Cancer Lung Effects

Inhalation of nickel-containing aerosols can result in acute as well as chronic effects in the
respiratory tract. Acute effects, such as upper respiratory irritation, pneumonitis and even death have
been described in workers exposed to very high levels (0.5 mg Ni/m®) of very fine nickel-containing
particles (e.g., welding fumes <0.5 pm particle diameter and spraying of nanosize powders <25 nm
particle diameter) [147,148]. Some cases of acute exposures to water-soluble nickel substance aerosols
have been associated with asthma attacks in sensitive individuals. Potential non-cancer effects
associated with repeated exposure to nickel-containing aerosols include chronic bronchitis and lung
fibrosis [5,149]. While inhalation animal studies with Ni sulfate, Ni subsulfide, Ni oxide and Ni metal
have reported the presence of inflammation at the histopathological level after chronic exposure,
fibrosis has also been noted after repeated exposure to Ni sulfate and Ni subsulfide.

Studies of respiratory disease in nickel-exposed workers are limited [150,151] buthave notindicated
that nickel exposed workers experience pneumoconiosis to any significant extent. The overall incidence
of irregular opacities (ILO > 1/0) in X-rays taken at a nickel refinery (4.5%) was not significantly
different from the incidence among “normal” X-rays from a hospital (4.2%) and was lower than for
X-rays from quarry workers (13.6%) [151]. It should be noted that an X-ray finding does not necessarily
correspond with a functional diagnosis of lung fibrosis e.g., [152]. More information on respiratory
disease can be obtained from mortality studies. Studies of tens of thousands of workers (many of
whom would have experienced very high nickel exposures have not indicated increased mortality
from non-cancer respiratory disease) [57,153-156]. A comparison of the animal (histopathology) and
workers (X-ray) findings suggest that humans are not more sensitive to lung toxicity effects than rats.

Regarding occupational asthma, even though there are tens of thousands of workers exposed to
metallic nickel and water-insoluble nickel compounds in primary and secondary nickel production
facilities, grinding applications, catalyst manufacturing etc., only a few anecdotal reports of
nickel-related asthma exist e.g., [157,158]. Although nickel is a weak to moderate skin sensitizer, it is
not necessarily a respiratory sensitization, since the type of immunological reaction is different for
the skin and respiratory sensitizations [158-160]. While soluble nickel compounds are classified as
respiratory sensitizers in the EU, the evidence linking soluble nickel exposures and hypersensitivity
reactions of the respiratory tract indicate low sensitization potential. Some case reports have shown
positive responses of subjects to inhalation challenges; yet, the presence of IgE (indicative of Type
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I immune response), the appearance of early or late responses (indicative of Type I or IV immune
responses, respectively), the correlation with positive skin tests and other signs of immunological
reactions have been quite inconsistent among studies [160].

4. Nickel Exposure in the Environment

4.1. Exposure Sources in the Environment

As a naturally occurring element, nickel substances are present in all compartments of the
environment at background concentrations. Chemical and physical degradation of rocks, and soils
and atmospheric deposition of nickel-containing particulates release nickel into ambient waters [1,161].
Natural sources of airborne nickel include soil dust, sea salt, volcanoes, forest fires, and vegetation
exudates, accounting for about 16% of the atmospheric nickel burden [1,162].

Human activities that contribute to nickel loading in aquatic and terrestrial ecosystems include
mining, smelting, refining, alloy processing, scrap metal reprocessing, fossil fuel combustion, and
waste incineration. The primary human sources of nickel to soils are emissions from smelting and
refining operations and disposal of sewage sludge or application of sludge as a fertilizer. Secondary
sources include automobile emissions and emissions from electric power utilities [161]. Weathering
and erosion of geological materials release nickel into the environment [162], and acid rain may leach
nickel from plants into soils as well [1].

Emissions of nickel can be influenced by many factors, including specific production methods,
fuel sources, and pollution control measures. The variability of these factors spatially and over time
make it difficult to quantify emissions with accuracy.

4.2. Interactions between Nickel and Natural Chemical Parameters and the Concept of Bioavailability

Nickel substances present in the environment interacts with ecosystems and the organisms that
live there, with the type and degree of reaction depending on the speciation of the nickel substance.
When nickel in the environment reaches sufficiently high concentrations, it can be toxic to plants and
animals. It has been well documented that the amount of nickel that will cause toxicity is highly
dependent on a range of factors, including the intrinsic sensitivity of the organism, the geochemical
conditions of the environmental media, the presence of other stressors in the environment, and even
the route of exposure [163-165]. This concept, known as “metal bioavailability”, is a measure that
reflects the exposures that organisms actually “experience” and is driven by a combination of the
physico-chemical factors governing metal behavior and the specific physiology of the organisms.
A substance is bioavailable if it can be adsorbed or absorbed by an organism with the potential for
distribution, metabolism, elimination and/or bioaccumulation [166].

Research has demonstrated that the free Ni* ion is the most bioavailable and toxic form of nickel
in the environment [167-171]. Soluble compounds, like soluble nickel salts, are associated with high
bioavailability, while sparingly soluble compounds, like some nickel oxides, are less bioavailable.
Understanding the chemical characteristics of the media in which exposure occurs is as important as
characteristics of the organism (e.g., physiology) when assessing potential bioavailability of nickel.
These geochemical characteristics influence the chemical species of nickel in the media, as well as
the distribution of nickel between different environmental components, like complexes with organic
matter or other inorganic species.

4.2.1. Water

Research has demonstrated that the most important water chemistry parameters affecting
bioavailability and toxicity of nickel to freshwater organisms are hardness, pH, and the amount of
dissolved organic carbon (DOC) [167-169,171-173]. These parameters drive the two fundamental
chemical processes that occur in natural waters when nickel is present. The first is complexation,
where DOC forms complexes with dissolved free ionic Ni?*, thereby reducing the quantity of Ni**
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that is available to bind to the site of biological activity on the organism, sometimes referred to as the
biotic ligand. The term “biotic ligand” is used to conceptually describe the fact that binding sites within
the organism are subject to the same chemical processes as abiotic ligands (e.g., HCO3~, CI7, etc.).
From this conceptual perspective, the amount of metal that is bound to the biotic ligand is proportional
to adverse effects. The second process affecting bioavailability and toxicity is competition, which
describes the interaction between similarly charged ions, such as calcium (Ca®*), magnesium (Mg?*),
and protons (H*, expressed as pH). These cations will compete with nickel for binding sites on the
biotic ligand. For nickel, it was observed that these interactions result in the following trends: as
pH increases, toxicity increases; as hardness increases, toxicity decreases; as DOC increases, toxicity
decreases [167-169,171-173].

This means thatnickel bioavailability and toxicity can vary considerably among different freshwater
systems with different pH, hardness, and DOC conditions. Also, it means that toxicity tests with
the same aquatic species that are performed under different water quality conditions can result in
different toxicity conclusions. To remove the influence of chemical conditions on the outcome of
toxicity tests, tests should be conducted in the same type of water or should be normalized to similar
water quality conditions.

One way to normalize a dataset is to “correct” the data to a common water quality condition
using a bioavailability-based toxicity model, like the Biotic Ligand Model (BLM) [164,174]. The BLM
is a mechanistically based model that was developed to describe metal bioavailability and toxicity
to freshwater organisms [175]. For nickel, chronic BLMs have been developed and validated for the
invertebrates Ceriodaphnia dubia and Daphnia magna, the fish Oncorhynchus mykiss, and the green alga
Pseudokirchneriella subcapitata) [167-169]. Acute BLMs are available for invertebrates and fish [176].
For more information on data normalization, see Section 4.3.1.

Currently there are no bioavailability models for assessing the impacts of nickel on marine
organisms although recent research suggests that nickel toxicity to marine organisms is highly
dependent on quantity and chemical composition of DOC in the ecosystem [177,178]. Toxicity tests
with shrimp (Americamysis bahia), sea urchin (Strongylocentrotus purpuratus, Evechinus chloroticus) and
mussels (Mytilus edulis) have been used to investigate nickel bioavailability relationships in marine
waters [177,178]. Research demonstrated that toxicity is controlled by organic carbon content, but DOC
quantity alone may not always be the best predictor of toxicity [178,179]. Efforts are currently underway
to develop marine BLMs using the data developed in these experiments.

In recent years, the BLM has increasingly been used in the regulatory setting, for instance to
develop new water quality standards that ensure the protection of aquatic plants and animals [180-182].
The Environmental Quality Standard for nickel under the European Water Framework Directive
accounts for bioavailability [183,184].

4.2.2. Sediment

Like the aquatic compartment, nickel toxicity from contaminated sediments can rarely be
predicted from total metal concentrations because of the influence of the sediment geochemistry
and the biochemistry, physiology, and behavior of benthic organisms [185]. Sediment parameters
known to affect metal bioavailability include total organic carbon (TOC), iron (Fe) and manganese (Mn)
oxides, and the relationship between acid volatile sulfides (AVS) and simultaneously extracted metals
(SEM) [186,187]. AVS and SEM can be used to predict bioavailability in anoxic sediments containing
sulfides that react to form insoluble metal complexes, while Fe and Mn oxides control bioavailability
in oxic sediments. In anoxic sediments, AVS is the amount of amorphous iron sulfide in sediments
available for binding to the metals, while SEM is the amount of metals in sediment that could be
available to biotic receptors. When the amount of SEM exceeds AVS content, the metal in the sediment
may be bioavailable [188,189]. Di Toro et al. [190] demonstrated that normalizing the molar difference
between SEM and AVS by the fraction of sediment organic carbon is an even more precise estimate of
metal bioavailability.
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Nickel sediment bioavailability was investigated in a research program examining chronic toxicity
of several nickel-spiked sediments containing a wide range of AVS concentrations on ten test species.
Based on the results from these studies, bioavailability models were developed [186,187,191]. For all
species tested, the sediment parameter showing the strongest linear relationship with toxicity was AVS,
indicating that as AVS concentration increased, nickel toxicity decreased [186,187,192]. The empirical
relationships developed between sediment toxicity endpoints and AVS concentration allow nickel
ecotoxicity data to be normalized to different sediment conditions. Although the inverse relationship
between toxicity and AVS was consistently observed for all species, the magnitude of the effect was not
similar among species, and these differences appear to be linked with organism behavior. The strongest
mitigating effects of AVS are observed for those species with an epibenthic lifestyle, such as H. azteca,
S. corneum, and G. pseudolimnaeus [187].

4.2.3. Soil

Research has demonstrated that when considering the bioavailability of nickel in soils, the most
important factors in determining the ecotoxicity to soil organisms are metal form (chemical species),
ageing, and soil characteristics [193,194]. Nickel can enter the soil environment in different forms,
such as soluble or sparingly soluble compounds. Additionally, laboratory soils spiked with nickel
(or other metals) often show greater toxicity than field contaminated soils with the same nickel
concentration. The greater toxicity of nickel in spiked soils compared to corresponding field
contaminated soils is associated with the time between the addition of nickel to soils and the
measurement of toxicity [194]. These concerns can be addressed by leaching and ageing the soil after
spiking. It has been demonstrated that the bioavailability and toxicity of nickel in spiked soils tend to
decrease with time after spiking and is dependent on soil pH [194].

As with the aquatic and sediment compartments, the toxicity of nickel in soil is highly dependent on
the characteristics of the environment. Specifically, nickel toxicity to plants, invertebrates, and microbial
processes decreases as the effective cation exchange capacity (eCEC) of the soil increases [194,195].
The eCEC is a measure for the sum of exchangeable cations plus extractable acidity held on or near the
surface of negatively charged material, such as clay or organic matter, at native soil pH (measured at the
native pH of the soil). Chronic regression bioavailability models for nickel have been developed using
laboratory data. These studies show that accounting for ageing and leaching (via a leaching-ageing
factor) and accounting for differences in soil properties significantly explains variation in nickel toxicity
for all endpoints tested. It was observed that chronic Ni toxicity was best correlated with the eCEC of
the soils and the same trends were observed for all the species tested: as soil eCEC increased, chronic
toxicity decreased [194]. The application of bioavailability models to normalize nickel soil toxicity data
can be found in Section 4.3.4.

4.3. Ecosystem-Specific Nickel Ecotoxicity

4.3.1. Identification, Screening and Aggregation of Nickel Ecotoxicity Data

Ecotoxicity data for nickel are widely available. The data described in this paper were obtained from
existing critical reviews of the literature, which are available for temperate [196] and tropical [197,198]
ecosystems. These reviews followed data screening approaches consistent with those reported
previously [181,196,199,200].

Abundant acute ecotoxicity data are available for nickel for a wide range of organisms; however,
given the current preference for chronic ecotoxicity data in global regulatory processes, acute data will
not be discussed [181,196]. The current global regulatory focus is toward ecosystem-level protection,
with environmental guidelines and standards being based on chronic, rather than acute toxicity
endpoints. To this end, chronic laboratory ecotoxicity data based on ecologically relevant endpoints
(e.g., growth, reproduction, mortality) are the focus, where “chronic” refers to adverse effects caused
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by exposure to nickel for a substantial (>10%) portion of the lifespan of the test organism, or effects
experienced during the most sensitive life stage [201].

To be classified as reliable chronic nickel ecotoxicity data, several data quality criteria need
to be satisfied, including the use of soluble nickel salts (e.g., NiCly, NiSOy, etc.), full reporting of
methods employed during toxicity tests, satisfying minimum performance in control treatments, and
full reporting of analytical chemistry data (including the quantification of nickel exposure during
the test). Toxicity threshold values calculated as L(E)C10 (the concentration that causes 10% effect
during a specified time interval) values are preferred; however, NOEC values (No Observed Effect
Concentration) are seen as equivalent.

Nickel ecotoxicity varies as a function of the chemistry of the relevant environmental matrix
(i.e., water, sediment, soil). Modern ecological risk assessment of metals relies on the ability to
normalize ecotoxicity data to a common set of chemistry parameters to remove the influence of
inter-test chemistry differences on test organisms. The ecotoxicity data described in this paper have
been normalized for bioavailability using established approaches for freshwater [172], soil [194], and
sediments [202]. To perform bioavailability normalizations, ecotoxicity data must be accompanied by
the appropriate environmental chemistry data, i.e., pH, dissolved organic carbon (DOC), and hardness
(Ca%* and Mg?*) for freshwater data, effective cation exchange capacity (eCEC) and pH for soils, and
acid volatile sulfides (AVS) for sediments.

Statistical extrapolation using Species Sensitivity Distributions (SSD) are increasingly used in
ecological risk assessments when large ecotoxicity datasets are available. SSDs are appropriate when
the ecotoxicity datasets are representative of the ecosystem to which they are applied. For example, for
freshwater systems, the ecotoxicity dataset should include data for algae, invertebrates, and fish that
include different life history strategies and feeding behaviors. SSDs are constructed by applying an
appropriate curve fitting distribution (usually a log-normal distribution) to the normalized high-quality
aggregated chronic toxicity data [203]. The concentration associated with the 5th percentile cumulative
probability is calculated from the SSD. This value, referred to as the HC5 (hazard concentration at the
5th percentile) represents the concentration that is protective of 95% of organisms in the SSD, and
corresponds to protection goals expressed by many regulatory jurisdictions.

4.3.2. Freshwater

High-quality chronic ecotoxicity data are available for a wide range of freshwater aquatic organisms,
including unicellular algae, vascular plants, invertebrates, fish, and amphibians. Nys et al. [172]
normalized Ni ecotoxicity data (1 = 31 species) for a high bioavailability scenario (pH = 8.1, hardness
=165 mg CaCO3/L, and DOC = 3.8 mg/L), and calculated an HC5 of 8.1 ug Ni/L. When normalized
to this condition, the most sensitive species include invertebrates, unicellular algae, and vascular
plants. Among invertebrates, the most sensitive species is the snail Lymnaea stagnalis, which has
consistently exhibited sensitivity to Ni exposure in different studies [171,172,204]. Cladocera have
also consistently demonstrated sensitivity, with the most sensitive species within this group being
Ceriodaphnia dubia. Evidence supporting cladoceran sensitivity is broad, with studies from Europe [172],
North America [171] and Australia [165] all demonstrating that C. dubia is among the most sensitive
species in normalized SSDs.

The majority of nickel ecotoxicity data have been generated for temperate species. Application of
these data to tropical ecosystems, which are increasingly important in terms of global nickel production,
carries uncertainty because of differences in taxonomic groups (e.g., corals live only in tropical systems)
and the distribution of chemistry parameters known to influence nickel toxicity. Binet et al. [197]
critically reviewed the literature for available nickel ecotoxicity data for tropical species, and only
identified high-quality data for four species, including one unicellular alga, two vascular plants,
and one invertebrate. The low number of available tropical data suggests that additional testing
of key species (crustaceans, gastropods, and fish) may be necessary to develop a robust tropical
dataset. On the other hand, Peters et al. [205] demonstrated that normalized sensitivities of tropical
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and temperate species to nickel overlap, despite differences in species, temperature, and geochemistry.
This means that tropical ecotoxicity data, which are relatively few in number, can be pooled with the
broader temperate ecotoxicity data to develop a comprehensive and robust database that can be used
in ecological nickel risk assessments regardless of location.

While the freshwater ecotoxicity dataset for nickel is among the most extensive for any chemical
substance, uncertainty exists when applying data from single species laboratory toxicity tests to
field conditions. Mesocosm and field studies can address this uncertainty. Hommen et al. [206]
performed a four-month exposure to a freshwater community that included species known to be
sensitive to nickel, including L. stagnalis and several species of cladocerans. The water used in this
study (median pH, DOC, and hardness = 8.6, 3.9 mg/L, and 107 mg CaCOs/L, respectively) represented
a high nickel bioavailability condition. The most sensitive species was L. stagnalis, which is consistent
with the ranking of sensitivities for single species tests. A study-specific No Effects Concentration
of 12 ug Ni/L was reported, which is greater than the HC5 from an SSD comprised of laboratory
ecotoxicity endpoints normalized to the water chemistry conditions of the mesocosm. Peters et al. [207]
determined bioavailable nickel concentrations above which benthic macroinvertebrate communities
were affected. They showed that the most sensitive benthic organisms were snails, and that the
bioavailability-normalized HC5 based on laboratory results was protective of (i.e., lower than) the
effects based on field data. Together, results of Hommen et al. [206] and Peters et al. [207] show
consistency in terms of the sensitivity of snails to nickel exposure, and they demonstrate that the
bioavailability-normalized HC5 can be used confidently in ecological risk assessments of Ni without
the application of additional uncertainty factors.

Several regulatory agencies have used nickel ecotoxicity data to generate threshold concentrations
that are meant to be protective of aquatic life. In 2013, the European Union announced an
Environmental Quality Standard (EQS) based on chronic ecotoxicity data for 31 species [208].
The EQS is bioavailability-based and uses a reference value of 4 pug Ni/L that represents conditions
of high bioavailability in Europe. The EQS is implemented using a tiered approach. In cases where
dissolved Ni concentrations exceed the reference value of 4 ug Ni/L, local or regional water chemistry
data (pH, DOC, and hardness) are used to calculate a bioavailability-based EQS for that area [164].
If dissolved Ni concentrations are below the site-specific bioavailability-based EQS, then a conclusion
of no risk is assessed.

4.3.3. Marine

Chronic nickel sensitivities among marine organisms vary greatly. DeForest and Schlekat [209]
compiled available high-quality chronic ecotoxicity data for temperate marine organisms and
demonstrated a 7 x 10° difference in EC10s among 17 species. The most sensitive species in this review
was the early life stage of the sea urchin Diadema antillarum, with an EC10 based on developmental
success of 2.9 ug Ni/L. On the other hand, fish are among the least sensitive organisms, with an EC10
for the sheepshead minnow, Cyprinodon variegatus, of 2.1 x 10* ug Ni/L. Wide ranges of sensitivities are
observed within specific marine phyla. For example, DeForest and Schlekat [209] report additional
EC10s for the sea urchins Paracentrotus lividus and Strongylocentrotus purpuratus ranging from 89 to
335 ug Ni/L. More recently, Blewett et al. [179] reported a developmental EC50 for the sea urchin
Evechinus chloroticus of 14 ug Ni/L, which is equivalent to an EC10 of approximately 2.8 ug Ni/L, again
illustrating the wide range of sensitivities within a given taxonomic groups.

Coastal marine and open ocean environments are highly consistent in terms of pH and ionic
composition (e.g., Ca and Mg concentrations). The one water chemistry parameter that does vary
is DOC, and while Ni toxicity has been demonstrated to vary as a function of DOC quality [179],
the relationship is non-linear, and shows a less than two-fold difference among natural waters varying
in DOC concentration from 1 to 5 mg/L [177]. Therefore, the differences observed among closely related
species cannot be attributed to differences in water chemistry, and instead reflect true differences in
intrinsic sensitivity.
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No bioavailability normalization approaches are available for Ni in marine systems, and as a
consequence, all of the data reviewed here are expressed as dissolved concentrations. A marine
EQS under the EU WFD of 8.6 ug Ni/L was established in 2013 [208], -based largely on the chronic
ecotoxicity data reported by DeForest and Schlekat [209]. The US EPA ambient water quality criterion
for dissolved Ni in saltwater is 8.2 ug Ni/L and was developed using a completely different ecotoxicity
dataset and derivation approach.

Recently, ecotoxicity data have been generated on tropical marine species to address questions
about the relative sensitivity of nickel in temperate and tropical ecosystems, and on the sensitivity of
obligate tropical species like corals. Gissi et al. [210] tested tropical marine species including a gastropod,
a copepod, and a barnacle. While the gastropod (EC10 = 64 ug Ni/L) and barnacle (EC10 = 67 ug Ni/L)
were within the range of similar temperate species, the marine copepod was highly sensitive to Ni
exposure, with an EC10 of 5.5 ug Ni/L. A range of endpoints have been measured for coral, including
fertilization (Acropora aspera, NOEC < 280 ug Ni/L; Acropora digitifera, EC10 = 2000 ug Ni/L; Platygyra
daedalea, EC10 > 4610 pg Ni/L; [211]), and the integrity of the coral microbiome associated with
A. muricata (NOEC > 9050 pg Ni/L; [212]). These studies showed that corals are not especially sensitive
to Ni exposure. High-quality chronic ecotoxicity data aggregated in an SSD yielded an HC5 value of
8.2 ug/L Ni, which is in the range of existing threshold concentrations for temperate species.

4.3.4. Sediment

Sediments represent a sink for many contaminants entering aquatic ecosystems, and this
includes metals like nickel. The EU REACH legislation includes an assessment of effects to sediment
organisms [213], and chronic nickel ecotoxicity data were recently generated to satisfy this obligation.
Fewer standardized sediment toxicity test methods are available for sediment organisms compared
with water column organisms, so non-standard tests were also used. The generated dataset met the
requirements for using refined risk assessment approaches like SSDs and bioavailability normalization.

An important methodological step when testing the toxicity of metals like Ni in sediment phases
is controlling the diffusion of Ni to overlying water during testing. Earlier testing efforts showed that
Ni concentrations in overlying water reached toxic levels, e.g., [214] creating difficulty in attributing
adverse effects to nickel in sediment phases. Brumbaugh etal. [215] developed a methodology that limits
diffusion of nickel from sediment phases to the overlying water. The approach includes neutralizing
sediment pH to relevant levels (adding soluble metal salts to sediments decreases sediment pH) and
exchanging overlying water to maintain non-toxic overlying nickel concentrations. The resulting
distribution of nickel among pore water and sediment phases is similar to that of field-contaminated
sediment and is therefore relevant for estimating Ni toxicity in real world situations.

High-quality chronic ecotoxicity data exist for eight species of freshwater benthic invertebrates,
including amphipods, oligochaetes, insects, and molluscs. In low-bioavailability sediments,
the amphipod Hyalella Azteca is the most sensitive organism, with an EC10 based on biomass of
149 mg Ni/kg [186]. The least sensitive species is the oligochaete Tubifex, with a biomass EC10 of
1100 mg Ni/kg [202]. Using empirical bioavailability relationships to predict nickel toxicity based on
sediment chemistry parameters, Schlekat et al. [202] reported ranges of HC5 values from 136 to 437 mg
Ni/kg for sediments ranging in AVS concentrations from 0.77 to 38.4 uM/g dry weight (dw), which
represents the 10th to 90th percentile distribution of European freshwater sediments.

Few data are available for marine or estuarine sediment organisms. Chandler et al. [216] showed
that the benthic copepod Amphiascus tenuiremis was more sensitive to nickel exposure than the amphipod
Leptocheirus plumulosus in water-only exposures. In sediment exposures, however, no adverse effects
were observed to A. tenuiremis in sediment nickel concentrations as high as 676 mg Ni/kg, whereas
L. plumulosus experienced toxicity when sediment nickel concentrations exceeded 334 mg Ni/kg.
This demonstrates the need to collect sediment toxicity data from appropriate testing as opposed to
extrapolating water-only data using approaches like equilibrium partitioning.
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Extensive field information is available on effects of nickel to sediment ecosystems [192,217-219].
Costello et al. [192] demonstrated that nickel toxicity decreases over time, and that no effects associated
with nickel exposure are detectable after 58 days, despite sediment nickel concentrations exceeding
4500 mg Ni/kg. Costello et al. [220] demonstrated that this decrease in toxicity can be explained
by a transition in partitioning and mineralogy from more labile sediment phases like sulfides to
more stable phases like iron oxides. Mendonca et al. [221] demonstrated that nickel bioavailability
is controlled by iron oxides in a field contaminated site. Together, this information suggests that the
bioavailability-based HC5 using laboratory ecotoxicity data is highly protective of effects that are
observed in the field.

4.3.5. Soil

Ecotoxicological data are available for a range of soil organisms, including plants and soil
invertebrates. Microbial processes and enzymatic activity are also considered relevant for ecological
risk assessments of chemical substances on soil ecosystems. When adjusted for leaching and ageing
and after normalization to soil eCEC, the most sensitive endpoints-organisms have been shown to be
enzymatic activity like dehydrogenase, growth of microbes such as Aspergillus clavatus, and growth
of plants like Lolium perenne [194,222]. The variability within these groups is high, and examples
of insensitive endpoints can be found for each of these groups of soil organisms. Invertebrates like
earthworms and collembola are the least sensitive groups.

When aggregated in an SSD, a European ecotoxicity soil dataset showed HC5 values ranging
from 8.6 to 194.3 mg Ni/kg, for soils ranging in eCEC from 10.4 to 36.0 cmol/kg (Figure 3). This range
represents the 10th to 90th percentile of eCEC for European soils.
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Figure 3. Species sensitivity distributions (SSDs) of soil organisms mean EC10 values (n = 42) for
soils with different effective cation exchange capacities (eCEC). The 5th percentile of the hazard
concentration (HC5) was calculated for each SSD yielding a range of HC5s from 8.6 to 194.3 mg Ni/kg.
The “Agricultural peaty soil Netherlands” overlaps with the “Natural clay soil Greece” in the graph,
with similar eCEC values of 35.0 cmol/kg and 36.0 cmol/kg, respectively.

Hale et al. [222] compared soil laboratory toxicity data to endpoints measured under field
conditions. The field data included a study in which soluble NiCl, had been added to Chinese soils
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varying in eCEC (15.2 to 37.1 cmol/kg) and pH (5.3 to 8.9). Laboratory data normalized to the field soil
chemistry were protective of the same endpoints measured in field studies with the exception of a
soil with low pH (5.2) and relatively low eCEC (15.2 cmol/kg). This suggests that situations of high
bioavailability, i.e., low soil pH (<6.5) and low eCEC (<15 cmol/kg), require special attention in terms
of risk assessment.

4.4. Mechanisms of Toxicity

Our understanding of the mechanisms of Ni toxicity to aquatic organisms is limited, despite many
studies that have explored potential mechanisms of action for nickel. Evidence exists in the literature
to support several possible mechanisms, including disruption of trace element and ion homeostasis
(e.g., Ca, Mg, and Fe), allergic reactions of the respiratory epithelia, disruption of energy metabolism,
and oxidative stress [223].

A negative relationship between increasing water hardness and nickel toxicity to aquatic organisms
has been well documented [173]. Studies have shown that increasing Ca®* reduces nickel toxicity to
a variety of aquatic and terrestrial animals [173]. In contrast, studies indicate Ca?* has no effect on
nickel toxicity to aquatic or terrestrial plants, suggesting nickel uptake occurs via different mechanisms
in plants [223]. Additionally, increasing Mg?* concentration reduces Ni accumulation and toxicity in
a variety of organisms (daphnids, oligochaetes, rainbow trout, and frog embryos) [167,173,224,225].
Increasing Mg?* also reduces nickel toxicity in terrestrial [170] but not aquatic plants [226]. Competitive
interactions between nickel and iron observed in several biological systems in both aquatic and terrestrial
environments suggest that disruption of iron homeostasis by nickel may be an important mechanism
of action [223].

Nickel is a well-known contact allergen in humans; however, while T cell activation by nickel
in fish gills is a potentially viable mechanism for an allergic response, it is not considered a likely
mechanism of action for nickel toxicity in fish or invertebrates [223].

Alternatively, formation of reactive oxygen species (ROS) is a potential mechanism for nickel
toxicity in all organisms. While there have been few studies investigating the effects of nickel on
excessive ROS generation in aquatic animals, there is extensive literature in mammalian and terrestrial
plant systems, showing that at elevated levels, ROS will damage various cell structures including lipids,
membranes, proteins and nucleic acids (oxidative stress) [227]. Overall, it appears that nickel-induced
oxidative stress may be a viable mechanism of action in aquatic and terrestrial systems, although it is
not clear if oxidative stress occurs at environmentally relevant concentrations and if so, whether this
stress at the cellular level translates into significant effects at higher levels of biological organization for
multi-cellular organisms [223].

4.5. Bioaccumulation and Trophic Transfer Potential

The bioaccumulation of chemical substances is addressed in risk assessment because of concerns
related to the direct toxicity of a bioaccumulated substance and the potential for trophic transfer of the
substance via biomagnification. In general, inorganic metals are subject to homeostatic control, and do
not exhibit biomagnification [228]. Bioconcentration factors (BCF), which represent the ratio between
tissue concentrations and dissolved concentrations, are relatively low for nickel. For example, a median
nickel BCF for bivalves of log 2.43 was reported by the European Commission [196]; this value is
below the threshold of log 3.0 that triggers evaluation of secondary poisoning effects. Furthermore, the
median soil nickel bioaccumulation factor for earthworms was 0.3, indicating low risk of exposure to
small mammals and birds that feed on earthworms [229]. An exception to the general conclusion of low
bioaccumulation of Ni by soil organisms occurs in serpentine soils, where natural nickel concentrations
can exceed 10,000 mg Ni/kg. Plant species that have developed specific adaptions to tolerate these
conditions are referred to as hyperaccumulators, and tissue Ni concentrations in these plants can
exceed 24,000 mg/kg [230]. Generic assessments of nickel bioaccumulation intentionally exclude data
from hyperaccumulators. In general, the conclusion of the European Commission [196] was that nickel
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exhibits biodilution, i.e., a decrease in tissue concentration within increasing trophic level. Therefore,
effects associated with the trophic transfer of nickel are of low concern.

5. Emerging Issues

5.1. Mixtures

The fate and effects of nickel in the environment are well understood; however, in the environment,
metals do not often occur singly, but as mixtures with other metals and contaminants. When metals
occur together, they can interact with each other or with other ligands (e.g., DOC) and potentially affect
the bioavailability and toxicity of each individual component [231]. To address these complexities,
metals mixture models are under varying stages of development [232-234].

Two general modelling approaches can be applied to understanding the toxicity of chemical
mixtures to the environment: concentration addition (CA) and independent action (IA) [231]. In CA,
substances have a similar mode of action, and in IA (also known as response addition), substances
have different modes of action. Nickel in the aquatic compartment, when combined in binary or
ternary mixtures with other metals, does not necessarily exhibit a strictly response-additive toxicity
in invertebrates or fish [235-237] and responses depend on the other metals present. For instance,
Traudt et al. [236] found that acute Ni + Cd mixtures resulted in less-than-additive toxicity to D. magna
neonates, while Ni + Cu mixtures resulted in greater-than-additive toxicity and Ni + Zn mixtures
resulted in response-additive toxicity. Results from chronic studies with L. stagnalis similarly showed
that trends from binary metal mixtures (including nickel) were highly dependent on the metals
combinations [238]. Cremazy et al. [238] found that for chronic binary studies with L. stagnalis, the
IA model was the most accurate and the CA model was the most conservative. They concluded that
for binary combinations, the simple CA model may provide adequate protection from the chronic
metal toxicity of metal mixtures to aquatic invertebrates [239]. There have been significant advances
in the last ten years on metal mixture toxicity in the environment and though some bioavailability
models have begun the effort to accurately predict the resulting toxicity of multi-metal mixtures, more
questions remain to be answered before metal-metal interactions are fully understood and metals
mixtures can be considered in regulatory frameworks.

Similarly, human health effects in epidemiological studies are associated with exposure to mixtures
of substances, making determination of the toxicity relationship (e.g., additivity) of nickel substances
with each other and with other substances difficult. Recent rat intraperitoneal toxicity studies and
mathematical modeling of binary and/or ternary combinations of manganese, chromium (VI) and
nickel demonstrated additivity and/or subadditivity of combined subchronic toxicity effects [240,241];
these effects were influenced by dose, effect level, and type of effect assessed. In another study, with
oral gavage administration of soluble forms of zinc, copper, manganese, chromium, cadmium, lead,
mercury and nickel to rats, systemic toxicity, mortality and effects on neurobehavioral function were
observed dose-dependently at the two highest mixture exposure levels of 464 and 1000 mg/kg bw [242].
Here, the interactions (such as antagonism, synergism, additivity) were not accounted for.

Welding fumes provide a good example of how integrating human and animal toxicology can
be used to understand the toxicity of mixtures of nano materials. Exposure to welding fumes has
been demonstrated to increase lung cancer risk among welders of stainless or mild steel [243]. During
welding, particles in the submicron, nanometer range are generated [244]. These particles are made of
oxides of iron and manganese (when welding mild steel) or iron, manganese, chromium and nickel
(when welding stainless steel); these particles are generated from the electrode or flux material [243].
In A/J mice studies using a two-stage model for lung carcinogenicity, oropharyngeal aspiration of freshly
generated stainless steel and mild steel welding fumes could act as a lung tumor promoter [245,246].
When individual metal oxides were tested in the two-stage mice model it was surprising to find that
inhalation of iron oxide (Fe,Oj3) significantly promoted lung tumors, while neither mixed chromium
oxides nor nickel oxide did [246]. Combining human studies with exposures to complex mixtures and
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animal studies with exposures to individual components can help understand risks associated with
metal mixtures [247].

The above studies demonstrate the necessity of, but also the unique challenges with, conducting
studies on metal mixtures to appropriately mimic human exposures occupationally and in the
environment. However, emerging technologies and alternative animal models (such as organotypic
cultures or organ-on-a-chip) makes the testing of metal mixtures easier. A case-by-case approach for
risk assessment of metal mixtures may be more prudent.

5.2. Nanoparticles

The small size and unique properties of nanoparticles have increased demand for their use in
many consumer products today. Manufactured and engineered nickel nanoparticles have primarily
commercial and industrial uses, including conductive coatings, lithium ion batteries, fuel cells,
electrodes, catalysts, ceramics, additives, etc. [248]. Nanoparticles are generally tightly bound or
well-integrated into most end-products for consumer use [249], thus greatly reducing the potential for
inhalation or dermal exposure on the part of the general public.

Occupational exposure in manufacturing and research laboratories could be a concern for workers
during production and handling of nickel nanoparticles. Additionally, hot processes such as welding
can generate exposures in the nano size range. In vitro and in vivo studies suggest that these nickel
nanoparticles are primarily associated with lung toxicity, inflammation, oxidative stress, and apoptosis,
e.g., [250-257]. Recent inhalation studies indicate possible differences in toxicokinetics between NiO
nanoparticle and larger micron particles [48,252,253,256,257].

Although there are many recent studies evaluating both the health and environmental effects of
nickel nanoparticles [254,255] there is still uncertainty with regards to the toxicity of nanoparticles in
general. For instance, some intratracheal instillation or pharyngeal aspiration studies suggest that
nickel oxide nanoparticles are more toxic (e.g., lung inflammation, allergic response) than larger nickel
oxide micron particles [254,256]. However, an in vitro study with nickel metal nanoparticles indicated
that the nanoparticles were not more toxic than larger nickel metal micron particles [257]. Additionally,
reliable studies are needed to increase our knowledge of the reproductive and carcinogenic effects of
nickel-containing nano-powders. For example, there is a study indicating that oral exposure to nickel
metal nanoparticles at relatively high levels (5-45 mg/kg bw) caused perinatal mortality in rats [258].
However, because of some statistical and methodological limitations of the study, further research is
needed to evaluate the accuracy of this report.

In the environment, nickel nanoparticles appear to pose a low ecological risk to aquatic
organisms [258-262]. In the Ispas et al. [255] study, zebrafish were treated with three different
nickel nanoparticle sizes resulting in less toxicity than the larger soluble nickel. Another aquatic study
showed that soluble micron nickel appeared to result in more toxicity compared to nickel nanoparticles
in marine calanoid copepods [261]. Unfortunately, very little reliable toxicity and exposure information
is available regarding terrestrial organisms. With continued research and increasing knowledge in
this growing field, it will be easier to clarify the health and environmental toxicological profiles of
nickel nanoparticles.

As discussed in Section 5.1, above, the combination of nickel nanoparticles with other metal
nanoparticles can have unexpected outcomes, such as reduced or additive effects, depending on the
specific toxicity endpoint, the metal nanoparticles involved, and the percentage of each component in
the mixture; this is shown in intraperitoneal injection and in vitro studies comparing and combining
nickel oxide and manganese oxide or cobalt oxide nanoparticles [263—266]. The results from these
studies suggest that the toxicokinetics and toxicity profile for combined exposures to metal nanoparticles
(e.g., occupational exposure) may differ from what could be predicted from each of the individual
nanoparticle components alone.
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6. Conclusions

The main human and environmental health effects associated with exposure to nickel and its
compounds have been summarized in the previous sections. The bioavailable Ni?* ion dictates the
human health toxicity and environmental toxicity of metallic nickel and nickel compounds. Thresholds
for the toxicity of Ni?* have been identified, below which the toxicity associated with exposure to
metallic nickel and nickel compounds may not be observed. Table 2 provides a summary of key
threshold values for the main human and environmental toxicity effects of concern.

This review is the first to integrate the human health toxicology and ecotoxicology of nickel,
emphasizing the presence of threshold effects and the central role of the bioavailable Ni** ion in
driving toxicity.

Table 2. Thresholds for nickel toxicity corresponding to the main routes and health effects of concern to
human health and for the main environmental compartments.

Human Health Effects
Endpoint a
(Underlying Studies and Data) Threshold Values Reference
Dermal-NOAEL = 0.44 ug Ni/cm? skin/day 2 [267]
NACD (human)
Oral-BMDL ; = 4.3 ug Ni/kg bw/day adult (in addition to diet) [145]
Inhalation—practical threshold = 0.1 mg Ni/m? inhalable aerosol [13]
Respiratory cancer (human)
Inhalation—practical threshold = 0.5 pg Ni/m® ng/m3 PM10 aerosol [268]
Inhalation-NOAEC = 0.03 mg/m3 (N sulfate) respirable aerosol [13]
Respiratory non cancer (animal)
Inhalation-NOAEC = 9.4 pg/m® (Ni sulfate) PM10 aerosol [268]
Reproductive (animal) Oral-BMDL, g5 = 1.8 mg Ni/kg bw/day adult [145]
Environmental Health Effects
Compartments Threshold Values ? Reference
Bioavailability-based EQS = 4 ug Ni/L [208]
Freshwater HC5 =7.1 to 43.6 ug Ni/L for EU waters representing the 10th to [196]
90th percentile of bioavailability conditions
Temperate HC5 = 8.6 ug Ni/L [209]
Marine water - .
Tropical aggregated HC5 = 8.2 ug Ni/L [212]
Sediment HC5 = 136437 mg Ni/kg (AVS: 0.77-38.4 uM/g dw) [202]
Soil HC5 = 8.6-194.3 mg Ni/kg (eCEC: 10.4-36.0 cmol/kg) [194]

2 Values are based on, or derived from, the most bioavailable chemical form of nickel (i.e., water soluble nickel
compounds) but are generally applied to “total nickel”.
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Abstract: Nickel is an essential cofactor for some pathogen virulence factors. Due to its low
availability in hosts, pathogens must efficiently transport the metal and then balance its ready
intracellular availability for enzyme maturation with metal toxicity concerns. The most notable
virulence-associated components are the Ni-enzymes hydrogenase and urease. Both enzymes, along
with their associated nickel transporters, storage reservoirs, and maturation enzymes have been
best-studied in the gastric pathogen Helicobacter pylori, a bacterium which depends heavily on nickel.
Molecular hydrogen utilization is associated with efficient host colonization by the Helicobacters,
which include both gastric and liver pathogens. Translocation of a H. pylori carcinogenic toxin
into host epithelial cells is powered by H, use. The multiple [NiFe] hydrogenases of Salmonella
enterica Typhimurium are important in host colonization, while ureases play important roles in both
prokaryotic (Proteus mirabilis and Staphylococcus spp.) and eukaryotic (Cryptoccoccus genus) pathogens
associated with urinary tract infections. Other Ni-requiring enzymes, such as Ni-acireductone
dioxygenase (ARD), Ni-superoxide dismutase (SOD), and Ni-glyoxalase I (Glol) play important
metabolic or detoxifying roles in other pathogens. Nickel-requiring enzymes are likely important
for virulence of at least 40 prokaryotic and nine eukaryotic pathogenic species, as described herein.
The potential for pathogenic roles of many new Ni-binding components exists, based on recent
experimental data and on the key roles that Ni enzymes play in a diverse array of pathogens.

Keywords: nickel; hydrogenase; urease; Ni-enzymes; pathogens

1. Introduction

Nickel (Ni) is well established as an essential cofactor for some pathogen virulence factors. While
the majority of studies on pathogens’ Ni enzymes relate to human pathogens, a sizable portion of
animal pathogens (Helicobacter hepaticus, Helicobacter mustelae, Ureaplasma diversum, Brucella species,
Campylobacter species) also use Ni-containing virulence factors (Table 1). In contrast, the literature on
Ni-dependent plant pathogens is scarce. This discrepancy reflects a fundamental difference between
plants and mammals: plants use nickel as a cofactor for urease, which they oftentimes make in
abundance, therefore reducing its availability to pathogens. On the other hand, mammals do not
synthesize any (known) Ni-requiring protein(s), hence (host) nickel is likely to be more available for
Ni-utilizing pathogens. Still, the intestinal microflora of mammals is comprised of many Ni-utilizing
members, such as urease-producing lactobacilli and Bifidobacterium species, or gut methanogens relying
on nickel-dependent coenzyme M reductase [1]; those are likely to compete for nickel with pathogens.
Interestingly, there is a strong link between nickel pools in plants (e.g., urease-bound) and mammals
nickel pools, as plants are one of the main dietary sources of nickel for mammals.

The most notable virulence-associated components are the Ni-enzymes hydrogenase and urease,
both of which have been shown to be important for pathogen virulence in various organisms [2—4]. Both
hydrogenase and urease, along with their associated nickel transporters, storage reservoirs, maturation
enzymes, and nickel-dependent regulators have been best-studied in the gastric pathogen H. pylori, so
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much of our review will discuss the nickel-metabolism factors in the gastric pathogen. Nevertheless,
significant progress has been made towards understanding the role of [NiFe] hydrogenases in enteric
pathogens, especially in S. Typhimurium; this microbe will thus be covered in our review as well.
Also, urease enzymes play important roles in eukaryotic pathogens belonging to the Cryptoccoccus
genus, as well as in prokaryotic pathogens such as P. mirabilis and Staphylococcus spp., which are
causative agents of urinary tract infections (UTIs). Since the synthesis, structure, and catalytic activity of
ureases and hydrogenases have been recently presented and discussed in comprehensive reviews [5-9],
these aspects will not be covered in the present review. Likewise, H. pylori hydrogenase and urease
maturation, as well as NikR-mediated gene regulation, have been extensively reviewed by our group
and others [3,10-12], hence they will not be discussed herein.

Other Ni-requiring enzymes, such as Ni-acireductone dioxygenase (ARD) [6,13], Ni-superoxide
dismutase (SOD) [14,15], and Ni-glyoxalase I (GloI) [6,16] play important metabolic or detoxifying
roles in a few pathogens; little is known about their contribution to pathogenicity; nevertheless, their
role will be briefly discussed. The hypothetical or demonstrated role of all Ni-enzymes in pathogens is
summarized in Table 1.
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2. Nickel Availability to Pathogens and Host-Mediated Influences

Nickel, more so than for other required metals, presents both a difficult acquisition and a
homeostasis problem for pathogens, ultimately due to its low availability within the host. Indeed,
nickel is found at less than 5 ppm (ug/g of ash) in most human organs [100]. Compared to other metals,
such as zinc, nickel is far less prevalent in organs: for instance it is found at a level of less than 1% of
the amount of zinc in the brain, heart, lung, or muscle, and the amount of nickel is less than 0.1% of
that of zinc measured in both the human liver and kidney [101].

To limit pathogen growth, animal hosts have developed metal sequestering strategies to abrogate
the invading pathogen [102]. Indeed, this is thought to be a key antibacterial mechanism used to inhibit
initial infection as well as to combat tissue-established ones. Metals are bound by the mammalian host
mucosa (a process termed “nutritional immunity”), and this is known to involve mucosal-associated
metal binding proteins [102,103]. Although we have significant knowledge of iron, zinc, and manganese
sequestering by pathogenic bacteria, and the competition between host and pathogen for these metals is
beginning to be understood [102,104,105], much less is known about these aspects with respect to cobalt,
nickel, and copper [105]. Recruited neutrophils at inflammation sites express metal-binding proteins,
such as calprotectin, lipocalin and lactoferrin. The role of the host defense protein calprotectin in zinc
binding and subsequent pathogen inhibition is well-established [105]; however, a recent study from
Nakashige and colleagues showed that coordination of Ni(II) at the hexahistidine site of calprotectin is
preferred over that for Zn(II) [106]. In agreement with this finding, calprotectin was shown to sequester
nickel away from two pathogens, S. aureus and K. pneumoniae, subsequently inhibiting their respective
urease activity in bacterial culture [106].

Although the antibacterial effects of the multifunctional globular protein lactoferrin are attributed
in part to its iron-binding capacity [107,108], the histidine and tyrosine ligands can bind other metals,
including nickel; therefore, a nickel-sequestering effect of lactoferrin towards pathogens should not
be ruled out. The same thinking might also apply to the peptide hormone hepcidin, a regulator of
host iron homeostasis, which binds both Fe and Ni (II) [109]. While the role of hepcidin in starving
pathogens of nickel has not been investigated, its antimicrobial activity via iron sequestering has been
well established [110]. The list of siderophilic pathogens affected by hepcidin-driven iron chelation
includes E. coli, Staphylococcus spp., including S. epidermidis and S aureus, group B Streptococcus bacteria,
Y. enterocolitica, and Candida albicans. In particular, one demonstrated role of hepcidin is to affect metals
levels within macrophages [111], so nickel availability may also be expected to be impacted for immune
cell-engulfed pathogens. It is well known that macrophages use metal (iron, copper, zinc) sequestration
to starve pathogens of essential metals [112]. Of relevance here is that one of the [Ni-Fe] Hp-uptake
hydrogenases of S. Typhimurium (Hya or Hyd-1) is needed for survival within macrophages [64],
an environment in which this hydrogenase, as well as another one, Hyd-5, are greatly up-expressed.
Likewise, the hyc operon in Mycobacterium tuberculosis (encoding for a putative [Ni-Fe] Hy-evolving
complex) is upregulated in human macrophage-like cells, as well as in resting or activated murine
bone marrow macrophages [33,34]. Similarly, urease has been shown to be important for survival in
macrophages of several pathogens, for instance that of A. pleuropneumoniae [51,52] or C. neoformans [19].
Thus, nickel starvation would be expected to be an immune cell strategy to attenuate pathogen growth.

Many more aspects of nickel restriction to pathogens by host metabolites need to be studied. For
example, although not specifically studied with regard to Ni(II), the divalent metal ion transporter
NRAMP1 can export metals out of the macrophage phagolysosome, thus restricting the metal availability
to the engulfed or intracellular pathogen [113]. It seems likely that some of the antipathogen affects
attributed to host iron restriction (or other metals starvation) actually employ nickel starvation as
a goal as well. However, host-mediated metal restriction aimed at exacerbating pathogens also
complicates metabolism for the host, as host processes are often metal-dependent as well. For example,
calprotectin-mediated zinc and manganese starvation attenuates S. aureus abscess infection [114], but
at the same time, the metal is needed for host enzymes and for normal immune processes [102].
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Regarding nickel restriction, no major effect on the host metabolism is expected, as the mammalian
hosts donot contain (known) Ni-dependent enzymes. This has caused several research groups to suggest
nickel sequestrations as a possible therapeutic approach to combat Ni-requiring pathogens [10,115,116].
For instance, targeting nickel trafficking pathways to prevent proper maturation of both the H-uptake
[Ni-Fe] hydrogenase and the urease in the gastric pathogen H. pylori has been proposed by several
groups, including ours [10,116]. Similarly, a recent study identified the nickel requirement for C.
neoformans’s urease as the fungus’s “Achilles” heels” [117]. However, one has to keep in mind that
hosts also contain Ni-requiring prokaryotic and eukaryotic microorganisms as part of their (healthy)
microbiota [1], thus multiple aspects of host physiology would be affected. Indeed, disruption of
nickel homeostasis in these microflora would be expected to lead to dysbiosis and subsequent health
consequences for the host. In this particular case, Ni-enzymes do not play a direct role in pathogenesis,
but rather they can be considered a “health-related factor” [118].

3. Ureases

Ureases, which catalyze the hydrolytic decomposition of urea into bicarbonate and ammonia,
play a dual role: (i) the ammonia produced by the enzyme is an important source of nitrogen for
microorganisms and (ii) both ammonia and bicarbonate can be used to neutralize the pH, thus allowing
urease-containing organisms to survive and even thrive in acidic environments [7]. Indeed, mammalian
pathogens encounter acid in transit through the stomach, on skin, within abscesses, and inside host
cells; the nickel-containing urease activity is thus an enzyme that is critical to many bacteria for
surviving acidic environments, for instance, H. pylori in the stomach. The acidic environment the
pathogen encounters may be while in transit (such as when temporarily residing in the gastric milieu)
whereby the pathogen is “surviving and seeking” a more hospitable host area, or may be encountered
while inside the (acidified) phagolysosome. Before its concentration in the kidneys, urea is present
in the bloodstream, thus in blood-rich organs. It is abundant in the blood, with levels estimated to
range between 2.5 and 7.1 mM; urea is also found in sweat, saliva, and gastric juices [38,119]. Saliva
levels in healthy individuals vary from 3 to 10 mM, albeit they can reach up to 15 mM in patients
with renal disease [120]. Urea is also present at high levels in the lungs (2-4 mM) and can be used by
urease-positive lung pathogens (e.g., H. influenzae, M. tuberculosis, K. pneumoniae, or C. neoformans) as
a nitrogen source and/or as a way to neutralize acidic pH; in fact, urease can be used as breath test
diagnosis of lung pathogens [121].

As stated above, in addition to its acid-neutralizing properties, urease hydrolyzes urea into
ammonium, an important nitrogen source for many pathogens, especially urinary tract pathogens
such as P. stuartii, Morganella spp., Pseudomonas spp., U. urealyticum, Klebsiella spp., P. mirabilis, and
others (see Table 1) [16]. Urea is extremely abundant in human urine; although urea levels fluctuate
widely, the average concentration is around 400 mM [119]. The formation of urinary stones is a
direct result of alkalinization of the urinary tract by these pathogens’ urease activity [63]. In this
case, Ni-related pathogenesis can be viewed as having several notable outcomes. While exacerbating
the host excretory system, the crystalline stones also provide a surface for the pathogen(s) to build
biofilms and augment its (their) growth [63]. Furthermore, synergistic induction of urease activity in
polymicrobial populations (belonging to the species listed above) leads to an increased incidence of
urolithiasis and bacteremia [59]. S. salivarius uses salivary urea both as a source of nitrogen and to
combat acid stress [41]. In S. aureus, a pathogen causing significant morbidity due to both acute and
chronic infections, the transcription of urease-associated (e.g., structural and accessory/maturation)
genes is up-expressed during bacterial biofilm growth [37]. This up-expression is considered to be one
component of its acid response network [37,122].

While most ureases are Ni-enzymes, there are a few exceptions. Interestingly, some gastric
Helicobacter species, such as H. mustelae (ferret), H. felis (big cats) and H. acinonychis (cheetah),
possess two distinct urease gene loci, ureABIEFGH and ureA2B2 [123,124]. The former encodes for a
nickel-containing urease (similar to that found in H. pylori) while the latter encodes for a nickel-free,
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iron-containing isoform [125]. Transcription of the ureABIEFGH operon is induced by the addition
of nickel, whereas transcription of ureA2B2 is upregulated by iron and downregulated by nickel; the
nickel-responsive transcriptional regulator NikR is involved in this dual Ni-dependent control [124].
The role of the iron-containing urease is not clear; however, the fact that it is only present in species
inhabiting the stomach of carnivores may reflect an evolutionary adaptation, according to the authors
of these studies [123-125]. Carnivores encounter an iron-rich, nickel-scarce diet [126] so infection
by these Helicobacter species could be limited if they were to possess only Ni-ureases. The flexibility
to produce either a Ni- or Fe-urease allows these Helicobacter species to colonize the gastric mucosa
regardless of their host’s diets.

We review here the role in pathogenesis of some of the best characterized microbial urease systems,
emphasizing perspectives on the most recently published findings.

3.1. H. pylori

H. pylori must first survive the harsh environment of the human stomach and then survive a
prolonged immune response that includes bombardment with oxidative radicals and oxidizing acids.
The most severe H. pylori-mediated disease is due to long term infection. Urease, which comprises
up to 10% of the total H. pylori proteome [127], is essential for the in vivo survival of H. pylori, as the
buffering molecules from urea hydrolysis are essential to maintain the pathogen’s cytoplasmic pH
close to neutral. The constant production of ammonia in H. pylori-infected patients with cirrhosis
can lead to blood hyperammonemia, which has been linked to a condition named minimal hepatic
encephalopathy (MHE). As expected, anti-H. pylori therapy led to a reduction in blood ammonia
levels, with subsequent improvement in MHE [128]. Besides the well-established acid-combatting role,
many additional roles have been attributed to H. pylori urease over the last 25 years (see Table 1). The
Ni-containing active form of urease is clearly required for initial colonization; however, several studies
suggest that non-neutralizing roles also exist for urease, and those may not even require the Ni-form.
For instance, a urease negative strain was unable to colonize a pH neutral pig stomach [85]. A recent
study from Debowski et al. found that urease is needed for persistence in the mouse gastric mucosa,
where pH approaches neutrality [96]. This is at first puzzling, since the main role of urease (to survive
the low pH) requires considerable expense in terms of number of maturation/accessory enzymes and
energy (in the form of GTP hydrolysis); this expenditure and Ni-drain should not occur (i.e., should
not be needed) when the bacterium occupies neutral pH environments. However, urease-expressing
bacteria are favored for survival/colonization in vivo over long time periods, while the pathogen
resides in the mucosa, so urease seems to be needed for chronic and persistent infection [96]. In
addition, urease is linked to gastric carcinoma incidence via its ability to promote angiogenesis [97];
the enzyme has been shown to induce proinflammatory cytokines, stimulate chemotaxis of neutrophils
and monocytes, and to induce apoptosis in gastric endothelial cells [88,98].

As previously stated, urease (UreAB) is the most abundant enzyme synthesized in H. pylori;
however, it appears most of it is never active as a ureolytic enzyme; this is probably due to limiting
extracellular (host) and intracellular nickel levels. Indeed, a study from Stingl and De Reuse estimated
that the fraction of nickel-activated urease ranged from 2% to 25% depending on growth conditions [129].
Therefore, this observation raises a question: why does H. pylori synthesize so much urease, if the
bulk of it is not activated and therefore is not useful to combat acidity? Perhaps much of the above
can be explained at the molecular level by a study indicating inactive urease plays a large role in
H. pylori survival, due simply to its amino acid residue composition. Indeed, a new role for urease
as an antioxidant or reactive oxygen-combating protein has been recently unveiled [99] (Figure 1).
Catalytically inactive urease was able to protect the pathogen from oxidative damage, via a Met residue
oxidant quenching mechanism. This mechanism does not require nickel, but requires surface Met
residues, that cycle between oxidized and reduced forms, yet it would seem that nickel is important
to facilitate the overall process, as the nickel containing version would be more stable to proteolysis
within the cell, and urease synthesis is up-expressed by nickel [130,131]. The UreAB heterodimer
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contains 25 Met residues; 11 of these are subject to oxidation and subsequent methionine sulfoxide
reductase (MSR) repair through a Met/Met-sulfoxide cycle [99]. In summary, both the catalytic and the
noncatalytic role(s) of urease are important for H. pylori initial infection and long-term persistence in
the host, as depicted in Figure 1.

ﬂ Hocl

Non-catalytic activity: '

oxidant-quenching

Urea

' Catalytic activity: MSR
pH-buffering (repair)

O, + NH,

HOLO-UREASE (dual activity 1 + 2)

ﬂ Hodl

Non-catalytic activity: '

oxidant-quenching

MSR
(repair)

APO-UREASE (only activity 2)

Figure 1. Dual role for H. pylori urease. (A) Holo (Ni-bound) urease can convert urea into ammonia and
carbon dioxide (catalytic activity, #1) and can protect against oxidative stress (nonspecific quenching
through Msr-repairable Met, activity #2). (B) Apo-urease (Ni-free) is non ureolytic yet it retains the
nonspecific oxidative stress combatting activity (#2).

3.2. S. aureus

S. aureus is both a commensal bacterium and a human pathogen. It colonizes approximately 30%
of the population asymptomatically; however, it can also cause infections ranging from mild skin and
soft tissue infections to invasive infections, including sepsis and pneumonia [132]. A recent study
by Zhou and coworkers examined the S. aureus urease response and its roles in host persistence [38].
The authors note that S. aureus combats many different host environments, and urease may have
very different roles in different pH conditions, in part due to the largely underappreciated differing
mode of action of strong versus weak acids on the cells. For example, weak acids such as acetate
enter the cytoplasm more easily than strong acids that fully dissociate in water. Therefore, the weak
acids cause macromolecular damage via intracellular proton release. Using a mutant strain analysis
approach, it was concluded that urease activity is important to cell viability under weak acid stress
conditions [38]. Kidney colonization was compared in a mouse bacteremia model; kidneys infected
with the S. aureus Aure mutant strain had significantly lower bacterial burden in the longer term (12 and
19-day) infections than did the wild type strain. The host immune response, as assessed by leukocyte
populations, did not differ between the two infected groups, so the absence of urease did not seem
to influence the immune response (i.e., to augment clearance). These authors postulate that urease
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is important for host skin survival, where S. aureus resides; indeed, human skin is a major reservoir
of this pathogen (for instance in sweat glands and hair follicles) and the authors reported that sweat
contains 22 mM urea and the skin pH ranges from 4 to 6.

Biofilms are a significant contributor to host colonization and subsequent virulence by many
pathogens, including S. aureus. Interestingly, a study from Resch et al. found increased expression of
some of the urease structural and accessory genes (in correlation with increased urease activity) in
biofilm-embedded S. aureus cells compared to planktonic cells of the same strain [37]. Connections
between staphylococcal biofilms, urease production, and antibiotic resistance were further analyzed
in a recent study [39]. When mixed biofilms composed of two species of Staphyloccoccus (S. aureus
and S. epidermidis) were compared to monospecies biofilms, the urease subunit genes as well as the
accessory protein genes were downexpressed in the mixed source. Since each species did not influence
survival of the other, and the initial ratios used in biofilm formation were maintained, it was therefore
determined that the cospecies influence on urease gene expression was specific to biofilm cultures [39].
According to the authors, S. epidermidis inhibits metabolic activity of S. aureus, leading to less acid
production. As a consequence, less urease activity is required to compensate for low pH. Importantly,
the two species used, S. epidermis and S. aureus, are oftentimes coisolated from biofilms on indwelling
medical devices [133].

3.3. P. mirabilis

P. mirabilis is a major cause of urinary stones and it also forms resilient crystalline biofilms on
catheters [63]. The initial formation of large clusters of the bacteria in the bladder lumen may be the
etiology of stone formation [62], and urease is considered to be one of the two most important virulence
factors in the initiation of cluster development [62,134]. In catheter-associated UTlIs, urease-produced
ammonium and carbon dioxide bind with Mg?" and Ca?*, respectively, found in the urine. These
minerals precipitate, forming crystalline deposits on catheters or/and aggregates that evolve into
macroscopic stones within the urinary system [135]. Adherent bacteria grow and the crystalline biofilm
enlarges, so that bacteria and crystals become tightly associated [134]. Later, bacteria can become
dissociated and begin the crystallization process elsewhere. P. mirabilis mutant strains that lack urease
are unable to form crystalline biofilms [134]. Note that the urea level in human urine is reportedly about
400 mM [119], the average nickel level is approximately 1.7 ug/L (ranging from 0.1 to 20 ug/L) [136]
and that the urease activity of P. mirabilis is especially robust.

Not much is known about P. mirabilis’ ability to import and sequester nickel. Based on
genome sequence analysis, P. mirabilis has two predicted Ni-transporters (nikAB and yntABCD); both
transcriptional units are induced in experimentally-infected mice compared with laboratory-grown
cells [63]. While it does not contain Ni-storage proteins, such as the ones found in H. pylori (Hpn,
Hpn-like and HspA); nevertheless, P. mirabilis contains two His-rich accessory proteins: UreE, a
putative urease accessory protein, contains a His-rich C-terminus domain (eight His residues out of
nine residues); HypB, a putative hydrogenase accessory protein, is unusually His-rich, as it contains
17% His; almost all His residues are located in the N-terminus part of PmHypB, bringing the percentage
of His residues to an astonishing 39% (Figure 2). It is possible HypB plays a dual role in both
hydrogenase and urease maturation in P. mirabilis, as previously demonstrated for both H. pylori [137]
and H. hepaticus [138]. In addition, the maturation accessory factor could serve as nickel storage or as a
sensor of Ni homeostasis status for the urinary tract pathogen but this remains to be shown.
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MCSTCGCGEGNVSIEGVAPHSHDHHHHSHDHDHHDHGHHHHGHHHHHGHHHGHD HHHEHNATPANTYHKYIDKSE

QKHKHNYETHGQPIIIHHHHYHNSGDVHLHFYHDAQQNEAQVFHEHHHGHDDHHAHSHEHTHSHEHEHSHDHEHSHE
HEEQFSPVIDNDNMHYGQGEAGTHAPGISQKRMLKIEMDVLDKNNRIAVHNREHFAQQNVLALNLYSSPGSGKTTLLTQT
LKQLTQRVPCAVIEGDQQTTNDADRIRETGVAAIQVNTGKGCHLDAQMVHDATHQLGLKDNSILFIENVGNLVCPASFDLGE
KHKVAILSVTEGEDKPLKYPHMFAAADLMIINKIDLVPHLNIDVQACIESARRVNPNIEIIALSATTGEGMEEWLAWLESRLCA

Figure 2. The P. mirabilis HypB hydrogenase accessory protein is exceptionally His-rich. The sequence
shown was translated from the hypB nucleotide sequence, as found in genome sequence of P. mirabilis
strain HI4320 [139]. His residues are shown in red. The His-rich sequence suggests PmHypB might play
additional roles in Ni-enzyme maturation and/or Ni-storage besides its expected role as hydrogenase
accessory protein.

The extracellular cluster of urease-containing P. mirabilis in the bladder lumen leads to a robust
immune response [62]. Adjacent to the P. mirabilis clusters at the bacteria-bladder interface in the
mouse model of UTI, neutrophil marker characteristics consistent with antimicrobial peptides in
neutrophil extracellular traps/webs and phagocytosed bacteria were all observed. Therefore, the
bacterium is likely to be subjected to significant oxidative stress in vivo, and it seems thus conceivable
that alternative roles of urease (such as the one recently described for H. pylori urease [99]), could occur
at these sites.

3.4. Ureaplasma spp.

Ureaplasma spp. include U. urealyticum, U. paroum, and U. diversum. The first two species are
responsible for vaginal infections in humans while the later species cause urogenital tract infection in
cattle and small ruminants [42,45]. As the name implies, Ureaplasma species are urease positive, to the
extent that the enzyme is actually used as genus-specific diagnostic [42]. At least in U. urealyticum, and
probably in other members of this Mollicute class, urease fulfils several roles: (i) the ammonia released
in the cytosol contributes to PMF-driven ATP synthesis [43]; (ii) the ammonia also increases the urinary
pH, leading to Mg precipitation and subsequent struvite stone formation, as shown in rat bladders [44].

3.5. Eukaryotic Pathogens

In contrast to metals such as copper, zinc, and iron, little is known of the roles of nickel in fungal
pathogenesis. Still, ureases play important roles in fungal pathogens, for example in C. neoformans and
in C. immitis (Table 1) [140]. In C. neoformans (responsible for human meningoencephalitis), Ni-urease
is an important factor for brain invasion, as shown in several independent studies [18,19]. The enzyme
can be found in extracellular vesicles, apparently used by the fungus to colonize host tissues [20].
Urease maturation components, sometimes referred to as accessory proteins or maturation chaperones,
largely resemble their bacterial counterparts [141]. Although the cryptococcal genome lacks ureE
and ureG homologs, one accessory protein, named Ure7, combines the nickel incorporation functions
normally assigned to both UreE and UreG [141]. In C. posadasii, the causative agent of San Joaqin Valley
fever, the extracellular ammonia generated (by urease) at sites of pulmonary infection contributes to
severity of the respiratory disease [23], and urease mutants are less virulent in a mouse intranasal
challenge [22]. A nickel permease homolog is present in the Aspergillus fumigatus genome, but the role
it plays is not known [140]. It is worth noting, however, that many fungal pathogens apparently have
no need for nickel, relying instead on a non-Ni, biotin-requiring urease to metabolize urea.

4. Hydrogenases

Hydrogenases are found in bacteria, archaea, and in some eukarya. They catalyze the conversion
of molecular hydrogen (H;) into protons and electrons and the reverse reaction, the generation of
H, [142]. Three classes of hydrogenases have been defined, based on the metallic content of their
active site: [NiFe], [FeFe], and [Fe] hydrogenases. Several [NiFe] hydrogenases, (especially of the
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Hj-uptake type) have been shown to be key to colonization and virulence in various organisms such
as H. pylori [80] or S. Typhimurium [143]. We review here the major findings on [NiFe]-mediated Hy
use by pathogenic bacteria.

4.1. H. pylori

Hj-uptake hydrogenase activity was first measured in whole cells of microaerobically grown H.
pylori, using an amperometric assay and various artificial and natural electron acceptors, including
oxygen [144]. The activity was subsequently shown to be specifically associated with membrane
fractions and within these membranes, the hydrogenase enzyme was shown to be poised at a redox
potential to oxidize H, rather than to evolve the gas [144]. Based on genome sequence analysis, H.
pylori contains only one hydrogenase, of the Hy-uptake type (hyd ABCDE operon). Transcription of the
hyd operon is controlled by various regulatory proteins in response to distinct stimuli (iron, nickel,
pH, Hy); for instance, hyd genes are transcriptionally repressed by the apo (iron-free) form of Fur, the
ferric uptake regulator [145]. Furthermore, the transcription of each of the hydABC structural genes is
repressed in wild-type cells grown in nickel-supplemented medium; however, this repression is not
observed in a AnikR mutant [146,147]. Finally, H, supplementation increases both hydA transcription
and Hy-uptake hydrogenase activity in H. pylori [80]; however, neither the Hp-sensing mechanism, the
Hj-responding regulatory mechanism, nor the global Hj-responsive proteome, has been characterized
in H. pylori.

A unique particularity of nickel trafficking in H. pylori is the interplay between the urease and
hydrogenase maturation pathways. Indeed, Olson et al. found that two of the hydrogenase accessory
enzymes, HypA and HypB, are required not only for hydrogenase maturation, but also for urease
maturation [137]. Additional studies from various groups (including ours) provided further evidence
of the interconnectivity between both maturation pathways. Indeed, HypA was shown to physically
interact with the urease accessory protein UreE [148,149], and a HypA-(UreE), heterotrimeric complex
able to bind nickel has been characterized [150]. Furthermore, nickel transfer between both proteins
(from HypA to UreE) was demonstrated [151]. Finally, HypB was also found to be physically associated
with another urease maturation protein, UreG [152].

Since the H. pylori hydrogenase K;; for Hj is approximately 1.8 uM and the concentration of
dissolved H; in animal and human stomachs is in the high micromolar-low millimolar range, the
enzyme is predicted to be chronically saturated with Hj [80,153,154]. The [Ni-Fe] hydrogenase is
important for virulence: the hydB mutant colonized only 24% of mouse stomachs, while 100% of
stomachs inoculated with the parent strain were colonized [80]. Recent studies have showed that
the energy (proton motive force, PMF) derived from H, respiration can drive various important
cellular mechanisms in H. pylori. Firstly, a link between H, utilization and CO, fixation (in the form
of HCO;3™) was established in H. pylori [81]. It is interesting to note that this Hj-stimulated CO,
fixation (also referred to as “Hj-stimulated mixotrophy”) is a growth mode that has never been
described for a human pathogen [81]. Secondly, the hydrogenase-mediated H; respiration can fuel
CagA (cytotoxin-associated gene A) translocation into host cells. CagA-positive strains have increased
adenocarcinoma incidence [155]. A carcinogenic derivative strain that had greater ability to translocate
CagA was found to have higher hydrogenase activity than its noncarcinogenic parent strain [82]. In
agreement with this result, a H. pylori Ahyd hydrogenase deletion mutant was unable to translocate
CagA into human gastric epithelial AGS cells and the strain did not induce gastric cancer in gerbils [82].
By contrast, 50% of gerbils infected with the wild-type strain (hydrogenase positive, CagA translocating)
developed gastric cancers [82]. Finally, albeit a limited strain set was studied, a significantly higher
hydrogenase activity was measured in H. pylori strains isolated from cancer patients, compared to
those measured in strains isolated from gastritis patients [82]. Taken together, these results suggest a
correlation between the H. pylori Ni-hydrogenase and (CagA-mediated) cancer.
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4.2. H. hepaticus

H. hepaticus has been shown to induce liver disease in mice, as well as colitis, colorectal cancer,
inflammatory bowel disease (IBD), and prostate cancer [156,157]. Based on genome sequence, H.
hepaticus possesses only one [NiFe] Hy-uptake membrane-bound hydrogenase [158]. Similar to what
was reported in H. pylori, hyp hydrogenase accessory genes are present, and mutations in either hypA
or hypB abolish both the hydrogenase and the urease activities [138]. Whole cells of H. hepaticus are
able to couple H; oxidation to O, uptake [159]. H; concentrations measured in the livers of live
adult mice are above 50 uM, which means that H. hepaticus hydrogenase, with an apparent K;; of
approximately 2.5 uM, is saturated with H, [159]. Mehta and colleagues showed that the energy
derived from Hj-oxidation can be used for amino acid uptake, eventually enhancing cell growth; this
dual phenotype was observed with the WT strain but not in a AhyaB mutant strain [77]. While there
was no significant difference in bacterial count numbers between WT and AhyaB mutant strains in the
liver or cecum of mice, various liver lesions were observed with the WT but not with the mutant [77].
To summarize, the H. hepaticus [NiFe] hydrogenase provides energy (in the form of PMF) to the cell,
aiding amino acid transport, bolstering growth and eventually contributing to liver pathogenesis, at
least in the established murine model.

4.3. S. Typhimurium

Similar to E. coli, the enteric pathogen S. Typhimurium contains four different [Ni-Fe] hydrogenases:
Hya (Hyd-1), Hyb (Hyd-2), Hyc (Hyd-3), and Hyd (Hyd-5) [67]. However, in contrast to E. coli
that contains two Hy-uptake and two Hj-evolving hydrogenases, S. Typhimurium possesses three
respiratory (Hp-uptake) enzymes (Hya, Hyb, and Hyd) and only one Hj-synthesizing enzyme (Hyc);
the latter forms the formate-hydrogen-lyase (FHL) system together with the formate dehydrogenase-H
(FDH-H), coupling H, production to formate oxidation, similar to what has been described in E.coli [160].
Each of the three respiratory hydrogenases is coupled to a respiratory pathway that can use O, as
the terminal electron acceptor [143,161]. However, S. Typhimurium can use many terminal acceptors
and it can be expected that they could all be coupled to H, oxidation. The role of each respiratory
enzyme as well as their specific expression in various environments (murine macrophages, human
polymorphonuclear leukocyte (PMN)-like cells, and mice) was studied using a mutagenesis approach,
combined with RIVET (Resolvase In Vivo Expression Technology) [64]. The hya mutant was expressed
at low levels in all (mouse) locations tested (e.g., the ileum, the liver and the spleen) and its survival
in macrophages was decreased (compared to the WT), a phenotype attributed to the higher acid
sensitivity observed for this mutant [64]. The hyd (Hyd-5) gene was found to be highly expressed in
the liver and spleen, and weakly expressed in the ileum, at early stages of infection. In the late stages
of infection, hyd was expressed at high levels in all organs tested [64]. Expression of the hyb (Hyd-2)
gene could not be studied, due to a lack of stability of the hiyb RIVET construct.

The role of each enzyme in physiology and virulence was assessed by constructing a series of
markerless mutants and testing them using the typhoid fever-mouse model [143]. Double-mutant
strains expressing only Hya (Ahyb Ahyd) or only Hyd (Ahya Ahyb) had lower virulence compared
to the WT. In contrast, the Ahya Ahyd double mutant strain retaining Hyb activity was almost as
virulent as the WT strain, suggesting Hyb is the most important hydrogenase for S. Typhimurium
virulence [66,162]. Interestingly, the triple mutant (Ahya Ahyb Ahyd) was found to be avirulent (100%
survival in the typhoid fever mouse model) [143]. This was confirmed by an independent study [163].

Based on the analysis of the S. enterica Typhi genome sequence, it appears the causative agent
of typhoid fever in humans has the same set of hydrogenases as S. Typhimurium. Given the results
of mouse studies with S. Typhimurium, it is expected that one or several of the [Ni-Fe] respiratory
hydrogenases of S. Typhi could play an important role in the pathogenicity of typhoid fever in humans.
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4.4. C. jejuni

C. jejuni, aleading cause of human diarrheal disease, is a microaerophilic bacterium that possesses a
unique, energy-conserving, membrane-bound [Ni-Fe] uptake-type hydrogenase [74,164]. The enzyme
is important for both C. jejuni’s growth and virulence. Indeed, in addition to carbon sources formate
and fumarate, the respiratory reductant Hy has been found to enhance growth of C. jejuni [74,165].
Disruption of the hydB gene led to abolition of hydrogenase activity, as expected, and the AhydB mutant
showed severe colonization deficiency of the chicken cecum (compared to the WT) but only in the
context of a AfdhA (formate dehydrogenase) mutant background [74]. Both AfdhA and AhydB single
mutants showed only modest reduced colonization compared to WT. Finally, the C. jejuni AhydB is
impaired in cell division (scanning electron microscopy revealed a filamentous phenotype) and is
unable to interact with either human intestinal cell lines (INT-407) or with primary chicken intestinal
epithelial cells [75]. Thus, similar to what has been observed in H. pylori (which belongs to the same
phylogenetic group, the e-proteobacteria), the [NiFe] Hy-uptake hydrogenase plays an important role
in C. jejuni metabolism and pathogenesis.

4.5. C. concisus

C. concisus has been found throughout the entire human oral-gastrointestinal tract. The bacterium
is associated with various ailments and diseases, such as gingivitis, periodontitis, inflammatory
bowel disease, including Crohn’s disease [166]. C. concisus contains genes encoding for two distinct
Ni-containing hydrogenase complexes: a Hy-uptake type hydrogenase (“Hyd”) similar to those found
in other pathogenic e-proteobacteriae (such as H. pylori or C. jejuni) and a Hp-evolving type hydrogenase
similar to Hyd-3 (Hyc) and Hyd-4 (Hyf) complexes found in E. coli [167]. The former appears essential,
as it is possible to disrupt components of the Hyf complex (/yfB), whereas attempts to generate hyd
mutants were unsuccessful [167]. Furthermore, C. concisus has the highest Hy-uptake hydrogenase
activity reported so far among pathogenic bacteria [167]. In agreement with these observations, H, was
found to be needed for optimal growth under anaerobic conditions, and required for growth under
microaerobic conditions, highlighting the importance of the Hy-uptake hydrogenase in the pathogen’s
metabolism [76,168].

4.6. S. flexneri

Shigella spp. including S. flexneri, S. boydii, S. sonnei, and S. dysenteriae, cause shigellosis (also
called bacillary dysentery). Shigella spp. are responsible for approximately 165 million illness episodes
worldwide, leading to an estimated 164,000 diarrhoeal deaths annually [169]. Based on genome
sequences, Shigella spp. have four predicted unidirectional hydrogenases: two Hp-uptake enzymes,
Hya and Hyb, and two Hy-evolving enzymes, Hyc and Hyf, although the role of the latter remains
elusive. McNorton and Maier used a targeted mutagenesis approach to address each enzyme’s
respective role in S. flexneri [70]. Both Hy-uptake hydrogenases in S. flexneri, and more specifically
Hya, can combat severe acid stress through generation of abundant periplasmic proton pools that are
hypothesized to act as a barrier against proton influx from the outside [70]. Based on mutant strain
analysis, much of the H, oxidation was attributed to the Hya hydrogenase: its activity was three-fold
activated within minutes of acid exposure. This acid activation phenomena has clear pathogen survival
consequences, as the Hya enzyme is the hydrogenase shown (in S. Typhimurium) to combat or to resist
phagolysosome killing, and a primary method of such killing by immune cells is acidification [170].

5. Other Ni-Dependent Enzymes

Besides urease and hydrogenase, three other Ni-dependent enzymes can be found in a few
pathogens: these are the Ni-activated forms of acireductone dioxygenase (ARD) [6,13], glyoxalase I
(GloI) [16], and superoxide dismutase (SOD) [15]. Although it could be argued that neither of these
three enzymes directly contributes to pathogenesis, the first two (ARD and Glol) play important
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roles in metabolism of their respective host, while the third (SOD) is a key contributor to oxidative
stress resistance in bacteria. Thus, all three Ni-enzymes are expected to play (to a certain degree) a
role in metabolism, growth, and virulence of their bacterial hosts. In support of this, heterozygous
glo-I mutants of L. donovani (causative agent of visceral leishmaniasis) were found to exhibit reduced
methylglyoxal detoxification, and glo-I null mutants were not viable, illustrating the importance of
Ni-GlolI for this parasite [28].

5.1. Acireductone Dioxygenase (ARD)

The ARD enzyme has two different activities depending on whether it uses Fe>* or Ni** as
cofactor [6,13]. The enzyme, which is part of the methionine salvage pathway, uses the same substrates
(1,2-dihydroxy-3-keto-5-methylthiopent-1-ene (acireductone) and O,) regardless of the bound metal
(Fe?* or Ni?*); however formate and the ketoacid precursor of methionine, 2-keto-4-methylthiobutyrate
are produced in presence of Fe?*, whereas methylthiopropionate, carbon monoxide and formate are
produced in presence of Ni?* [13]. Based on genome sequence analysis, the Ni-containing form of
ARD is expected to be found in all pathogenic y-proteobacteriaceae, as well as in A. baumannii, P.
aeruginosa, and S. pneumoniae (Table 1). There is no known Ni-ARD in eukaryotes. The structure of the
K. pneumoniae Ni-ARD was revealed by Pochapsky and coworkers, using NMR and X-ray absorption
spectroscopy [171].

5.2. Ni-Glyoxalase I

The glyoxalase I (Glo1) enzyme, also called lactoylglutathione lyase, is part of a three-component
system aimed at detoxifying methylglyoxal, a chemical that forms adducts with DNA; besides Glol,
the system involves the thioesterase glyoxalase II (Gloll) and reduced glutathione (GSH), the final
product of the detoxification pathway being p-lactate [6,16]. There are two distinct classes of Glol: a
Zn%*-dependent class and a Co**/Ni?*-dependent class, both of which can be found in a variety of
eukaryotic and prokaryotic organisms [16]. The former (Zn-Glol) includes Homo sapiens, Saccharomyces
cerevisiae, and Pseudomonas putida, while the latter (Ni-GloI) was originally described in E. coli [172].
Since then, nickel has been shown to be the preferred cofactor of Glol in various prokaryotic pathogens
such as P. aeruginosa, N. meningitidis, and Y. pestis [173]. In addition, Clostridium acetobutylicum Glol
co-crystallized with nickel [36]. Based on sequence analysis, the authors of the study hypothesize
other clostridial GloI to be also Ni-activated, including those of pathogenic C. botulinum, C. perfringens,
and C. fetani [36]. Since S-lactoylglutathione, a product of Glol, has been shown to play an important
role in potassium efflux in E. coli [174], a similar role can be expected for pathogenic E. coli species,
as well as for the (Ni) Glol-containing bacteria cited above. In fact, based on genome sequence
analysis, the Ni-containing isoform of Glol is widespread among bacterial species. For instance, all
Enterobacteriaceae (including E. coli, Enterobacter spp., Klebsiella spp., Morganella spp., Proteus spp.,
Providencia spp., Serratia spp., Salmonella spp) are expected to have the Ni-Glol type. Finally, Ni-Glol
can also be found in protozoan parasites [175], including L. major [27] and T. cruzi [29]. Likewise,
the GloI homolog from L. donovani is also expected to be Ni-dependent, based on genome sequence
analysis. As stated above, the gloI gene is essential in L. donovani, leading the authors to identify Glol
as a potential drug target [28].

5.3. Ni-Superoxide Dismutase (Ni-SOD)

Superoxide dismutases (SOD), which catalyze the dismutation of superoxide radicals (O,°7) into
molecular oxygen (O;) or hydrogen peroxide (H,O,), can be found in all domains of life. Three distinct
groups of SODs have been defined, based on amino acid sequence homology and preferred metallic
cofactors: Cu-Zn-SOD, Fe-SOD and Mn-SOD, and Ni-SOD [15]. The Ni-SOD are seldom encountered;
they were first described in a few species of the genus Streptomyces [176], including phytopathogenic
species such as S. scabies, S. acidiscabies, and other related species. More recently, the Ni-SOD gene (sodN)
has been found in cyanobacteria, marine y-proteobacteria species, and in a marine eukaryote [177].
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6. Nickel Transport and Nickel Metallophores

Pathogens must provide soluble Ni(Il) [15] to mobilize the metal into the key nickel enzymes
amongst an environment where this metal is in low availability (~0.5 nM) in the host [178]. A number
of Ni-binding strategies are used by the pathogens, and the transporters vary in subunit composition, in
Ni-binding affinity, and in chelating mechanism and chemistry. Several recent reviews have extensively
covered nickel import by bacteria, including in human pathogens [11,179,180]. Therefore, we will only
present the latest findings on nickel transport, and limit this to pathogens.

Like other transition metals, nickel needs to be first scavenged and imported from the extracellular
environment. These so-called “nickelophores” (by analogy to iron siderophores) are small molecules
which can chelate nickel ions before delivering it to specific transporters. Several recent studies have
deciphered the structure and the specificity of these metallophores. In the case of nickel, L-His and its
derivatives could play such roles [11,179]: for instance, in E. coli, a Ni—(L-His), complex with NikA
has been revealed by X-ray crystallography [181]. Likewise, S. aureus produces a nicotianamine-like
metallophore called staphylopine (StP) to acquire metals under metal-limited conditions [182]. At first,
StP was thought to be mostly zinc specific, but recent studies have demonstrated that it can also bind
nickel [183,184]. In P. aeruginosa, an organism best known for its high affinity siderophores pyochelin
and pyoverdin (the latter being a virulence factor), a recent study from Lhospice et al. has shown
that a staphylopine-like metallophore named pseudopaline is able to import nickel in metal scarce
environment [185].

In Gram-negative bacteria, the TonB/ExbB/ExbD machinery is needed to energize TonB-dependent
transporters, allowing them to transport metals, including nickel, across the outer membrane (OM).
For instance, the TonB-dependent FrpB4 protein has been shown to transport nickel through the OM in
H. pylori [186].

Two main types of high affinity transporters are used by bacteria to transport Ni(Il) across
the cytoplasmic membrane. These are the ATP-binding cassette (ABC)-type transporters and the
“secondary” nickel/cobalt NiCoT transporters [180]. In addition, a subclass of ABC transporters has
been identified: the energy-coupling factor (ECF) transporter, which also requires ATP but uses a
membrane-embedded solute binding protein; instead, ABC transporters rely on a soluble periplasmic
binding protein (reviewed in [187]). So far, nine nickel ABC importers have been experimentally shown
to import nickel in vivo, and only three nickel-binding proteins from human pathogens have been
characterized: these are the C. jejuni NikZ, the B. suis NikA and the Y. pestis YntA [179].

Most prokaryotic pathogens mentioned in this review use both types of Ni-transporters.
For instance, H. pylori possess both the NiUBDE transporter (ABC-type) and the NixA
(NiCoT-type) [188,189]. Both NiuBDE and NixA function as nickel transporters independently of each
other, and they are the sole nickel transporters [189]. Although both NiuBDE and NixA participate in
nickel acquisition for urease activation, NiuBDE is the only transporter that can operate at both acidic
and neutral pH. Furthermore, NiuBDE is also able to transport cobalt or bismuth (this is important, as
bismuth is currently used in H. pylori eradication therapy), whereas NixA only transports nickel [189].
Finally, H. pylori nixA mutants retained some colonization ability in two different murine models, in
contrast to niuBDE mutants. The latter strains are unable to colonize mouse stomachs, indicating that
NiuBDE is required in vivo, but NixA is not [189,190].

In S. aureus, there are three distinct nickel transporters; however, they also fall into the two classes
discussed above. Indeed, S. aureus possesses two canonical ABC-importers, the NikABCDE and the
(recently discovered) CntABCDF systems, as well as the NixA system that belongs to the NiCoT
family [191-193]. The Nik system functions in metal-replete medium and is required for urease activity
as well as for urinary tract colonization [192]. In contrast to Nik, the multi-cation transporter Cnt
is expressed under zinc-depleted conditions. However Cnt also plays an essential role in S. aureus
virulence, as it contributes to colonization of the bladder and kidneys in an ascending urinary tract
infection model, as well as in systemic infections in mice [193]. Extracytoplasmic nickel-binding
components for the Nik and the Cnt ABC-type systems are SaNikA and SaCntA, respectively. A recent
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study, combining crystallography and mass spectrometry approaches, defined each protein’s substrate
specificity: SaNikA is able to bind either a Ni~(L-His), complex or a Ni—(L-His) (2-methyl-thiazolidine
dicarboxylate) complex (depending on their availability), while SaCntA binds Ni(Il) via a different
histidine-dependent chelator; however, it cannot bind Ni—~(L-His), [194].

In E. coli and other enterobacteria, only the ABC-type transporter Nik system is present. As
stated above, a Ni-(L-His),:NikA complex was identified a few year ago [181]. It is worth noting
however that transport of Ni—(L-His); in E. coli is not a TonB-dependent process, since E. coli AtonB
mutants are still able to transport it inside the cell [195]. Interestingly, the nikABCDE gene cluster
of uropathogenic E. coli (UPEC) is up-expressed in urine samples isolated from UTI patients, as
compared to the same UPEC strain cultured in urine from healthy volunteers or grown in lysogeny
broth, suggesting that nickel transport is a key fitness factor for the bacteria during human UTI [196].
In agreement with this hypothesis, Anik mutants were shown to be compromised in fitness in the
mouse model of UTI [196]. Even though enterobacteria do not possess the second Ni-transport system
(NiCoT-type), it seems they have developed alternate strategies to import metals, including nickel.
Indeed, enterobacteria that encode the Yersinia high pathogenicity island (HPI), including strains of E.
coli, Klebsiella, and Y. pestis, secrete the metallophore Yersiniabactin (Ybt). Originally shown to chelate
iron ions during infection, Ybt can also bind extracellular nickel in UPEC [197]. Ni-Ybt complexes are
internalized, then metal-free Ybt is recycled outside the cell while the captured nickel is liberated for
use by Ni-requiring enzymes (i.e., hydrogenases and/or urease depending upon the bacterial species).
The authors hypothesize the Ybt system can chelate nickel ions that appear to be otherwise inaccessible
to the NikABCDE permease [197]. In Mycobacterium avium subsp. paratuberculosis, expression of the
dppA gene encoding for a Nickel/dipeptide transporter (ABC type) increased during early infection in
an epithelium-macrophage co-culture system [198].

Finally, while nickel importers play a major role in providing Ni-requiring enzymes with the
metallic cofactor, nickel exporters are equally important, as they ensure that intracellular nickel levels
do not reach toxic concentration. Several nickel export systems have been characterized. For instance,
the CznABC (cobalt zinc nickel) export pump of H. pylori was shown to play a critical role in both
nickel homeostasis and in vivo stomach colonization: czn mutants had higher urease activities, yet
they were unable to colonize in a Mongolian gerbil stomach animal model [199]. Likewise, a P. mirabilis
putative nickel export transporter (PMI1518) was found to be essential for CAUTI, in single-species
kidney colonization as well as in bladder and kidney colonization coinfection with P. stuartii [200].

7. Nickel Storage, Toxicity, and Metabolism

Among bacterial pathogens, mechanisms used to sequester and store nickel, as well as to remove
it due to its toxic properties on macromolecules, are best known for the gastric pathogen H. pylori.
This is not surprising as this bacterium contains two nickel enzymes (see above) that are key to the
pathogen’s in vivo survival. As such, its demand for nickel is great, but along with the high demand
necessarily goes risk for potential toxicity. Much of the bacterium’s regulatory mechanisms are based
on sensing nickel levels, thus on nickel-binding proteins. Nickel overload inside the cell is countered
by efflux mechanisms and by repression of nickel transport factors, while intracellular levels as well as
storage of the metal for later use in Ni-enzyme manufacture is mediated by proteins known within
the field as nickel storage proteins. The latter system involves two histidine-rich proteins (termed
Hpn and Hpn-like) as well as at least one chaperone (HspA) that plays multiple roles. Most likely, the
multiple Ni-binding proteins needed for eventual Ni-enzyme maturation have caused this bacterium
to develop complex and unique mechanisms for dealing with nickel. The physiological challenge
for the bacterium must then include requirements that minimally must encompass a critical need to
discriminately deliver nickel to at least two Ni-enzymes and probably to other proteins, dealing with
a very high nickel demand, recognizing nickel amongst a variety of (sometimes competing) metal
cations, and balancing metal need with toxicity due to the fluctuating reservoirs of the metal both
intracellularly and extracellularly.
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7.1. Hpn and Hpn-Like Proteins

H. pylori possess two proteins with remarkably high histidine content. These small His-rich
proteins, named Hpn and Hpn-like (referred to herein as Hpnl), contain 47% and 25% His, respectively.
Interestingly, both are confined to the gastric colonizing types of Helicobacters [201]. However, Hpn is
present in every gastric Helicobacter species, and Hpnl is restricted to H. pylori and its closely related
species H. acinonychis, originally isolated from cheetah [202].

These small proteins have apparently redundant functions to one another regarding roles in
nickel storage for urease manufacture. Recombinant Hpn exists primarily as a 20-mer with each
monomer binding five Ni (II) with a Kd of 7.1 uM [203]. Hpnl monomers bind two Ni (II) with a
Kd of 3.8 uM, but it also forms multimeric structures of more than 20 subunits [204]. While the His
residues are directly involved in nickel binding, as expected, the additional multiple Gln residues (in
Hpnl) are thought to improve stability of the metal complexes [205]. Strains carrying mutations in
hpn and hpnl are more sensitive to nickel toxicity, and they influence active urease maturation in a
nickel-dependent manner [206]. Nickel release from Hpn and Hpnl is observed under acidic conditions,
suggesting that these proteins may supply nickel when urease is also needed (e.g., to combat acidity,
see [207]). Expression of the storage proteins confers nickel resistance to E. coli, confirming their ability
to sequester excess nickel [201]. Based on studies with pure proteins or on H. pylori mutant strain
in-lab phenotypes, the initial suggestions that these proteins might play nickel storage roles in vivo
was supported by use of mice maintained under strict nickel-limited conditions [208] or NMRI-specific
pathogen-free mice [202]. H. pylori mutant strains lacking either Hpn, or Hpnl, or both storage proteins,
were poorer colonizers than their wild type counterparts, when the hosts (C57/Bl16 mice) were subjected
to nickel-deficient diets [208].

Purified Hpn was shown to interact with the UreA subunit of urease, while Hpnl interacted
most strongly uniquely with the HypA and HypB hydrogenase maturation proteins [202]. Also, Hpn
and Hpnl together impact intracellular nickel trafficking, and influence urease activity. However, the
authors of the study concluded that Hpn is the primary nickel sequestering reservoir, and that the
two storage proteins compete for nickel under low nickel conditions [202]. The result in low nickel
is “restricted activation” or basal levels of urease. In high nickel, where both storage proteins are
saturated, their nickel delivery roles would ensure Ni-activated levels of urease. In the suggested
model, Hpnl would thus not play a nickel detoxification role, due to its more limited capacity to bind
nickel and its lower abundance [202].

In contrast to the rather limited roles assigned to the two storage proteins by Vinella et al. [202],
the most recent work on the two nickel storage proteins [207] indicates they both play a much broader
role than previously reported. Considering their importance in virulence, it seemed reasonable they
may play roles in nickel-sensing, regulation, or delivery of nickel; this would likely require many
protein—protein interactions. An affinity pulldown approach was used, whereby cross-linking to
each storage protein was followed by a Ni-based purification/enrichment; the results indicate the
storage proteins interact with a wide array of proteins [207]. The storage proteins interacted with
known nickel delivery systems involved in urease and hydrogenase maturation, and hydrogenase
activity was severely diminished in a Ahpn Ahpnl double mutant strain when nickel was limited.
Interestingly, both storage proteins play roles in ammonia production independent of urease activity,
i.e., via amide hydrolysis. Indeed, Hpn and Hpnl were shown to synergistically suppress aliphatic
amidase (AmiE) activity [207]. This role makes sense from a physiological view, as the complementary
ammonia-producing enzyme (urease) is known to be made in large amounts when cells are provided
with nickel [130,131], and the aliphatic amidase AmiE plays a role in acid resistance especially in the
absence of urease [209]. In addition, interactions between Hpn and the aminopeptidase PepA were
observed [207]. PepA can accept a variety of divalent cations for its activation, and the study implicates
the storage proteins role in peptide salvage processes. The interactions between Hpn and Hpnl and
AmiE or PepA, respectively, were further confirmed by using purified proteins and a tryptophan (Trp)
fluorescence-based method, taking advantage of the concomitant presence of Trp residues in both
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AmiE and PepA and the lack of Trp in both storage proteins [210] (Figure 3). As expected, neither Hpn
nor Hpnl had measurable fluorescence, while both AmiE and PepA, as pure proteins, had observable
fluorescence profiles (Figure 3). The maximum fluorescence for both AmiE and PepA fell within the
previously established range for Trp fluorescence maxima [211]. Upon addition of either purified
Hpn or purified Hpnl, the fluorescence profile of AmiE and PepA shifted markedly (Figure 3). The
observed shift suggests that the storage proteins have either altered the microenvironment of the Trp
residues within the peptidase and amidase, or that they have caused conformational changes in the
target proteins that altered their fluorescence profiles [212]. Bovine serum albumin (BSA), a protein
that contains three Trp residues, was used as a negative control. Incubation of either Hpn or Hpnl had
no effect on the fluorescence profile of BSA (data not shown), confirming the specificity of the (AmiE
and PepA) interactions described above [210].

A B
700 ——AmiE 700 —PepA
Sl —-AmiE+ Hpn 600 ~&-PepA+Hpn
~aAmiE + Hpnl —dePepA+Hpnl
500 ~o-Hpn
T e
==Hpnl

Relative Intensity

-100 BIS 325 335 345 355 365 375 385 395 405 415 4100 315 325 335 345 355 365 375 385 395 405 415
Wavelength (nm) Wavelength (nm)

Figure 3. Tryptophan fluorescence as a way to detect Hpn and Hpnl protein interactions with (A)
AmiE or (B) PepA. Purified proteins were incubated overnight at 4 °C with 1 mM DMS (crosslinker).
Tryptophan fluorescence was recorded on a BioTek SynergyMx spectrophotometer (excitation at 295 nm
and emission at 315-415 nm). Samples were normalized against their respective (buffer-only) controls
and plotted as relative fluorescence against wavelength. See [210].

Ni-acquisition and peptide salvage, maturation of Ni-enzymes, and oxidative stress-combating
enzymes are some of the enzymes that may be impacted by interaction with the storage proteins
(199). Whether or not nickel delivery to or from these enzymes is involved is not known, and only a
few interactions were characterized [207]. Still, the cross-linking results supported that each protein
transiently but intimately interacts with perhaps 100 or more proteins. This may at first seems to be
a gross overestimate, but considering that (i) nickel metabolism plays a central role in H. pylori; (ii)
both storage proteins can bind other metals; (iii) both proteins apparently represent the major nickel
reservoirs in the cell; thus, a variety of sensing and delivery roles for Hpn and Hpnl seems more
possible. We must also remember that metal binding proteins may comprise a much larger fraction of
the total bacterial proteomes than previously appreciated [213].

7.2. HspA

HspA is a nickel-binding protein that has homology to the highly-conserved and essential heat
shock protein GroES. However, the H. pylori version has a unique His-rich C-terminus that binds nickel.
Although a strain lacking HspA is not recoverable (i.e., lethal), a strain lacking only the C-terminal
extension of HspA is viable, and it has been tested for virulence, i.e., mouse colonization capacity [214].
Although the strain had diminished hydrogenase activity and low tolerance to exogenous nickel,
the strain was normal in colonization capacity. Of course, this strain still had other nickel-binding
proteins. It would be interesting to perform the colonization assays in mice that have reduced nickel
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levels, to assess HspA'’s role in nickel storage when the metal is limiting. Also, comparing a strain
lacking both the C-terminus His-rich extension of HspA as well as Hpn and Hpnl, to a strain lacking
only the two storage proteins could be an approach to evaluate the (additive) role of HspA in the
overall Ni-storage budget. HspA has long been considered to be a candidate for use as anti-H. pylori
vaccine. Partial protection against H. pylori in mice was observed after intranasal administration of
HspA [215]), while the interesting goal of expressing HpHspA in a probiotic bacterium (Lactococcuis
lactis) was unfortunately not successful [216].

8. Conclusions

As arequired cofactor for some key enzymes, most notably hydrogenase and urease, nickel clearly
plays roles in microbial pathogenesis. Still, new information on the role of the metal in pathogens that
have other Ni-enzymes is needed, and it is hypothesized that more proteins that use nickel, or respond
to fluctuating nickel levels, will be identified. In addition to uncovering the molecular mechanisms
of nickel trafficking and homeostasis in the Ni-requiring pathogens, large gaps in our knowledge on
nickel in vivo availability exist. These include understanding the dietary nickel sources, host metabolic
factors that modulate accessibility of nickel to the pathogens and how nickel availability in the host
is impacted by the (Ni-utilizing) host intestinal microbiota composition. These represent just some
research areas that are in need of development. Availability of the metal within the host certainly varies,
and it is important that we know how generally accessible the metal is within specific host organs,
specific tissue types, and within specific host cell (e.g., epithelial cell, immune cell, blood cell) types.
Finally, one promising avenue for future nickel-related research is the fact that numerous mammalian
pathogens (at least 39 prokaryotes and nine eukaryotes) require the metal (for various enzymes, e.g.,
Ni-ARD, Ni-Glol, [Fe-Ni] hydrogenase, urease, and Ni-SOD), while their host do not; this presents
an opportunity to specifically target pathogens via nickel sequestration. It seems such sequestration
naturally occurs in higher plants, since plants use nickel (in the form of Ni-urease), while at the same
time, the number of nickel-utilizing plant pathogens is very limited: indeed, only S. scabies and a few
other related Streptomyces species are known plant pathogens that contain a Ni-enzyme (Ni-SOD).
This interesting two-kingdom conundrum (plants use nickel/few Ni-requiring pathogens; mammals
do not require nickel/many Ni-utilizing pathogens) not only gives us insights on the evolution of
host/pathogens competition for nickel, but can perhaps provide us with a roadmap for future projects
aimed at inhibiting or eradicating the nickel-requiring human or mammal pathogens.
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Abstract: Multiple factors involving the methionine salvage pathway (MSP) and polyamine
biosynthesis have been found to be involved in cancer cell proliferation, migration, invasion and
metastasis. This review summarizes the relationships of the MSP enzyme acireductone dioxygenase
(ARD), the ADI1 gene encoding ARD and other gene products (ADI1GP) with carcinomas and
carcinogenesis. ARD exhibits structural and functional differences depending upon the metal bound
in the active site. In the penultimate step of the MSP, the Fe?* bound form of ARD catalyzes the
on-pathway oxidation of acireductone leading to methionine, whereas Ni** bound ARD catalyzes an
off-pathway reaction producing methylthiopropionate and carbon monoxide, a biological signaling
molecule and anti-apoptotic. The relationship between ADI1GP, MSP and polyamine synthesis are
discussed, along with possible role(s) of metal in modulating the cellular behavior of ADI1GP and its
interactions with other cellular components.

Keywords: ADI11; nickel-dependent enzyme; methionine salvage pathway; methionine;
S-adenosylmethionine (SAM); methylthioadenosine (MTA); enolase phosphatase 1 (ENOPH1);
polyamine; matrix metalloproteinase MT1 (MT1-MMP)

1. Introduction

Acireductone dioxygenase (ARD) is a metalloenzyme of the cupin superfamily that is ubiquitous
among aerobic cellular organisms. It has been identified in bacteria, plants, fungi and animals. Those
ARDs that have been structurally characterized all exhibit the standard cupin fold, a double-stranded
-helix domain fringed by three pseudosymmetrically arranged «-helices (Figure 1). In all organisms
in which it has been characterized, ARD functions primarily in the methionine salvage pathway (MSP).
As the name implies, ARD catalyzes the oxidative cleavage of the penultimate intermediate in the
pathway (1-(thiomethyl)-3-keto-4,5-dihydroxy-pent-4-ene, acireductone in Figure 2) to formate and the
ketoacid precursor of methionine, MTOB (4-methylthio-2-oxobutyrate).

ARD was first identified in the methionine salvage pathway of the bacterium Klebsiella, as part
of an effort to better understand mechanisms of methionine metabolism [1]. It had been known for
some time that, unlike the cell lines from which they are derived, many carcinomas are either strictly
or partially dependent on an external supply of methionine (Met) for survival (Table 1). However,
it was (and is yet) unclear whether this is due to an inability to recover Met from S-adenosylmethionine
(SAM or AdoMet) or simply Met usage in excess of what normal cellular processes require that cause
this dependence. The efforts of the Abeles group in the late 1980s and 1990s were aimed at a clearer
understanding of the methionine recycle and salvage pathways. While methionine recycling involves
S-methylation of homocysteine (a by-product of activated methyl transfers from SAM), methionine
salvage retains only the S-CHj group of the original methionine, with all of the other carbon atoms of
methionine originating from the ribose moiety of methylthioadenosine (MTA). MTA is produced as
the result of ethylene biosynthesis in plants and polyamines in other organisms (Figure 2).

Inorganics 2019, 7, 101; doi:10.3390/inorganics7080101 72 www.mdpi.com/journal/inorganics
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Figure 1.  Crystal structure 4QGN [2] of HsARD (ADIIGP), showing arrangements of
secondary structures referred to in the text. Residues in yellow are truncated in SipL
(submergence-induced-protein-like). Bound metal is shown as an orange sphere. Secondary structural
features correspond to residue numbers as follows: 31, A4-Y6; helix A, G27-R33; 32, L37-K40; helix B,
K45-D49; helix C, P50-R59; 3, W63-169; helix D, N76-E86; 34, E94-G101; 35, G103-R108; 36, W114-M119;
7, D123-1.127; 38, H133-V137; 39, T143-F149. C-terminal residues 163-178 are not shown; while
helical in the crystal, they are disordered in solution (T. Pochapsky and X. Liu, unpublished results).
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Figure 2. The methionine salvage pathway.

A remarkable discovery by that group was that the enzyme eventually named ARD could be
isolated from Klebsiella pneumoniae (later reclassified as K. oxytoca) in two chromatographically separable
forms with different enzymatic activities. While the polypeptides of both isoforms were identical,
it was found that ARD to which Fe?* was bound catalyzed the on-MSP reaction resulting in methionine
biosynthesis, but if Ni>* was bound, an off-pathway reaction occurs, leading to the formation of formate,
methylthiopropionate and carbon monoxide (CO) [1,3]. Subsequent research showed that the same
four residues bound the metal in either case, and the structural differences between the two enzymes are
the result of subtle differences in metal-ligand bond lengths, which trigger the formation of secondary
structural features in the Ni-bound form that are absent in Fe-ARD [4]. The metal-dependent dual
functionality of ARD has been confirmed in vitro for mammalian ARDs from mouse (MmARD) and
humans (HsARD) [5,6].

The metal binding motif of ARD is 3-His 1-Glu, unlike the 2-His 1-Glu/Asp scheme used by
a-ketoglutarate (KG)-dependent dioxygenases (also members of the cupin superfamily). The 2-His
1-Glu/Asp ligands in the KG-dependent dioxygenases are located within the wide end of the cupin
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{-barrel, where they are relatively immobilized. The extra histidine ligand in ARD is located in a turn
on the edge of the barrel, adjacent to a loop that appears to regulate metal-dependent conformational
differences between the Fe- and Ni-bound enzymes via changes in hydrogen bonding patterns [4]. While
the conformational differences between FeARD and NiARD have only been confirmed for the Klebsiella
enzyme, the fact that the MmARD and HsARD enzymes are also separable chromatographically in their
Fe- and Ni-bound forms, as well as their differential thermal stabilities, strongly support the likelihood
of a metal-dependent conformational shift in these enzymes as well. Whether the conformational
shift is responsible for or merely coincident with the different activities of the ARD isozymes is not
known. These and related questions have been thoroughly reviewed recently, and interested readers
are referred to that review [7]. Rather, we will look at the intriguing and (often) confusing links between
the ARD gene product and human health, in particular, cancer and carcinogenesis.

Table 1. Observed methionine dependence of various cancer cell lines.

Met Dependence
Citation Type of Cancer Cell Lines Ccomplete, ++, Partial,
+, Independent, —
. Daoy (medulloblastoma) ++
Najim et al. (2009) [8] Central nervous system D-54 (glioma) it
D-54 -+
Kokkinakis et al. (2001) [9] Brain SWB77 (glioblastoma) ++
Daoy ++
Willmann et al. (2015) [10] Breast cancer epithelial cell line MCF-10A ++
Raji (Burkitt) ++
BALL (B-cell) +
TALL (T-cell) ++
Kano et al. (1982) [11] Leukemia MOLT-3 (T-cell) -
MOLT 4B (T-cell) +
HL60 (promyelocytic) ++
K562 (chronic myelogenous —
leukemia in blastic crisis)
TC71-MA (colon) ++
Poirson-Bichat et al. (2000) [12] Colon, lung, glioma SCLC6 (small cell lung) ++
SNB19 (glioma) ++
LNCaP (lymph node metastasis) -
Lu etal. (2000) [13] Prostate PC-3 (distant metastasis) ++
DU 145(distant metastasis) +
PC3 ++
Guo etal. (1993) [14] Prostate, lung, fibrosarcoma SKLU-I (lung carcinoma) ++
HT 1080 (fibrosarcoma) ++
EJ (bladder) ++
782 (bladder) -+
SK-BR-2-II (breast) ++
MCF-7 (breast) ++
HelLa (cervical) ++
Bladder, breast, cervical, SK-CO-1 (colon) ++
colon, kidney, lung, prostate, A498 (kidney) ++
Mecham et al. (1983) [15] fibrosarcoma, osteogenic A2182 (lung) ++
sarcoma, glioblastoma, PC-3 ++
neuroblastoma 8387 (fibrosarcoma) ++
HT-1080 ++
HOS (osteogenic sarcoma) ++
Human neurological tumors ++
A172 (glioblastoma) ++
SK-N-SH (neuroblastoma) ++

2. ADI1 and ADI1GP

HsARD is encoded by the ADI1 gene, which is located on chromosome 2 at locus 2p25.3 and is
comprised of four exons. Given that different forms of ADI1 gene product may have different enzymatic
and regulatory effects in vivo, we will refer to them collectively as ADI1GP. The full-length ADI1GP is
179 amino acids, with metal ligands provided by His88, His90, Glu94 and His133 (Figure 3). A partial
ADI1GP, discovered prior to identification of ARD, was termed SipL (submergence-induced-protein-like)
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based on homology with a submergence-induced rice plant gene (Sip) that was subsequently shown to
be an ARD (OsARD) [6,16-18]. SipL is a truncated ADI1GP, missing 63 residues from the N-terminus.
Given that residue 64 of the ADI1GP is a Met, and a portion of the second exon is missing in the SipL
sequence, it is likely that SipL is the result of a truncated ribosomal translation rather than an alternate
mRNA splicing. The deletion removes strands 31 and 2 from the p-helix, as well as helix A (see
Figure 1) but retains all four metal binding ligands. Both SipL and the full-length ADI1GP were found
to be involved in human hepatitis C virus replication, permitting viral infection of otherwise resistant
tissues [19-21].

Figure 3. Metal ligation scheme in HsSARD (PDB entry 4QGN). Protein-based ligands are His88, His90,
Glu94 and His133. The metal is reported to be Fe>*, although how this was determined is not reported.

Multiple tissues show high levels of ADI1GP based on Western blot analysis, including liver,
kidney, prostate, thyroid, and skeletal muscle. Lower expression levels are seen in the adrenal gland,
trachea, spinal cord and stomach. Only trace amounts of ADIT mRNA have been observed in heart,
brain, mammary gland, lymph node, bone marrow, placenta, bladder and leukocytes [22]. ADI1GP
can be localized both in the cytosolic and nuclear compartments [23,24]. Multiple carcinoma are found
to have ADIT and ADI1GP dependences (Table 2).

2.1. A Role for ADI1GP in Hepatitis C Virus (HCV) Infection

The first hints that ADI1GP might play important roles in disease progression were found even
before the discovery of the enzyme, in the work by Yeh et al. on the role of SipL in hepatitis C
infection (vide supra). The hepatitis C virus (HCV) is a blood-borne (+)-single-stranded RNA virus
with a genome 9.6 kb in length. HCV is the major cause of chronic hepatitis worldwide with severe
complications, including cirrhosis, hepatic failure and hepatocellular carcinoma. HCV entry into the
cell begins with the HCV E2 coat protein specifically binding to four transmembrane domains of
tetraspanin CD81 located on the hepatocyte surface. However, this interaction alone is not sufficient to
cause infection, other cofactors appear to be required [25,26]. Yeh et al. injected mouse hepatoma cells,
Hepal-6-CD81-SipL infected with HCV-positive serum into a mouse model, and detected HCV RNA by
days 2-6 via RT-PCR. Immunofluorescence assays of resected tumor tissue identified SipL as a hepatic
factor supporting HCV infection and replication, in combination with CD81 and other cofactors in an
otherwise non-permissive cell line [19]. Further studies on mouse hepatomas verified that co-expressed
human CD81 and SipL in Hepal-6cells are permissive for HCV infection and replication. As noted
above, SipL was identified to be a truncated version of ADI1GP. The group suggested the function
of SipL in HCV infection was to bind with membrane-type 1 matrix metalloproteinase (MT1-MMP),
thereby facilitating cell entry of HCV, albeit with low efficiency [20]. That group later showed that
expression of ADI1GP alone can lead to a small amount of cell entry and replication of HCV, although
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the efficiency of cell entry and replication was enhanced significantly by co-expression with CD81.
In addition, their replicon transfection experiments indicated ADI1GP expression did not increase
replication efficiency. Hence, the group proposed expression of human ADI1GP could increase cell
uptake of HCV, but not replication [21].

A recent study indicated that an interaction between MT1-MMP (matrix metalloproteinase MT1)
and ADI1GP was correlated with lower HCV RNA levels in Huh7.5 cells, with the MT1-MMP-ADI1GP
interaction decreasing HCV cell entry. However, when ADI1GP was overexpressed, the inhibitory
effect was reversed. These researchers proposed that interaction between ADI1GP and MT1-MMP
would draw MT1-MMP away from interacting with CD81 conducive to HCV entry, thereby reversing
the inhibitory effect [23].

2.2. ADI1 in Hepatocellular Carcinoma (HCC)

Given the links between HCV infection and liver cancer, it would be reasonable to suspect that ADI1
gene expression might be correlated with liver neoplasms. A recent paper by Chu et al. found a negative
correlation between ADI1GP expression and hepatocellular carcinoma (HCC) cell proliferation [24].
Western blot results indicated a significant reduction of ADI1GP in tumor tissues versus normal liver
tissue in a group of 161 patients. The group performed short hairpin ADI1-mediated knockdown in
human hepatocellular carcinoma cell lines J7 and Huh?, showing that depletion of ADI1GP markedly
enhanced cell proliferation. On the other hand, overexpression of ADI1GP resulted in decreased cell
proliferation. Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assays indicated
that AD1GP overexpression lead to a large increase in the rate of apoptosis. An mRNA analysis of the
human hepatocellular carcinoma GSE14520 dataset from the NCBI Gene Expression Omnibus and
the human hepatocellular carcinoma dataset from the Cancer Genome Atlas program showed ADI1
mRNA level reductions in cancerous tissue with more substantial down-regulation of ADIT in later
stages of HCC progression, a correlation supported by immunohistochemistry analysis [24].

This group also claimed evidence that metal binding modulates ADI1GP effects on cell
proliferation [24]. Over-expression of the ADI1IGP mutant E94A in J7 and Huh7 cells showed a
significant decrease of cell proliferation, while the H133A mutation did not change cell growth rates
relative to untransformed cells, with a similar result observed on HCC tissue xenografts. While the
authors suggested that these results implied a role for the on-pathway MSP function of HsARD in
HCC growth repression, it is not clear why the removal of one ligand (E94) should be different from
another (H133). Mutations of any of the four ligands in Klebsiella oxytoca ARD resulted in complete loss
of metal binding and enzymatic function [27].

The same group investigated altered gene expression levels due to ADI1GP overexpression.
They found that caveolin-1 (CAV1) was consistently down-regulated both at the protein (Western
blot) and mRNA levels, with the same effect observed in both tumor and normal tissues. Caveolins
are a class of oligomeric proteins involved in caveolae formation [28]. CAV1 is involved in lipid
transport, membrane trafficking and signal transduction [29]. Interestingly, CAV1 has also been
implicated in oncogenic cell transformation, tumorigenesis, and metastasis [28,30]. Additional mutation
studies suggested that only the functional on-MSP ADI1GP would significantly down-regulate CAV1
expression, with CAV1 a downstream effector in ADI1-mediated repression. Due to the strong positive
correlation between ADI1GP expression levels and SAM concentrations in the cell, the relation between
CAV1 protein level and SAM levels were tested. The group found CAV1 expression decreases as
SAM levels increase, with similar amounts of ADI1GP present, suggesting that ADI1GP inhibits CAV1
expression via the MSP. Computational analysis of the NCBI database suggest ADI1GP levels to be
negatively correlated with CAV1 levels in HCC patients [24].

Given that SAM plays an important role in cellular methylation, it was proposed that increased
levels of ADI1GP would increase SAM concentrations and result in CAV1 gene methylation to suppress
transcription. They proposed a regulatory mechanism where in non-cancerous HCC cells, high ADI1GP
levels would generate a large amount of SAM, modulating genome-wide methylation (with 15% in
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gene promoter regions), resulting in tumor suppression. However, in cancerous hepatocytes, with
less ADI1GP and less SAM available, alterations of genome methylation patterns might promote cell
proliferation. While an intriguing possibility, the study does not exclude the potential participation of
other factors in determining gene methylation patterns [24].

2.3. ADI1GP Induces Apoptosis in Prostate Cancer Cell Lines

Further evidence that ADI1GP may be important in preventing or regulating carcinogenesis is
that elevated ADI1 expression level led to an increase in apoptosis in prostate cancer cell lines. Oram et
al. observed down-regulation of ADIT in high-grade prostate tumor cell lines. Epithelial and stromal
cells are the two major components of prostate. Non-cancerous prostatic hyperplasia tissue showed
ADI1 mRNA expression in epithelial cells and little or no expression in stromal cells. Gleason grade 3
prostate tumor tissues had less ADI1GP than the benign specimen. A previous study using rat prostate
epithelial cells and LNCaP epithelial cell lines expressed the ADI1GP ortholog ALP1 [22,31].

By introducing the synthetic androgen miboleron (Mib) in epithelial LNCaP Cells and inhibitor
CHYX, the researchers have demonstrated that ADIT mRNA expression was regulated by Mib, and
proposed that Mib directly induced ADII expression. Androgen has previously found to be regulating
ortholog APL1 mRNA levels in rat [22,31].

In order to examine how metal binding to ADI1GP influences apoptosis and growth inhibition of
the prostate cell lines, mutations of conserved metal-ligating residues were made. The group examined
the localization of ADI1GP mutants in LNCaP and PC3 cells using fluorescence microscopy. Since no
ADI1GP expression in stromal cell lines would be observed, the group studied PC3 to illustrate the
apoptosis-promoting function of ADI1GP. For all the mutations, ranging from single to quadruple,
on ADI1GP, PC3 cell lines all showed approximately the same apoptosis rates as wild-type ADI1GP.
In addition, the same ADI1GP mutants and WT in LNCaP cell lines resulted in decreased colony
formation relative to controls, consistent with the results for LNCaP cells in their mRNA and tissue
studies. In summary, these results suggest that the apoptosis-inducing effects of ADI1GP on stromal
cells appear to be independent of metal binding.

On the other hand, apoptosis could be induced in pancreatic carcinoma, breast tumor, and
HCC cell lines by supplementing growth media with the on-pathway MSP product of ADI1IGP
oxidation, MTOB [32-34]. Furthermore, other upstream metabolites (e.g., MTA, SAM) also induce
apoptosis [24,32,34,35]. Ornithine decarboxylase 1 (ODC), an enzyme from the polyamine biosynthesis
pathway, also inhibits tumor growth [22,36]. As such, further investigations are needed to confirm
that enhanced apoptosis and tumor inhibition with elevated ADI1GP expression levels are truly
independent of metal binding.

2.4. ADI1GP Regulation of Membrane-Type 1 Matrix Metalloproteinase (MT1-MMP)

Perhaps the most intriguing and direct link between ADI1GP and cancer is the observation that
ADI1GP appears to suppress the metastasis-promoting activity of MT1-MMP [31,37,38]. MT1-MMP,
also called MMP-14, functions in the pericellular space on the cell surface, where it is involved in the
degradation of extracellular matrix involved in cellular functions such as migration, proliferation,
and the regulation of cell morphology [26,39]. Due to its high expression level in cancerous tissue,
MT1-MMP is believed to have a significant role in tumor metastasis via degradation of the extracellular
matrix, freeing tumor cells to migrate. MT1-MMP activity is regulated by a transmembrane tail
projecting into the cytoplasm [26,39,40]. Uekita and coworkers reported that ADI1GP down-regulates
cell migration and invasion promoted by MT1-MMP. By comparing the interaction of ADI1GP with a
FLAG-tagged MT1-MMP against that with an MT1-MMP mutant lacking the regulatory cytoplasmic
tail, these researchers found that wild-type MT1-MMP formed a complex with the ADI1GP (which
they called MTCBP-1) at the cytoplasmic tail of MT1-MMP. Further investigation showed ADI1GP
to co-localize with MT1-MMP at the plasma membrane, and that ADI1GP was only recruited into
the membrane fraction in the presence of the cytoplasmic tail. They showed ADI1GP co-expression
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specifically inhibited MT1-MMP-promoted cell migration but not other types of migration. That group
also found that ADI1GP significantly reduces tissue invasion caused by MT1-MMP. They concluded that
ADI1GP binding to the cytoplasmic tail of MT1-MMP regulates the activity of the enzyme towards the
intercellular matrix, and reduced ADI1GP levels in tumor cell lines compared with the non-transformed
fibroblasts would provide an advantage to the tumor cells for migration and proliferation [17,37,41].

Table 2. ADI1 and ADI1GP dependences of cancer cell lines and tissue.

Types of Cancer Tissue/Cell Type ADI1GP Expression Metastatic/Apoptotic =~ Mechanism
Hepatocellular Tissue, J7 and Down regulated by CAV1, . .
carcinoma [24] Huh?7 overexpressed No information Not proposed

Observed in epithelial cells,
little/no expression in
stromal cells. Expression

Prostate cancer Tissue, LNCaP and . . Associated with
may be Mib regulated, Apoptotic o
[22,31] PC3 metal binding
Gleason gr. 3 prostate tumor
tissue < ADI1GP than
benign tissue.
Pancreatic ductal ADI1GP
adenocarcinoma DanG, BxPC3, and Overexpressed Metastatic MT1-MMP
Panc-1 . .
[42] interaction

2.5. ADI1GP/MT1-MMP Interaction Restricts Metastasis of Pancreatic Ductal Adenocarcinoma (PDAC)

ADIIGP has also been found to restrict tumor metastasis by disrupting the interactions between
MT1-MMP and F-actin in pancreatic ductal adenocarcinoma (PDAC) [42]. Metastatic PDAC tumors
are extremely aggressive and invasive, actively remodeling the actin-rich invadopodia that protrude
into the extracellular matrix, facilitating invasion of nearby tissues [43-45]. Qiang et al. suggested that
ADI1GP may serve as an endogenous antimetastatic factor in PDAC. They showed that decreasing
ADI1GP enhances invasive migration and increases the rate of extracellular matrix degradation in
PDAC cell lines DanG, BxPC3, and Panc-1. Conversely, ADI1GP overexpression slows invasion,
suppresses extracellular matrix degradation and reduces invadopodia counts in PDAC cells. Using
fluorescence microscopy with WT and mutant MT1-MMP lacking the cytoplasmic tail, they showed
that ADIIGP binds the cytoplasmic tail of MT1-MMP directly, inhibiting the invasive properties
of PDAC. In addition, they found ADI1GP in the invadopodia disrupted the interactions between
MT1-MMP and F-actin. ADI1GP was thus shown to be an intrinsic inhibitor of stromal remodeling
through a direct interaction with MT1-MMP. The localization of ADI1GP to invadopodia significantly
reduced the capacity of PDAC cells to invade and metastasize into peripheral tissues [42].

3. Polyamines, MSP and Cancer

Elevated polyamine (spermidine, spermine and putrescine) levels have long been known to be
associated with tumors and tumorogenesis [46]. Polyamine biosynthesis and concentrations are tightly
regulated under normal conditions, given their relationship with cell replication and proliferation.
Increased polyamine levels are associated with malignant transformation, increased cell proliferation
and preservation of neoplastic phenotypes [46—49].

The polyamine precursor S-adenosylmethionine (SAM) plays multiple important roles in the cell.
SAM is the principle methyl donor required for methylation of nucleic acids, phospholipids, histones,
biogenic amines, and proteins [50,51]. Low SAM levels are associated with chronic liver diseases [52-54].
Hepatocellular SAM concentrations were found to affect oxidative stress, mitochondrial function,
hepatocellular apoptosis, as well as malignant transformation [50]. Gene methylation has been
proposed for tumor suppression, suggesting that SAM might be used for tumor suppression through its
methylation function [24]. The processing of SAM metabolites depends upon its use in SAM-supported
methylation reactions, which result in homocysteine production via the transsulfuration pathway,
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which produces S-adenosylhomocystine, followed by hydrolysis to form homocysteine, which then
progresses via intermediate cystathionine to cysteine [55].

The biosynthesis of polyamines makes use of the amino acid substituent on decarboxyated
SAM, with spermidine synthase (SRM) yielding spermidine and spermine synthase (SMS) producing
spermine. In either case, methylthioadenosine (MTA), the first committed intermediate of the MSP, is a
byproduct (Figure 2). MTA has been shown to regulate gene expression, inhibit protein methylation,
prevent cell proliferation, and regulate apoptosis. MTA also had a role in tumor development,
cancer cell invasion and lymphocyte activation [35]. As such, MTA levels are also tightly regulated
under normal conditions, regulation that depends heavily on a functional MSP, in which MTA
is cleaved and phosphorylated to form 5-methylthioribose-1-phosphate (MTR-1-P) catalyzed by
5’-methythioadenosine phosphorylase (MTAP). In normal cells, MTA is rapidly metabolized by MTAP.
Studies have shown MTAP expression induces a significant reduction in intracellular polyamine levels
as well as putrescine to total polyamine ratio changes [56]. Many malignant cell lines lack MTAP
activity, and MTAP-deficient cells were found to secrete MTA [35,57,58], In addition to SRM and
SMS, ornithine decarboxylase 1 (ODC) also serve a key role in polyamines biosynthesis reacting with
ornithine to produce putrescine. MTA inhibits SRM, ODC and strongly inhibits SMS [35,59]. ODC is
also linked to tumor progression. Therefore, a substantial reduction in ODC activity can inhibit tumor
growth [36]. The products of the methionine salvage pathway negatively regulate ODC. The inhibition
of ODC by MTA can be partially mediated by its metabolite MTOB from the MSP in yeast and tumor
cells [35,46,56].

Although not well investigated in human cancer cell lines and tissues, the metal dependence of
ARD is clearly important in regulating MSP function [6,7,18]. The on-MSP form of ARD sustains the
high polyamine synthesis rate essential for cell proliferation and provides methionine for SAM and
protein production in normal cells. High polyamine synthesis rates lead to higher MTA concentrations,
in turn, requiring upregulation of MTAP to maintain proper MTA levels. Furthermore, functional MTA
production suggests proper ODC regulation for tumor suppression.

A recent study has shown that acireductone-generating enzyme ENOPHI (enolase-phosphatase 1)
is also associated with cell cycle regulation. Knockdown of ENOPHI1 suppressed cell proliferation and
migration in malignant glioma and promoted ADI1GP translocation from the nucleus to cytoplasm,
leading to an indirect decrease in MT1-MMP activity [60]. Zhang et al. analyzed cultured brain
microvascular endothelial cells in rat under oxygen-glucose deprivation (OGD)-induced ENOPH1
upregulation. However, knockdown ENOPH1 had no effect on OGD-induced ADII upregulation.
On the other hand, ENOPH1 was found to regulate OGD-induced ADI1GP translocation from
the nucleus to the cytoplasm. ENOPH1 knockdown increased the permeability of the endothelial
monolayer to ADI1GP. It was hypothesized that reduced ADI1GP concentrations in the cytoplasm
would dysregulate MT1-MMP located on the cell membrane [61].

4. Carbon Monoxide as an Anti-Apoptotic Signal: A Potential off-MSP Role for ADI1GP in
Carcinogenesis

With the exception of the potentiation of HCV infection, nearly all of the reports summarized
above suggest that ADI1GP plays a protective role in carcinogenesis and tumor metastasis, or at least
enables other directly protective processes to occur. However, if metals other than Fe(Il) are bound in
the active site of HSARD (e.g., Ni(II), Mn(II), Co(Il)), the off-MSP products, 3-(methylthio)propionate
and carbon monoxide (CO), are the dominant products of acireductone deoxygenation [5,6]. In this
regard, CO is of particular interest. While toxic at high levels, CO is now generally accepted to be a
cellular gasotransmitter at low concentrations, modulating inflammatory and apoptotic responses to
cell damage [62-64]. In particular, CO is thought to prevent mitochondrial membrane permeabilization,
the first step in cytochrome-c-initiated apoptosis [62].

This raises the intriguing possibility that off-MSP production of CO by Ni- or Mn-bound HsARD
might be cytoprotective for carcinomas, while also rationalizing the methionine dependence of many
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cancer cell lines. In this regard, the Ni-bound ARD is of particular interest. The Ni-bound HsARD
is the most thermostable of all metal-bound forms of the enzyme, with a midpoint for denaturation
curves at 61 °C, with the Fe-bound form at 52 °C [6]. Furthermore, removal of Fe(Il) from the ARD
active site occurs under mild conditions, while Ni can only be removed by denaturation [3]. As such,
nickel binding to ADI1GP would be both a thermodynamic and kinetic sink, permanently preventing
expressed HsARD from binding iron and catalyzing the on-MSP chemistry required for methionine
salvage. While Mn?*-bound HsARD is less thermostable than the Fe-bound enzyme (denaturation
midpoint at 46 °C), the relative abundance of manganese relative to nickel in the cell means it may
also represent a reasonable pathway for off-pathway CO production. To date, the only confirmed
source of endogenous CO is heme oxygenase-1 (HO-1), which oxidatively breaks down hemin to CO
and bilirubin, and endogenous CO production via an off-MSP route has not been detected in normal
mammalian tissues. We are currently testing this possibility in transformed tissues, particularly those
from Met-dependent cell lines.

Another consideration arises in light of the significant conformational differences that are observed
between Fe- and Ni-bound bacterial ARD (and inferred from the differential chromatographic behavior
and thermal stabilities of the corresponding HsARDs) [4,6]. As virtually all of the experimental data
obtained thus far regarding the role(s) of ADI1GP in carcinogenesis, apoptosis and metastasis have
been obtained in cellular cultures, it is not known whether any of the roles of ADI1GP discussed here
are dependent upon which metal is present in the active site (or indeed if any metal is present at all).
A case can be plausibly made that, for example, regulatory binding of ADI1GP to MMP-MT1 could
be modulated by the bound metal, particularly if the conformational differences between metal ARD
isozymes involves the MMP-MT1 binding site, which is still unknown.

5. Conclusions

Although ADI1 gene expression and ADI1GP in multiple type of cells and tissues have been shown
to correlate (often negatively) with cancer migration, metastasis and apoptosis, it is not clear whether
these effects are due directly to ADI1GP interactions with other cellular components, or indirectly,
as a result of enzymatic function, either on- or off-MSP. SAM, MTA, ODC, r-methionine, MTOB,
polyamines, ENOPH1 and ADI1GP have all been implicated in regulation of processes such as cell
division, migration, metastasis and apoptosis. It is also possible that it is a combination of factors that
link ADI1GP to cancer.

Probably the most important unknown is the role of metal binding to ADI1GP in any of these
observations. None of the cell or tissue studies have identified what, if any, metal is bound to ADI1GP.
The prostate cancer study [22] indicated that while mutation of the four metal ligands in ADI1GP
destroys enzymatic activity, it does not affect pro-apoptotic and colony inhibition. Both the HCC and
PDAC studies [24,42] showed the ADI1GP binds to the cytoplasmic tail of MT1-MMP, suggesting that
this function, at least, is independent of metal binding. However, for the bacterial enzyme, at least, the
Fe-bound and apo-ARDs forms are isostructural [4], leaving open the question of whether Ni or Mn
binding could interfere with the ADI1GP-MT1-MMP interaction.

The following questions remain to be investigated:

1.  Does the metal-dependent on/off MSP divergence occur in human cell lines? If so, under
what conditions? Is off-MSP chemistry observed only under certain circumstances (e.g.,
in transformed cells)?

2. Is the methionine dependence of many cancer cell lines the result of off-MSP chemistry?

3. Do different metals bound to the ADI1GP act as switches for regulation of cell processes such as
division, migration, invasion, metastasis and apoptosis? Is it possible to distinguish normal cells
from tumor cells based on the metal content of their ADI1GP?

4. Does binding of metals other than Fe?* change the interaction between ADI1 and MT1-MMP?
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5.

A systems biology approach will be necessary to place all of these possibilities into a complex
cellular context, but answering some of these questions will help to define the role(s) of ADI1IGP
and, particularly, HSARD in human health.
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Abstract: Nickel is a naturally occurring element found in the Earth’s crust and an International
Agency for Research on Cancer (IARC)-classified human carcinogen. While low levels found in
the natural environment pose a minor concern, the extensive use of nickel in industrial settings
such as in the production of stainless steel and various alloys complicate human exposure and
health effects. Notably, interactions with nickel macromolecules, primarily through inhalation,
have been demonstrated to promote lung cancer. Mechanisms of nickel-carcinogenesis range from
oxidative stress, DNA damage, and hypoxia-inducible pathways to epigenetic mechanisms. Recently,
non-coding RNAs have drawn increased attention in cancer mechanistic studies. Specifically,
nickel has been found to disrupt expression and functions of micro-RNAs and long-non-coding
RNAs, resulting in subsequent changes in target gene expression levels, some of which include
key cancer genes such as p53, MDM2, c-myc, and AP-1. Non-coding RNAs are also involved in
well-studied mechanisms of nickel-induced lung carcinogenesis, such as the hypoxia-inducible factor
(HIF) pathway, oxidative stress, DNA damage and repair, DNA hypermethylation, and alterations
in tumor suppressors and oncogenes. This review provides a summary of the currently known
epigenetic mechanisms involved in nickel-induced lung carcinogenesis, with a particular focus on
non-coding RNAs.

Keywords: nickel; ncRNA; miRNA; IncRNA; lung carcinogenesis

1. Introduction

1.1. Nickel Overview

Nickel is a commonly occurring metal on Earth, existing as both soluble and insoluble compounds
in soil, fumes, and water. Used as a component in many products such as watches, coins, belt buckles,
earrings, mobile phones, and various medical devices, it is as ubiquitous in industrial usage as it is
in nature [1]. Nickel is a transition metal that normally exists in nature in a +2 oxidative state [2].
While nickel plays fundamental roles for plants, bacteria, archaea, and unicellular eukaryotes, there
are no enzymes in the human body that require nickel to function. As a result, it is only biologically
significant as a toxicant for humans [3]. Inhalation is the most prominent route of exposure, with oral
and dermal routes considered much less important [4]. On a cellular level, insoluble particulate nickel
enters cells by phagocytosis, while nickel carbonyl is a lipophilic compound that can pass through the
plasma membrane. Ni(Il) can be transported into cells through calcium channels and/or divalent cation
transporters such as DMT-1 [5]. Nickel is primarily excreted through urine with elimination following
first order kinetics without any evidence of dose-dependent excretion. Excretion may also occur in
saliva and sweat, which may be more significant in hot environments [6]. Workplace-related nickel
exposure tends to be via inhalation of airborne fumes and dusts containing nickel and its associated
compounds, while non-workplace-related nickel exposures are often from diet or dermal contact [7].
Dietary exposure is more significant in vegetables (particularly spinach), cocoa and nuts because
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of their higher nickel content. Chronic nickel exposure can lead to dermatitis, pulmonary fibrosis,
and asthma [8,9]. Nickel sensitivity is a well-documented issue that affects millions of people. It is
caused by triggering T-lymphocyte-driven delayed-type hypersensitivity reaction by Ni2*, followed
by leukocyte infiltration at the site of exposure [1].

1.2. Nickel-Induced Carcinogenesis

The most scrutinized effect of nickel exposure is carcinogenesis. In 1990, the International Agency
for Research on Cancer (IARC) classified soluble nickel as a “group 1” human carcinogen [10]. In 1990,
a report from the IARC that aimed to identify which chemical forms of nickel caused elevated risks
of cancer mortality in occupationally exposed workers found that exposure to high levels of oxidic
nickel compounds, exposure to sulfidic nickel in combination with oxidic nickel, and exposure to
water-soluble nickel, alone or together with less soluble compounds, led to higher mortality from
cancers of the lung and nasal sinuses [11]. While some studies have since suggested that nickel workers
processing and refining sulfidic nickel ores have demonstrated an increased pulmonary and sinonasal
cancer risk, some studies involving low level nickel exposure did not observe an increased incidence of
cancer, suggesting that there may be threshold-like responses in tumor incidence [12-17].

1.3. Non-Coding RNA

While 80% of the human genome can be transcribed into RNA, only 2% of the genes code for
proteins [18]. Non-coding RNAs are classified as either housekeeping non-coding RNAs, such as small
nuclear RNAs, transfer RNAs, ribosomal RNAs, and small nucleolar RNAs, or regulatory non-coding
RNAs, such as microRNAs (miRNAs), piwiRNAs, and long non-coding RNAs (IncRNAs) based on
their size.

MicroRNAs are small non-coding RNAs that are 18-25 nucleotides in length and function
by targeting complementary mRNAs at the 3’-untranslated region (3’-UTR) to cause degradation,
translation inhibition or regulating gene expression at the post-transcriptional level [19]. They are
specifically expressed in different human cells. Dysregulation of miRNA is related to various types of
cancer and is involved in multiple processes, such as cell proliferation and differentiation, apoptosis,
cancer initiation and progression, and cell metastasis [20]. MicroRNAs are now providing important
information for cancer diagnosis, treatment, and prognosis. A lot of miRNAs have been identified with
different roles in lung carcinogenesis as summarized by Uddin et al. [21], such as miR-21 in apoptosis,
miR-31 in cell division, and miR-101, miR-15 and miR-16 in cell proliferation [22-25].

Long non-coding RNAs (IncRNAs) are RNAs longer than 200 nucleotides. Unlike miRNAs,
IncRNAs are poorly conserved and regulate gene expression at different levels including histone
modification, transcription regulation, post-transcription regulation, translation regulation and
pseudogene regulation [26]. They also serve as scaffolds for cellular components and decoys for
miRNAs and other coding RNAs [27,28]. IncRNAs have been given more attention recently since it was
discovered that they play an essential role in pathological progressions including cancer invasion and
metastasis [29-31]. Many IncRNAs have been reported to be associated with non-small cell lung cancer
(NSCLC), such as CAR10, MALAT1, HOTAIR and so on [32-34]. Studies have shown that IncRNA
was also involved in nickel-induced tumorigenesis [35,36]. A new IncRNA, termed nickel-related
gene (NRG1), was the first to be identified as a IncRNA induced in Ni-induced lung cancer but the
mechanisms that regulate nickel-induced NRG1 level is not known [37].

The molecular mechanisms by which nickel causes tumorigenesis can be summarized as DNA
hypermethylation, oxidative stress and DNA damage, hypoxia-inducible signaling pathways, tumor
suppressor genes, oncogene alterations, etc. [37]. In this review, we will discuss the molecular
mechanisms involving non-coding RNA, especially miRNA and IncRNA, in nickel-induced lung
cancer. Although the number of ncRNAs studied in this area so far is limited, this review reveals
a current state of knowledge and provides directions for future research in ncRNAs involved in
nickel-induced carcinogenesis.
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2. Mechanisms

2.1. DNA Hypermethylation

While only considered weakly mutagenic, nickel is known to promote tumorigenesis through
epigenetic mechanisms including DNA methylation, histone acetylation, and miRNAs. To date, DNA
methylation is the primary epigenetic event studied in nickel-induced lung cancer, and has been
shown to induce various human diseases and cancers through gene inactivation, including fragile X
mental retardation [38—-43]. Specifically, DNA methyltransferases (DNMTs) act to transfer a methyl
group from S-adenosyl methionine (SAM) to the fifth carbon on cytosine. Notably, as is the case in
most cancers, nickel is capable of eliciting global hypermethylation, thereby suppressing key tumor
suppressor genes and inducing senescence as a part of its carcinogenic mechanism [44]. As a case in
point, while 5-azacytidine and nickel have both been shown to inhibit DNA methyltransferase activity,
the effects of nickel are only transient, in that after a recovery period following nickel exposure, levels of
methyltransferases will recuperate and surge, leading to genome-wide increases in DNA methylation
levels [38,45,46]. In fact, nickel-induced DNA hypermethylation has been confirmed both in vitro and
in vivo. For example, in human bronchial epithelial (Beas-2B) cells, a commonly-used cell line for
studies involving lung cancer, nickel has been found to induce the suppression of E-cadherin [47].
E-cadherin is a prominent tumor suppressor gene and cell-adhesion molecule. Reductions in E-cadherin
levels have been evidenced to trigger dysfunctions of the cell-cell adhesion system, leading to cancer
cell metastasis and invasion [48]. In addition, nickel has also been shown to induce the silencing of p16
through CpG site hypermethylation and thereby escape cell senescence [44]. Specifically, using p53
heterozygous mice and Wistar rats, treatment with nickel sulfide promoted promoter hypermethylation
of p16, a cyclin-dependent kinase inhibitor and tumor suppressor gene [49]. Previous studies have
demonstrated that nickel induces site-specific DNA hypermethylation. Specifically, instead of active
euchromatin, nickel selectively targets inactive heterochromatin regions such as the long arm of
chromosome X in Chinese hamster ovary cells [50]. In detail, the gpt gene was inserted near an active
euchromatin region and the telomere in G10 and G12 cells, respectively [51]. The successful silencing
of the gpt gene is validated by exhibition of high resistance to 6TG. Interestingly, while nickel was
shown to induce silencing of the gpt gene in both G10 and G12 cells, the silencing effect was much more
significant in G12 cells, indicating that nickel specifically targets genes in heterochromatic regions and
spread heterochromatinization through DNA condensation [39,52]. The heterochromatin’s condensed
structure dictates that genes in this region have minimal activity, but its overall structure is intrinsic for
the maintenance of overall genomic stability and that the organization of heterochromatin is often
compromised in cancer [53,54].

Hypermethylation at the promoter regions of non-coding RNAs upon nickel treatment has been
reported in several recent studies. One study observed that nickel led to a dose (0-0.5 mM) and
time-dependent (0-12 h) reduction of IncRNA maternally expressed gene 3 (MEG3), in both Beas-2B
and BEP2D cells (both human bronchial epithelial cells). Ectopic expression of MEG3 in Beas-2B
cells inhibited cell transformation by nickel and knockdown of MEGS3 resulted in spontaneous cell
transformation of Beas-2B cells [35]. MEG3 is a 1.6 kb IncRNA and is expressed in many normal
tissues, while loss of MEG3 expression has been seen in tumors and was reported to be related to
tumor development and progression [55-57]. Zhou et al. found that the MEG3 promoter region was
hypermethylated in normal human bronchial epithelial cells upon nickel exposure (0.5 uM, from
0-12h), and treatment of cells with the DNA methylation inhibitor 5-aza-2-deoxycytidine (5-Aza) (5 uM,
72 h) removed the methylation status and increased the expression level of MEG3. They also revealed
that the hypermethylation effect was mainly mediated by DNMT3b since nickel exposure upregulated
DNMT3Db specifically, and knockout of DNMT3b restored MEG3 expression in NiCl,-treated Beas-2B
cells [35].

Another study found that DNMT1 was upregulated in NiS-transformed 16HBE cells (NSTCs), a
human bronchial epithelial cell line [58], along with a significant inhibition of miR-152 expression [59].
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MicroRNA-152 is a member of the miR-148/152 family that has sequence complementarity to the
3’-UTR of DNMT1. Other members in the family include miR-148a and miR-148b. Ectopic expression
of miR-152 in NSTCs suppressed cell growth, and knockdown of miR-152 increased cell growth of
non-treated 16HBE cells. Interestingly, they first found that miR-152 repressed DNMT1 expression by
targeting its 3’-UTR, and then discovered that downregulation of miR-152 in NSTCs was mediated
through hypermethylation at the promoter region by DNMT1, indicating a double-negative loop
between miR-152 and DNMT1. They speculated that NiS exposure firstly induced upregulation
of DNMT1 via other mechanisms such as oxidative stress, and then led to hypermethylation of
miR-152 at the CpG island promoter region, resulting in its downregulation, which further promoted
DNMT1 expression by reduced methylation at the 3’-UTR by miR-152. It was also shown that miR-152
expression suppressed cell growth and a reduction of miR-152 expression lead to a 30% increase in cell
proliferation [59].

MicroRNA-203 is another miRNA that was found to be downregulated in NSTCs [60]. Ectopic
expression of miR-203 reduced NSTC cell migration and tumor growth in nude mice. It was found
that the CpG island and first exon area of miR-203 was hypermethylated, however the mechanisms
that mediate the hypermethylation effect was not elucidated in the study. Intriguingly, besides
5-Aza, TSA (Trichostatin A, a histone deacetylase inhibitor)-treated NSTCs also partially restored the
expression level of miR-203, suggesting that downregulation of miR-203 is possibly mediated by DNA
hypermethylation and/or other epigenetic silencing mechanisms.

2.2. Hypoxia-Inducible Pathway

The hypoxia-inducible signaling pathway is another important route for nickel-induced
carcinogenesis, in which the transcription factor hypoxia-inducible-factor-1 (HIF-1) is activated [61].
HIF-1 is a critical regulator of genes that facilitate cell survival and adaptation in hypoxic
conditions [62-64]. It is a heterodimeric transcriptional factor that consists of two subunits, HIF-1«x
and HIF-1§3, both of which are required for HIF-1 to function; HIF-1p is integral in HIF-1 heterodimer
formation, while HIF-1« is the key regulatory subunit and is responsible for HIF-1 transcriptional
activity [65]. HIF-1 overexpression has been observed in various cancers [66]. Studies suggested that
nickel can replace iron in HIF prolyl hydroxylases and thus inhibits the association of HIF-1ox with
Von-Hippel-Lindau (VHL) E3 ubiquitin ligase, which in turn stabilizes the HIF protein [67-69]. It was
reported that elevated HIF-1 aided in tumor progression by inducing glycolytic activity and increasing
production of lactic acid in tumor cells (Warburg effect) [70]. A collection of hypoxia-inducible
genes were also induced by nickel including glycolytic enzymes and glucose transporters, and
tumor oncogenes such as NDRG1 (N-myc Downstream-Regulated Gene 1/Cap43), and some other
HIF-dependent genes involved in carcinogenesis such as BCL-2 (B-Cell Lymphoma 2) binding protein
Nip3, EGLN1 (Egl-9 Family Hypoxia Inducible Factor 1), HIG1 (Hypoxia-Induced Gene 1) and P4H
(Prolyl 4-Hydroxylase) [61]. High fidelity DNA repair mechanisms such as base excision repair and
nucleotide repair were found to be compromised by the hypoxic conditions induced by nickel [71,72].

MicroRNA-210 is known as a hypoxia-sensitive miRNA and is one of the target miRNAs for
HIF-1x. These are termed as hypoxia-regulated microRNAs (HRMs), and include miR-21, 23, 24, 26a,
213, etc. [73]. One study reported that nickel exposure (NiCl, 1 mM, 4 h) induced overexpression of
miR-210 with stabilization of the HIF-1« protein, resulting in a metabolism shift [74]. In fact, HIF-1x
has been demonstrated to be directly recruited to the promoter region of miR-210 during hypoxic
conditions to induce miRNA expression [75]. Similar with the DNMT1/miR-152 double-negative loop,
another study revealed a non-canonical miR-210 targeting site in the HIF-1& 3’-UTR region, suggesting
a potential negative feedback loop in HIF-1x/miR-210 signaling [76].

MEGS3, as mentioned, is a long non-coding RNA that was found to be downregulated by DNMT3b
under nickel exposure. It has been suggested that MEG3 is a regulator of HIF-1o and nickel-induced
HIF-1oc accumulation independent of iron metabolism through inhibiting MEG3 [35]. Instead of
directly targeting HIF-1c at the promoter region, MEG3 regulates HIF-1« at the protein translational

88



Inorganics 2019, 7, 81

level, since alterations in transcription, mRNA stability and protein degradation were not observed in
MEGS3 ectopically expressed Beas-2B cells compared with vector control cells in the study. It was further
investigated that MEG3 induced protein translation by S6 phosphorylation via the Akt/p70S6K/S6
pathway, and they identified the upstream regulator of the pathway, PHLPP1 (PH Domain and Leucine
Rich Repeat Protein Phosphatase 1), and c-Jun (a component of the transcription factor activator
protein 1), a direct target of MEG3 and a negative regulator for PHLPP1. Together, nickel induces
DNMT3b expression and hypermethylation of the MEG3 promoter, reduces MEG3 binding with the
c-Jun transcription factor and increases its activity, which negatively regulates PHLPP1 by binding to its
promoter, and in turn activates the Akt/p70S6K/S6 pathway, resulting in increased protein translation
of HIF-1ox.

2.3. Oxidative Stress

Oxidative stress was suggested to be another essential component in nickel-induced
carcinogenesis [77]. Oxidative stress is known as the imbalance of oxidants, such as overproduction
of reactive oxygen species (ROS) and nitrogen species (NOS), and antioxidants in favor of the
oxidants [78,79]. Sustained high levels of ROS can cause oxidative damage to nucleic acids, lipids,
and proteins, alter oxidative equilibrium, and regulate cell viability [80]. Oxidative damage to DNA is
known to be one of the most important mechanisms in cancers [81].

The carcinogenic effect of nickel is theorized to be caused in part by its role in the generation
of reactive oxidative species. Nickel is known to play a role in the generation of R- and RO-
radicals in conjunction with glutathione [82]. Oxidative stress-related biomarkers can be observed in
nickel electroplating workers exposed to nickel, such as increased lipid peroxidation, and reduced
anti-oxidative enzymes as GSH (Glutathione), SOD (Superoxide Dismutase), and oxidative DNA
damage marker 8-OH-dG [83]. In vitro, Beas-2B lung epithelial cells exposed to nickel nanoparticles,
NiO nanoparticles, and NiCl, were shown to exhibit chromosomal damage, with NiO being the most
potent in causing DNA strand breaks and increasing intracellular ROS [84]. Both water soluble NiCl,
and insoluble Ni3S2 have been shown to enhance the formation of intracellular oxidants after 6 h
of exposure, and free radicals have been observed in the nucleus when cells have been exposed to
Ni3S, for more than 18 h [85]. In addition, nickel and ROS exhibit synergistic inhibition towards
both DNA polymerization and ligation and cause protein fragmentation, resulting in impaired DNA
repair [86]. Nickelis also shown to induce transcriptional downregulation of homology-dependent DNA
double-strand break repair (HDR) and mismatch repair (MMR) pathways [87]. MicroRNA regulation
of oxidative stresses has been observed in several diseases including cancers, such as miRNA-34a-5p,
miRNA-1915-3p, miRNA-638, and miRNA-150-3p in hepatocellular carcinoma (HCC) [88].

Hypoxic conditions favor the increase of reactive oxygen species and oxidative stress, and the
hypoxia sensitive miRNA, miR-210, was found to respond to oxidative stress induced by H,O, in HyC,
cardiomyocytes. It indirectly regulates the iron—sulfur cluster assembly protein (ISCU) and proved
its activity in mitochondrial electron transport chains and energy metabolism, which are important
mechanisms in the progression of ischemic heart disease [89]. Another hypoxia-related non-coding
RNA, MEG3, was found to be downregulated in HyO,-treated RF/6A cells and played an important
role in diabetes-induced microvascular abnormalities. Increased expression of miR-152 was observed
in hypertrophic conditions and in HyO,-treated HL-1 cells, indicating its role in oxidative stress-related
cardiac hypertrophy [90]. However, the exact role of these miRNAs in the nickel-induced oxidative
stress pathways in lung carcinogenesis was not clarified and needs further investigation.

2.4. Tumor Suppressor Gene and Proto-Oncogene Alterations

Cell proliferation, differentiation, immortalization and transformation are key steps in cell
carcinogenesis. Carcinogenic mechanisms induced by nickel will ultimately lead to activation of
proto-oncogenes or inactivation of tumor suppressor genes. p53 is one of the most studied tumor
suppressors in various cancers. Although nickel-induced mutations in the p53 gene were observed in
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several studies, indicating that nickel is a possible mutagen in mammalian cells [91-93], its regulation
of p53 activity is not rare. This study proved that both water soluble and insoluble nickel were able
to alter the expression of p53 and lead to cell transformation [61]. MEG3 has been described as a
tumor suppressor [56], and found to exert its antitumor effect by modulating the activity of p53, Mdm2
(Mouse double minute 2 homolog), Rb (Retinoblastoma) and other cell cycle regulators [94]. MEG3
inhibited NSCLC cell proliferation and apoptosis by MEG3-p53 pathways [95], and it can be increased
by chemotherapeutic agents such as paclitaxel (PTX), a first-line chemotherapy drug for NSCLC [96].
It was suggested that MEG3 can regulate p53 activity independent of p21 signaling [97,98], or via
regulating the activity of MDM2, the main inhibitor of p53 [99-101].

In fact, IncRNA MEG3 also interferes with other miRNAs and functions as competing endogenous
RNAs (ceRNAs) to bind and compete for miRNA target genes [102]. c-Myc is a known oncogene related
to cell transformation, immortalization, differentiation, and cell apoptosis. MEG3 was found to compete
with miR-27a for PHLPP2 to downregulate c-Myc and thereby reduced bladder cancer invasion [103].
MicroRNA-27a is an inhibitor for PHLPP2 [104], and it was reported to be upregulated in NSCLC
and was possibly associated with lung carcinogenesis by targeting the TGF- (Transforming Growth
Factor beta) signaling pathway [105]. Reduction of MEG3 via nickel exposure is likely to attenuate its
competing effect with miR-27a and thus suppress PHLPP2 and increase c-Myc and TGF-f signaling,
inducing epithelial-mesenchymal transition (EMT) and transformation in lung carcinogenesis.

Other than MEGS3, dysregulations of many IncRNAs in lung cancer have been identified and
summarized by Khandelwal et al. [32,106], of which some have been shown to be associated with
occupational PAH (Polycyclic Aromatic Hydrocarbon) exposures in coke oven workers, such as
HOTAIR, TUGI1, MALAT1 and GAS5 [107]. Cadmium was also found to induce the expression of
IncRNA, ENST00000414355, to modulate DNA damage and repair in 16HBE cells. Other than being
an upstream regulator of MEG3 and many other IncRNAs in carcinogenic signaling pathways, they
can possibly be downstream of other genes; for example, TUG1 was found to be upregulated by p53
in lung cancer [108], indicating that TUG1 could be a potential IncRNA involved in the MEG3-p53
signaling pathway in nickel-induced lung carcinogenesis.

The target genes for miR-210, MNT, a MYC antagonist [109], and E2F3, a key regulator of the cell
cycle [110], were of importance to study in the mechanisms of carcinogenesis. Another study revealed
that miR-210 was upregulated in NSCLC human tissue samples, and six potential target genes of
miR-210 were identified (IL-6, GNG11, CXCL12, ADRB2, ADCY9, and CHRM2), suggesting its role in
NSCLC signaling pathways [111]. The diagnostic value of miR-210 in lung cancer was also indicated
in a meta-analysis study by Yang et al. [112].

MicroRNA-203 was hypermethylated following nickel exposure both in vivo and in vitro, and
inhibited miR-203 led to dysregulation of its target gene ABLI1, contributing to nickel-induced
cancers [60]. ABL1 is a known oncogene and plays an important role in cell differentiation, division,
adhesion, and stress responses. It was proved to be the miRNA-203 direct target gene along with
several other tumor proto-oncogenes, such as ABCE1, E2F3 and p63 [113-117]. An upregulation of
miR-222 was observed in both NSTCs and Ni-induced tumor tissues of rats, and it was suggested
that miR-222 could be involved in nickel-induced tumorigenesis by targeting tumor suppressor genes
CDKNIC (p57) and CDKN1B (p27) [118]. Dysregulation of p27 via miR-222 was reported to be related
to increased cancer cell proliferation [119]. Besides lung cancer, CDKN1C and CDKN1B were also
found to be regulated by miR-222 in human hepatocellular carcinoma [120]. NiCl, also induced
expression of miR-4417 in Beas-2B cells and A549 cells, which targeted the TAB2 gene and was involved
in the mechanism of nickel-induced EMT, lung fibrosis and tumor progression. Ectopic expression
of miR-4417 in Beas-2B and A549 cells induced fibronectin, while nickel exposure failed to induce
fibronectin in miR-4417 inhibited Beas-2B cells. Although TGEF-f3 was involved in nickel-induced cell
EMT and significantly induced miR-4417 in Beas-2B cells, its inhibitor SB525334 only partially reduced
miR-4417 level and failed to restore TAB2 level in TGF-f-treated cells, indicating that nickel can induce
miR-4417 through pathways independent of TGF-f3 [121].
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3. Conclusions

Nickel is a naturally occurring element that can be found in soils, sediments, water, and air.
Humans can be exposed to nickel from different sources and occupational exposure to nickel in nickel
refineries and processing plants has been a big concern for workers and was reported to be related
to lung cancer. The mechanisms of nickel-induced carcinogenesis that have been studied include
hypoxia-inducible factor pathways and the introduction of oxidative stress which generates DNA
damage and impairs DNA repair pathways. Nickel also disrupts the integrity of heterochromatin,
and subsequently silences tumor suppressor genes, such as p53, and activates c-Myc, resulting in
dysregulated cell differentiation, proliferation, transformation, and cancer progression.

A newly found role played by non-coding RNAs has recently been studied in nickel-induced lung
carcinogenesis. With increased attention in non-coding RNAs and the development of new approaches
for understanding non-coding RNAs, various new mechanisms resulting in cancer initiation and
progression have been identified. Several studies have reported that nickel was able to alter the
expression of miRNAs, such as miR-210, miR-203, miR-152, miR-4417, and miR-222, and IncRNAs, such
as NRG1 and MEG3. These studies suggest important roles for non-coding RNAs in nickel-induced
lung carcinogenesis, providing insight into the pathogenesis and mechanisms of the disease.

However, only a small amount of non-coding RNAs related to nickel exposure have been
characterized so far and their functions and mechanisms in carcinogenesis remain to be elucidated.
The mechanisms by which ncRNAs were dysregulated upon nickel exposure were mainly through
the increased expression of DNMTs followed by hypermethylation at the promoter region of the
ncRNAs, resulting in altered expression levels of their target genes which are involved in cell cycle
regulation, proliferation, apoptosis, EMT, metastasis and many aspects of tumorigenesis. Instead
of being upstream regulators, some other ncRNAs were found to be regulated by HIF, TGF-f3 and
p53 during the signaling pathways induced by nickel. Figure 1 provides a schematic diagram of the
network that ncRNAs are involved in in nickel-induced carcinogenesis. Future studies are warranted
to elucidate the functions of these ncRNAs as potential therapeutic targets, diagnostic markers and
prognosis predictions for lung cancer induced by nickel.

DNMT

Cell proliferation, invasion, metastasis,
cell transformation, EMT, carcinogenesis

Figure 1. Regulatory networks of non-coding RNAs (ncRNAs) involved in nickel-induced

carcinogenesis.
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Abstract: The advancements of quantum chemical methods and computer power allow detailed
mechanistic investigations of metalloenzymes. In particular, both quantum chemical cluster
and combined QM/MM approaches have been used, which have been proven to successfully
complement experimental studies. This review starts with a brief introduction of nickel-dependent
enzymes and then summarizes theoretical studies on the reaction mechanisms of these enzymes,
including NiFe hydrogenase, methyl-coenzyme M reductase, nickel CO dehydrogenase, acetyl
CoA synthase, acireductone dioxygenase, quercetin 2,4-dioxygenase, urease, lactate racemase, and
superoxide dismutase.

Keywords: nickel enzymes; reaction mechanism; quantum chemical calculations

1. Introduction

Nature harnesses transition metals to catalyze many different types of biological reactions
that are crucial to life. Although about one-third of the enzymes are metalloenzymes, the use
of nickel as a cofactor is not very common [1-9]. It was in 1975 that Zerner discovered the first
nickel-dependent enzyme, namely urease [10]. Until now, ten different types of nickel enzymes
(Table 1) have been reported with diverse biological functions. Among the known nickel enzymes,
four of them are involved in the processing of anaerobic gases, namely, Hy, CO, CO,, and CHy,
which have been proposed to be crucial to the origin of life [7]. Ni-Fe hydrogenase mediates the
reversible two-electron reduction of protons to Hy [11]. Methyl-coenzyme M reductase catalyzes
the reversible transformation of methyl-coenzyme M plus coenzyme B into CHy and heterodisulfide
CoM-5-5-CoB [12]. CO dehydrogenase catalyzes the reversible oxidation of CO to CO, using water
as the oxygen source [13]. Acetyl-CoA synthase interacts tightly with CO dehydrogenase and uses
the CO generated by CO dehydrogenase, CoA-SH, and a methyl group from a corrinoid/FeS protein
to synthesize acetyl-CoA [14]. Acireductone dioxygenase [15], and quercetin 2,4-dioxygenase [16]
are both nickel-dependent dioxygenases, and produce CO as one of the products. Ni-dependent
superoxide dismutase targets the toxic reactive oxygen species superoxide and catalyzes its conversion
to O and HyO; [17]. All these enzymes belong to the oxidoreductase class, while the remaining three
enzymes are involved in the hydrolysis of urea (urease) [10], the isomerization of methylglyoxal to
lactate (glyoxylase I) [18], and the racemization of lactate (lactate racemase, or LarA) [19].

Understanding the reaction mechanisms of nickel-dependent enzymes is of fundamental and
practical importance. A particularly interesting question is why these enzymes select nickel as a
catalytic center. One important advantage of using nickel has been suggested to be related to its
flexible coordination geometry [8]. For redox reactions, the ligand environment has been demonstrated
to play a crucial role in tuning the redox potentials of nickel, ranging from +0.89 V in superoxide
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dismutase to —0.60 V in Methyl-coenzyme M reductase and CO dehydrogenase [6]. Sulfur-donor
ligands, such as sulfides, thiolates of cysteine residues, are commonly used to fulfill this purpose.
In addition, the Lewis acidic character of nickel has also been suggested to be important for urease,
glyoxalase I, acireductone dioxygenase, and quercetin 2,4-dioxygenase [8]. Importantly, these enzymes
preferentially adopt O/N-donor ligands. Another important question is how the enzyme catalyzes
the reaction. To understand the mechanistic details, especially the structures of transition states and
intermediates for all elementary steps, quantum chemical calculations have proven to be useful to
complement experimental work.

Table 1. Reactions catalyzed by Ni-dependent enzymes.

Enzyme Name Reaction
Hydrogenase 2H" + 260 ~——«—— H
Methyl-coenzyme M reductase CoM_ ~CHs 4 Fig-CB —— cH, + com” S g8
CO dehydrogenase CO + HO —— = CO, + 2H' + 2e
CoA-S.__CHs
Acetyl-CoA synthase CHa-Co(lll)-FeSP + CO + CoA-SH = Co()-FeSP + W
o
o o o
. . ~ o A)k 050
Acireductone dioxygenase s Z07 + 0, > g oy * €O+ Y
OH H
HO. o._R HO. o__R
\ he
Quercetin 2,4-dioxygenase on + 0 ——= oo co
OH © OH OH
Superoxide dismutase 20; + 2H' ———— Oy + HyO
HoN.___NH S
2! 2 HaN (o]
Urease T + HO —— = Y - ONH

o
o
OH he
Glyoxylase I HsC sG 3H " NsG
OH
o
HaC . he
Lactate racemase " Vs ———= M sG

HO" -
OH A

Two popular but different approaches have been developed in the modeling of metalloenzymes.
The first one is termed the quantum chemical cluster approach, developed by Siegbahn and Himo et
al. [20-26]. More than 30 years of experience has demonstrated that a relatively small model of the
active site, from about 30 atoms initially to more than 200 atoms nowadays, is capable of describing
all important mechanistic features of the catalysis. The alternative approach is called the combined
quantum mechanics/molecular mechanics (QM/MM) method, which was first proposed by Warshel
and Levitt in 1976 [27]. It has been shown by Liao and Thiel that with proper selection and an
increase of the number of atoms in the QM region, both approaches gave similar results and the same
conclusion [28,29].

In the present review, we summarize the mechanistic studies on nickel enzymes by quantum
chemical calculations.
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2. NiFe Hydrogenase

In nature, hydrogenases are the enzymes designed to form dihydrogen from protons and electrons
in a reversible process:
2H* +2e” = H, 1

The most common forms of hydrogenases are NiFe- and FeFe-hydrogenases. The NiFe-enzymes are
primarily used for hydrogen oxidation, and the FeFe-enzymes for proton reduction. NiFe-hydrogenase
is probably the Ni-enzyme that has been most intensively studied by theoretical methods. The active
site [30] is shown in Figure 1. Apart from the four cysteines, there are three additional ligands on iron,
two cyanides, and one carbon monoxide, which are very unusual in biological systems, since they
are potentially poisonous. A complicated machinery involving many enzymes is, therefore, used to
construct this complex.

Cys72

i

Figure 1. The X-ray structure of the active site of NiFe hydrogenase (Protein Data Bank (PDB) code:
1YRQ) [30].

Cys546

The theoretical work prior to 2007 has been reviewed [31,32]. A variety of different models had
been used, ranging from a minimal one, with only the direct ligands of the NiFe complex, to larger
ones, with some charged second shell residues. All studies agreed on the general mechanism described
in Figure 2. It contains three intermediate states observed experimentally, Ni,—C*, Ni,-S and Ni,-SR.
Ni,—C* is the electron paramagnetic resonance (EPR)-active resting state, which has a bridging hydride
between the metals. The EPR-silent Ni,—SR state is reached by reduction of Ni,—C*, while Ni,-S, which
is also EPR-silent, is obtained by oxidation. To complete the cycle, Ni,—SR can be reached by adding
dihydrogen to Ni,—S. Several other states have also been observed experimentally under varying
conditions. The TS for H-H cleavage was generally described as heterolytic, leading to a bridging
hydride and a protonation of a cysteine, usually Cys543. This mechanism could be regarded as being
in consensus among the theoretical groups [31,32], and had strong support from experiments. For the
energy profile, it could be concluded that entropy and dispersion played important roles [31], even
though the dispersion effect could not be routinely included in the calculations, as it can be now.
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Figure 2. Schematic drawing of the catalytic cycles for NiFe-hydrogenases, suggested by experiments.
Adapted from [31], Copyright © 2007, American Chemical Society.

In the years following the early period before 2007, some new possibilities and aspects were
investigated. This development has also been briefly reviewed [26,33]. First, from experiments, it was
suggested that a variant of the mechanism in Figure 2 might be operative, leading to a mechanism in
Figure 3 [34]. The main difference to the mechanism of Figure 2 described above was that Ni,—S does
not participate in the active cycle. Instead, catalysis starts only after an initial reaction between Ni,—S
and dihydrogen, where Ni,—C* is created. Ni,—C* is then only in equilibrium with Ni,—SR during
turnover. Some support for the alternative mechanism was given in one study [35]. An interesting
state in the context of that mechanism was a Ni(I)-state (Ni,—R*), appearing at the end of the single step
heterolytic mechanism. A TS for oxidative addition was found leading to two hydrides, one bridging
and one bound to nickel (Niy—X*).

Another development was that the interest switched over to the oxidized states. The reason
for this interest is the possibility to generate fuel by combining water oxidation with H, formation.
A major problem in this context is that most hydrogenases are inactivated with O, present. Two main
oxidized states of the NiFe cofactor have been identified. In Ni-B, there is a bridging hydroxide
between Ni(IlI) and Fe(Il). It is inactive for H, cleavage, but is relatively easy to reactivate. The Ni-A
state is more difficult to reactivate. At the highest resolution (1.1 A)itwas initially concluded that Ni-A
is a peroxide with one oxygen bridging between the metals and the other oxygen on nickel [30,36].
The early modeling studies were reviewed in 2007 [31]. While there was no problem obtaining the Ni-B
structure with a bridging hydroxide [37,38], the modeling of Ni-A was more problematic. A structure
similar to the one found experimentally could rather easily be obtained, but the energy was too high.
A detailed analysis of the density of the experimental structure showed that it was likely to be a mixture
of states, and the structure was probably also over reduced [39]. Calculations on the mechanism for
the reactivation of the initially suggested structure for Ni-A were made [37]. It was suggested that the
full reactivation of the enzyme requires two additional electrons and protons and this is the reason that
it was slow. A reactivation mechanism for an oxidized cysteine ligand was also investigated. In 2015, a
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re-analysis of the experimental structure for Ni-A was performed, and it was concluded that Ni-A
instead has a bridging hydroxide and an oxidized sulfenated form of Cys75 [40]. DFT calculations
were then done for the new structure using larger models than before [41,42], and a revised mechanism
for the reactivation was made.

H,

\L

Ni,-S ——— Ni;-SR

H* e
/Cy5546 /Cy3546
CVSQ c S . CVSQ c &
ysr5& % , ys75& %
NN N O
v /Nl(ll)\ _Fe e(I)— v NI /Fe(ll)/
Y 543\T \CN Y 543~ g H \CN
H
Ni,-SR Ni,-C*
H*e
/CYS546 /Cy5546
Cyszs \\\\//,/ Cys7s \\\\S//,/
AN N \s el % N
o > (|||)< >Fe(|l —C0 -—— o >Ni(|):/ \"Fe(u)/co
Yy 543\| \ CN Yy 543\T \CN
H
H
H 2 H
Nig-X* Ni,-R*

Figure 3. A variant of the mechanism for NiFe-hydrogenases. Adapted from [31], Copyright © 2007,
American Chemical Society.

Several oxygen insensitive NiFe hydrogenases have been found. In these enzymes, the Ni-A
state is activated by two electrons supplied from the proximal FeS cluster [43]. A few DFT studies
have been performed to determine the details of the mechanism of how the electrons are released
from the FeS cluster [44—46]. The oxygen tolerant hydrogenases have been found to have specifically
designed proximal Fe-S clusters, where a sulfide in a corner is missing and replaced by two cysteines.
This allows the Fe-S cluster to deliver two electrons to the NiFe-cluster. Together with two electrons
from the active site, the accumulation of the Ni—A state is diminished. DFT calculations were used to
determine electronic and structural changes of the Fe-S cluster.
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After these initial modeling studies, the interest in the mechanism of NiFe-hydrogenase has
decreased. The studies mentioned above gave mechanisms that are quite similar with minor differences,
and in good agreement with available experiments [31]. However, in recent years there was a
set of studies by Ryde et al. in 2014-2018, where many of the results obtained previously were
seriously criticized [47-51]. In particular, the accuracy of the Becke, 3-parameter, Lee-Yang—Parr
exchange-correlation functional (B3LYP), used in practically all previous studies, was claimed to be
insufficient. Comparisons between B3LYP and more advanced methods of ab initio type seemed to
give results, showing that there were large errors using B3LYP. For the bare cofactor without hydrogen,
the singlet-triplet splitting (S-T) error was tolerable with a usual error for B3LYP of a few kcal/mol
compared to the advanced methods [47]. However, when H; was added, the S-T splitting showed
large errors for B3LYP [48], with a value of 13.2 kcal/mol compared to high level studies that gave
2-3 kcal/mol [49], but there are severe problems with that comparison. The most important one is
that the structures were not optimized, but taken directly from a QM/MM study. This meant that the
structures, as used in the comparison, are about 40 kcal/mol higher in energy than the optimized ones.
The result most emphasized in the new DFT studies was that Ni,—R* should not be an intermediate in
the reaction sequence [51], as it was in some previous studies [35]. However, there is an interesting
experimental result in this context using electro-chemical methods, where the conclusion was that
Ni,—R* was indeed observed as an intermediate [52]. Another more important aspect of the Ryde et
al. studies is that they showed that it is actually possible to do calculations with the most accurate
methods in quantum chemistry, such as the coupled cluster single-double and perturbative triple
method (CCSD(T)) and the density matrix renormalization group method (DMRG). They have not yet
been used for the reaction mechanism but it will be interesting to follow that development in the future.

3. Methyl-Coenzyme M Reductase

Methane, acting as the second most important anthropogenic greenhouse gas after CO, [53,54],
has a significant influence on the global carbon cycling and the climate [53]. With a methane
emission annually of around 500-600 Tg, about 69% is biologically released by microbial metabolisms,
i.e., methanogenic archaea [55]. Meanwhile, a large amount of methane is oxidatively consumed
by aerobic methanotrophic bacteria and anaerobic methane oxidizing archaea (ANME) [56,57].
The anaerobic methane oxidation is usually coupled with the reduction of sulfate (sulfate-reducing
S-proteobacteria) [58,59] iron [60,61], manganese [61], nitrate [62], soluble metal complexes [63],
etc. [64], which may critically affect the Proterozoic and Neoproterozoic global climate systems [65]
and the breeding of animals [66]. The final step of microbial methane formation and the first step of
anaerobic methane oxidation are both performed by the Ni-dependent methyl-coenzyme M reductase
(MCR) [56,67], which is capable of reversibly catalyzing the conversion of methyl-coenzyme M
(CH3-SCoM) and coenzyme B (CoB-SH) to a heterodisulfide (CoM-S-S—CoB) and methane using
a Ni(I) porphyrinoid cofactor (F430) (Figure 4) [6,9]. It is further found that MCR-like enzymes may
constitute a family of alkyl-coenzyme M reductases, which are essential for the microbial anaerobic
oxidation of ethane [68], propane [56,68], and butane [69] following the same reversible reaction pattern
as MCR, i.e., alkane + CoM-5-S-CoB = alkyl-SCoM + CoB-SH. Thus, the MCR mechanism may
serve as a template for the family of alkyl-coenzyme M reductases [68], rendering it significant for
the understanding of the alkane biosynthesis and the development of biomimetic catalysts for the
alkane conversion.
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Figure 4. The reaction catalyzed by methyl-coenzyme M reductase (MCR) using a Fy3) cofactor.

Mainly four mechanisms for MCR have been proposed and examined by experiments or theoretical
calculations (Figure 5). Accompanying the crystallization of MCR [12], mechanism I (Figure 5a) was
hypothesized to include an organometallic Ni(IIT)-methyl intermediate (referred to as MCRye) resulting
from the Ni-activated C-S bond dissociation of CH3-SCoM and the proton transfer from CoB-SH to
the sulfur of CH3-SCoM. In mechanism I, the first step of C-S bond dissociation is most likely not
rate-limiting, since the following electron transfer was suggested to lead to an unstable CoM-S-H
radical. Methane is formed in the next step of S-S bond formation. This mechanism received the
strongest support from the direct synthesis of MCRy, from the active MCR (MCReq1) with methyl
bromide [70] or iodide [71], although its formation from the native substrate (CH3—SCoM) has never
been found. However, a rough estimation by means of the B3LYP bond dissociation energies (BDEs)
predicted a very large endothermicity for the MCRys, formation in the native MCR reaction [72].
A more elaborate B3LYP investigation based on a chemical model built from the crystal structure
(Figure 6) showed that the MCRyj, formation is dependent on the acidity of the methyl-X leaving
group, i.e., the C-X bond dissociation energy [73]. The MCRyse formation is facile with a barrier of a
few kcal/mol when X is a halide (I7, Br~, or C17), while it has a very high barrier when starting from
the native substrate with a stronger C-S bond, which was predicted to have a large endothermicity of
23.5 kcal/mol [73]. This endothermicity was then updated to 21.8 kcal/mol with dispersion and entropy
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effects added [74], which is sufficient to rule out mechanism I, considering the possible additional
barriers in the subsequent steps (proton transfer and electron transfer).
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Figure 5. Four proposed mechanisms for the MCR reaction. (a) Mechanism I, including a
methyl-Ni(III)F,3y intermediate. (b) Mechanism II, involving a methyl radical and a CoM-S-Ni(II)F43(
intermediate. (¢) Mechanism III including a ternary intermediate with side-on methyl and CoM-S~
coordinating to Ni. (d) Mechanism 1V, involving a proton binding at the sulfur of CH3-SCoM.
The energies for minima and transition states are given in brackets and parentheses, respectively.
The energies for mechanisms I and II are adapted from [74], copyright © WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim, while the ones for mechanisms Il and IV are adapted from [75], with permission
from the PCCP Owner Societies.

A more detailed DFT cluster modeling of mechanism II (Figure 5b) was then performed [72,76].
Mechanism II proceeds through a C-S bond dissociation forming Ni(II)-SCoM and a methyl radical,
the immediate quenching of the methyl radical by CoB-SH leading to methane and a CoB-S- radical.
This is followed by a rebound mechanism between Ni(II)-SCoM and CoB-5- to form a CoM-5-5-CoB
and a regeneration of Ni(I) F430. This mechanism has the following characteristics that are compatible
with most of the mechanistic experiments: (i) The first step of C-S bond dissociation is rate-limiting
with a barrier of 19.5 kcal/mol, which is supported by a substantial carbon kinetic isotope effects
(2CH;3-SCoM/*3CH3-SCoM) of 1.04 + 0.01 [77]. (ii) The methyl radical is captured rapidly by CoB-SH,
so that methane formation happens almost simultaneously with the C-S bond dissociation and the
whole MCR reaction can be regarded as two chemical steps via two transition states. (iii) An inversion
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of configuration at the methyl carbon takes place via a trigonal planar configuration during the methane
formation; step (iii) combined with step (ii) is consistent with the finding using an isotopically chiral
form of ethyl-coenzyme M [78] and a large «-secondary kinetic H/D isotope effect (kpi/kp = 1.19 + 0.01),
which indicates a geometric change of the methyl group from tetrahedral to trigonal planar at the
highest transition state [77]. However, the energetics obtained in 2002 and 2003 [72,76] are not accurate
enough to give a quantitatively correct description of the MCR mechanism, mainly because of the use of
methanol as the model of Tyr333 and Tyr367, the lack of dispersion effects, and the omission of entropy
effects in the second step of the S-S bond formation [74]. This leads to an excessively high barrier of
~26 kcal/mol for the reverse reaction (i.e., the anaerobic oxidation of methane) and an excessively large
barrier difference of 10.0 kcal/mol between the two transition states of C-S bond dissociation and S-S
bond formation [72,76]. This process faced additional challenges posed by two new isotope exchange
experiments. These new experiments proved the feasibility of the reverse oxidation of methane [79]
and showed a small barrier difference between the two chemical steps [80]. With dispersion and more
accurate entropy effects included, a new DFT investigation with methylphenols as tyrosine models gave
more reasonable barriers of 15.1 and 21.1 kcal/mol for the forward and reverse reactions, respectively,
and a smaller barrier difference of 3.6 kcal/mol for the two transition states [74], which demonstrated
that mechanism II is still acceptable and in agreement with mechanistic experiments at that time.
Interestingly, an ingenious spectroscopic experiment using a shorter CoB-SH with one methylene less
in order to elongate the distance of CoB-SH to the reacting core, lowering the MCR reaction rate, leads
to a direct observation of the Ni(II)-SCoM intermediate [81]. This provided the clearest experimental
evidence for mechanism II and made mechanism II a consensus MCR mechanism [82].

Substrate Tyr367
(CoB-SH) ]

Substrate |
(CH,-SCoM)

GIn147

Figure 6. Model used in the calculations of the methyl-coenzyme M reductase (MCR). Adapted
from [74], copyright © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

An oxidative addition mechanism (i.e., Mechanism III in Figure 5c) proposed by DFT
calculations [83] and experiments [80,84] involves a side-on C-S (for CH3-SCoM) [84] or C-H
(for the reverse methane oxidation) [80] coordination to the Ni ion, forming a ternary intermediate
with both methyl and CoM-5~/hydride coordinating to the metal. However, from a DFT study based
on the same cluster model that was used in the previous calculations of mechanism II, the formation of
a ternary intermediate was predicted to have a very large endothermicity of 44.5 kcal/mol starting from
CHj3-SCoM, and also a very high barrier starting from methane [75]. This can safely rule out mechanism
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III. Another proposal (mechanism IV in Figure 5d) suggested a protonation at the sulfur position of
CHj3-5CoM, which should facilitate the C-S bond activation and the subsequent methyl-Ni(III)F439
formation. Nevertheless, the DFT calculations showed that the substrate sulfur has a much smaller
proton affinity than the Fy3 cofactor, in particular the carbonyl oxygen in Fa309, which means that a
proton entering the MCR active site should prefer binding at F430 instead of CH3-S5CoM, and that an
additional energy of ~23 kcal/mol is required to move the proton from F,3y to the substrate sulfur
before the C-S bond activation [75]. This makes mechanism IV infeasible.

In summary, mechanism IT (Figure 5b) is finally the most acceptable one for the MCR enzyme
after two decades of computational and experimental studies. It fits reasonably well with several
structural characteristics of the MCR active site. For example, a deeply-buried active site and the
strict arrangement of Fy39, CH3—-SCoM, and CoB-SH from bottom to top [12,85], ensuring the quick
quenching of the methyl radical. In fact, the absence of CoB-SH cannot initiate the C-S bond cleavage
and a CoB-SH analogue with one methylene less makes the MCR reaction much slower [86], which
may be explained by the fast rebound between Ni(II)-SCoM and the unstable methyl radical. Even
if the methyl radical escapes from CoB-SH, it cannot easily cause irreparable damage to the MCR
active site, since the latter is hydrophobic and four active-site residues (His257, Arg271, GIn400, and
Cys452) have been uncommonly methylated [12,85]. With this, MCR presents a perfect example of a
mechanistic proposal by quantum chemical modeling finally leading to the convergence between theory
and experiment. The understanding of the MCR mechanism could lead to new ways of producing
methane/alkanes as fuels [87], of utilizing methane/alkanes as chemical feedstocks [82,87], and of
breaking the C-S bond [88].

4. Nickel CO Dehydrogenase and Acetyl CoA Synthase

Carbon dioxide fixation is an extremely important process in nature, with implications on present day
discussions on the greenhouse effect. The dominant enzymes under anaerobic conditions are Ni-CODH
and Acetyl CoA synthase, which both have an active site containing Ni. Structures of the enzymes were
first determined in 2002-2003 [14,89,90]. In the latest structure [13], obtained at a high resolution of 1.1 A,
an intermediate with bound CO, was found. The Ni-CODH and Acetyl CoA synthase enzymes are
contained in one complex, and are connected by a 140 A long channel in which CO is transported [91,92].
In Ni-CODH, CO can be reversibly transformed to CO,. The reduction potential used for oxidation of
CO is —0.3 V, while for reduction of CO; it has to be decreased to —0.6 V. Experimentally, the rate for
reduction is 10 s™! at pH 7, and at pH 8 the oxidation rate is as high as 3.9 x 10%.

The active site of Ni-CODH has an unusual NiFe3S, complex, termed the C-cluster, connected to
another iron termed Fe,. The experimental X-ray structure with a bound CO; [13], termed C,eq1, has
carbon bound to nickel and one of the oxygens bound to Fey, as shown in Figure 7. There are two
important hydrogen bonds to CO,, with one being from the positively charged Lys563, and the other
one from a His93-Asp219 couple, which is most probably protonated. The spin state is a doublet [93]
indicating an oxidation state of Ni(II)Fe3(IlI)Fe(II) for the NiFey cluster. Theoretical studies have
supported this assignment [94-96]. After adding two electrons, one C-O bond is cleaved and the state
termed Cpeqp is reached, which could be either Ni(I)Fe4(II) or Ni(0)Fes(III)Fe(Il). In the X-ray structure
of Ceqn, the CO, resulting from the C-O cleavage of CO,, has disappeared from the cluster leaving an
empty site on nickel [13].
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Asp219

Figure 7. The X-ray structure of the active site of Ni-CODH with bound CO, [13].

The first computational study of the mechanism of Ni-CODH was made by Amara et al. [96].
To explain the X-ray structures, they suggested an unusual mechanism, where in C,eqp a hydride
occupies the empty site on nickel. The hydride would then have a role as an electron reservoir in Creqs.
This would mean that nickel always stays in the Ni(Il) state. A bound hydride would not be seen
in the X-ray structure and might explain the observation of small amounts of H; in the experiments.
In the CO; reduction direction from Cieqp, CO, was suggested to insert into the Ni-hydride bond.
The protein matrix should prevent formate formation. Mossbauer parameter calculations, and an
orbital and a charge distribution analysis, were also performed to support their mechanism.

Quite recently, the energetics for the full catalytic cycle of Ni-CODH were computed for the first
time (Figure 8) [97]. Energy diagrams for both the reduction of CO,, using a redox potential of —0.6 V,
and oxidation of CO, using a redox potential of —0.3 V, were calculated. In line with experiments, the
oxidation is faster with a barrier difference of 4.8 kcal/mol, compared to experiments of 6.2 kcal/mol [92].
The rate-limiting step in both directions is the cleavage (formation) of the C-O bond of CO,. The strong
hydrogen bond from Lys563 and the proton transfer from the His93-Asp219 couple are very important.
To obtain accurate energetics, it was found that one of the sulfides in the NiFeS cluster should be
protonated. A water molecule in the active site was also found to be reasonably important.

An important difference between the computed and experimental structures found was that CO
was bound to nickel in the reduced structure, in contrast to the experimental structure. To explain
this result, it was suggested that the X-ray structure was over-reduced. The calculations for the
over-reduced structure showed that CO is initially exchanged with a hydride. The hydride and the
water molecule then form a hydrogen molecule, suggested to explain the presence of small amounts
of Hz.
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Figure 8. Mechanism of nickel CO dehydrogenase suggested on the basis of density functional
calculations. Adapted from [97], Copyright © 2019, American Chemical Society.

As mentioned above, acetyl CoA synthase (ACS) is located in the same complex as Ni-CODH,
at the other end of the long channel through which CO is transported. The active catalyst in ACS,
termed the A-cluster, is a nickel dimer connected by two sulfide bridges to an Fe,Sy cluster (Figure 9).
The nickel closest to the FeS cluster is termed Ni, and the other one Niy. Nip, is, apart from the sulfide
bridges to the FeS cluster, connected by two bridging cysteines to Niy. Niy, is furthermore ligated to
two backbone nitrogens of two connected cysteines. Nij, obtains a square planar coordination with a
Ni(II) oxidation state before the substrates enter. Ni, is five-coordinated and has been suggested to be
the active metal in the dimer. There are three substrates, CO, CH3, and coenzyme A (CoA). CHj is
donated to the cluster from a cobalamine. The order of the entering substrates is debated. There are
reasons to believe that the order might matter, since the protein has at least two different conformations,
of which only one—the open conformation—allows CO to be transported all the way to ACS. In the
closed conformation the transport of CO is blocked.

There has been one theoretical study of the mechanism of ACS [98]. A cluster QM approach
was used. A problem in the modeling is that no X-ray structures with bound substrates are available.
Possible intermediates in the catalytic cycle were studied, including their oxidation states. Ni(0) had
earlier been suggested as a possible state of Nip,, but the study shows that this is unlikely. The zero-valent
state is stabilized only if the FeS cluster is reduced to a state with S = 1/2 ([Fe4S4]'). As CO binds,
Nip (0) is still favored. If the FeS cluster is oxidized, Nip(I) is instead favored. It is suggested that CO
and CHj3 both bind to Nij, in a mononuclear mechanism on Nip. There are major remaining issues in
the mechanism, mostly because of the limited structural information. In particular, the transfer of the
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methyl from cobalamine to the nickel dimer would be very interesting to study in the future, but also
many questions remain regarding the final stages of CoA synthase.
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Figure 9. Mechanism of Acetyl CoA suggested on the basis of quantum mechanics (QM) cluster
calculations. Adapted from [98], Copyright © 2005, American Chemical Society.

A theoretical study of the Ni-dimer in ACS with emphasis on pKa values and redox potentials
has also been performed [99]. Based on these computed values, the initial part of a mechanism
for ACS was suggested. The low reduction potential computed indicates that the reduced form is
protonated. Before or during methylation of the A-cluster, the proton could be detached by a base. A
proton coupled electron transfer (PCET) mechanism should be operational in the methylation step.
Furthermore, a short early note on the ACS mechanism by another group has been published [100].
Their calculations suggest that Nij, is better described by the oxidation state Ni(I) than Ni(0).

5. Acireductone Dioxygenase

Acireductone dioxygenases (ARDs) are a family of metalloenzymes that are capable of using
different transition metal ions (Ni?* and Fe?*) to catalyze the dioxygenation of acireductone [101,102].
Fe?"-ARD and Ni?*-ARD share exactly the same protein sequence. However, Fe?*-ARD catalyzes the
formation of methylthioketobutyrate and formate [101], whereas Ni2*-ARD oxidizes acireductone into
three products, namely formate, 3-methylthiopropionic acid, along with carbon monoxide [102]. It has
been previously suggested that the substrate binding mode for Fe>*-ARD is a five-membered ring,
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while there is a six-membered ring for Ni2*-ARD (Scheme 1) [103], and this should be the main reason
for the formation of different products.
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Scheme 1. The previously suggested mechanisms for ARDs. Adapted from [103], Copyright © 2001,
American Chemical Society.

Sparta et al. performed discrete molecular dynamics simulations (QM/DMD) to investigate the
hypothesis of the different substrate binding modes in Fe?*-ARD and Ni2*-ARD [104]. The QM/DMD
simulations suggested that both Fe?*-ARD and Ni?*-ARD exhibit a six-membered ring coordination,
with the O1 and O3 atoms binding to the central metal ion (Scheme 2, React). A second-shell residue
Argl54 forms a hydrogen bond to the O2 atom of the substrate, which stabilizes this coordination
mode. One snapshot was then selected for DFT calculations in order to understand the mechanisms
of Fe?*-ARD and Ni?*-ARD. The energy barrier for the first dioxygen attack was not considered.
The starting complex is a dioxygen adduct, with a peroxy bridging C1 and C3 of the substrate (reaction,
Scheme 2). For Ni**-ARD), the reaction takes place in the triplet state. After a concerted cleavage of the
0O-0, C1-C2, and C2-C3 bonds, carbon monoxide and two carboxylates are generated (production,
Scheme 2). The energy barrier is only 3.7 kcal/mol.
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Scheme 2. Reaction mechanism for Ni-acireductone dioxygenase supported by the results of a DFT
study. Adapted from [104], Copyright © 2013 Elsevier Ltd.

Recently, based on the structure of human acireductone dioxygenase, Borowski et al. have
performed QM/MM calculations to revisit the reaction mechanisms of ARDs [105]. For the Ni2*-ARD,
the calculations suggested that the mechanism involves four major steps (Scheme 3). A proton is
first transferred from the substrate to His88 when the substrate enters into the active site, and His88
dissociates from the nickel ion. Dioxygen binds to the metal coupled with one electron transfer from
the substrate to the dioxygen moiety to generate a Ni2*-superoxide intermediate (complex 1), which
is quite similar to quercetin 2,3-dioxygenases [106,107]. The ground state of complex 1 is a quintet
state (high-spin nickel(I) ions, one electron on the dioxygen, one electron on the substrate), while
the following reaction is in the triplet state (two unpaired electrons on the nickel (II) ion). Hence, the
energy of the triplet complex 1 was taken as the reference. After the distal oxygen atom attacks the C2
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atom, a peroxo intermediate (complex 2) is formed. This step was found to be barrier-less. The next
step is the migration of the C2-bound oxygen atom to the C3 atom (complex 3), which is ready for the
following formation of the O-O bridge between C1 and C3 (complex 4). The final concerted cleavages
of the O-O, C1-C2, and C2-C3 bonds were found to be the rate-limiting steps (TS45) for the substrate
oxidation, with a barrier of only 6.8 kcal/mol. It is more likely that the substrate binding or product
release is the rate-limiting step for the whole reaction.

Hisgg'** Hisgg'"* His&aH‘ g™
o o He
N \‘ Hisgg-". e}
! Q ° =3 TN D>—n
HIS131/// } His133 1, N \ \/ HIS|33/// P o—= His 133/, le‘\o o His12 1, 2;‘0
. i > N
Hisoe”™ L C3 Hisg?™ | \o— 523 Hisge” \\0 Hisee” | YO I}Sg Hisee™ | P o
Glugs R (36 Uss R Glugs R ’ luse
1(0.0) 2(-0.3) 3(-1.0) 4 5(-92.4)
TS26
09
Hisgg"" Hisge'™
o —0 O H e
His. [ ' _-Hisgg
5133 N2' 0 ————Hisizzm, NZ‘ O%Hisma Moy
Hisge?™ | \ 867 N 7578 Nz
Ugs Q6 Hiss™ Lo a1y His” & \O
R ) Glugs R 2 Use 0
6(:5.1) 7(:3.7) 8(1]03 R
Hisgg™* / J
. o HE
o Hisgg Hisgg Hissa
His1zz, hi?;o o ?—o oH O
Hls% \ O— H|S|33//,,,.N‘zuo o %,Hism/, ’L e, o _ | Hisizzu, 2“0
. |
R Hisse” | O TSIOI 1 | Hiss?®™™ \ o Hisoe” o:(§
9 m 3) Glugg R (24. Ugs R
10(-02) 11(:02.1)

Scheme 3. Reaction mechanisms for Ni-ARD supported by the results of a quantum mechanics/molecular
mechanics (QM/MM) study. Adapted from [105], copyright © WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.

Alternative pathways have also been considered from complex 2. The C2-bound oxygen atom
may attack the C1 atom to form complex 6. After the formation of a dioxethane intermediate (complex
7) and the cleavage of the O-O and C1-C2 bonds (TS78), methylthioketobutyrate and formate are
generated (complex 8). However, the barrier of TS78 was found to be 11.2 kcal/mol, higher than that
of TS45. Other pathways that pass through a Baeyer-Villiger type rearrangement (2 — 6 — 10 — 11)
and the homolytic O-O cleavage (2 — 6 — 9) were also ruled out due to their higher energy barriers
compared with the most favorable mechanism.

6. Quercetin 2,4-Dioxygenase

Quercetin 2,4-dioxygenase from Streptomyces sp. strain FLA is a nickel-dependent enzyme
catalyzing the oxidative ring-cleavage of quercetin to produce CO and 2-protocatechuoylphloroglucinol
carboxylic acid using O, as the oxidant [16,108]. The mechanism for the dioxygen activation and
substrate oxidation was first investigated by Liu and co-workers [109]. From the 19 ns molecular
dynamics simulations, one snapshot was chosen for the following QM/MM calculations. The first-shell
ligand Glu76 set to be deprotonated as a proton is transferred from the neutral quercetin substrate. For
the reactant complex with the O, binding to the Ni ion in an end-on fashion, their calculations showed
that the quintet is the ground state, the triplet lies 2.3 kcal/mol higher in energy, while the singlet was
found to be much higher in energy. It is likely that the closed-shell singlet was obtained, while the
open-shell singlet was not considered. In the triplet state, one electron is transferred from the substrate
to the O, moiety, leading to the formation of a Ni?*-superoxide-substrate radical species. Importantly,
the reaction takes place in the triplet state involving four major steps (Scheme 4). First, the terminal
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oxygen of the superoxide attacks C2 of the substrate to form the first C-O bond, which has a barrier of
only 5.0 kcal/mol. This is followed by a conformational change by a rotation around the newly-formed
C2-O bond, and this step turned out to be rate-limiting, with a barrier of 19.9 kcal/mol. Subsequently,
the terminal oxygen of the peroxide attacks C4 of the substrate, resulting in a peroxide-bridging
intermediate. Finally, simultaneous cleavage of the O-O bond and two C—C bonds produces a CO
molecule and the 2-protocatechuoylphloroglucinol carboxylic acid. When the central nickel ion is
replaced by an iron ion, the reaction proceeds via a similar pathway in the quintet state. However, the
last step becomes rate-limiting, associated with a very high barrier of 29.9 kcal/mol.
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Scheme 4. Reaction mechanism for Ni-QueD suggested by Liu et al. Adapted from [109], with
permission from The Royal Society of Chemistry.

Liao and co-workers independently investigated the reaction mechanism of this enzyme almost
at the same time [107]. In their QM/MM calculations, the model started directly from the X-ray
conformation. Importantly, the first-shell ligand Glu74 was considered to be both neutral and
deprotonated. The aim of that study was to elucidate the mechanism and also to rationalize the
chemoselectivity, in which only 2,4-dioxygenolytic cleavage takes place, but not 2,3-dioxygenolytic
cleavage. They found a similar mechanism as Liu et al. [109] when Glu74 is protonated. However,
the last step was found to be rate-limiting with a barrier of 24.8 kcal/mol. Unexpectedly, the
2,3-dioxygenolytic pathway was found to be more favorable, with a barrier of 21.8 kcal/mol. Therefore,
the model with a protonated Glu74 residue could not reproduce the observed chemoselectivity. Instead,
a model with a deprotonated Glu74 was demonstrated to reproduce the chemoselectivity (Scheme 5).
In this case, the total barrier for the 2,4-dioxygenolytic pathway decreases to 17.4 kcal/mol, while it
increases to 30.6 kcal/mol for the 2,3-dioxygenolytic pathway. The calculated barrier of 17.4 kcal/mol is
in good agreement with the experimental kinetic data [108], which gave a barrier of about 15 kcal/mol.
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7. Urease

Urease is a nickel-containing enzyme that catalyzes the hydrolysis of urea to yield ammonia and
carbon dioxide in the last step of nitrogen mineralization [110]. The uncatalyzed reaction has been
suggested by Merz and Estiu [111] to proceed via an elimination pathway. For the enzyme catalyzed
reaction, there have been three different mechanistic proposals. First, Karplus et al. suggested a
mechanism in which a Nickel-coordinated terminal hydroxide performs the nucleophilic attack, while
an adjacent protonated His320 residue delivers a proton to the leaving amino group [110,112]. Second,
Benini et al. proposed a mechanism involving a nucleophilic attack of a bridging hydroxide on the
carbonyl carbon of urea, followed by the protonation of the leaving amino group by this hydroxide [113].
Third, Lippard et al. suggested an elimination mechanism, similarly to the uncatalyzed reaction [114].
However, this elimination pathway could not explain the experimental observation of carbamate as
the first product found by Zerner et al. [115]. A number of computational studies have, therefore, been
conducted to elucidate the reaction mechanism of this enzyme [116-123].

The two different hydrolytic mechanisms were investigated by Merz et al. using DFT calculations
(Schemes 6 and 7) [120]. For the bridging hydroxide attack mechanism, the calculations suggested
that the reaction starts from a Ni'l, complex with a bridging hydroxide (Scheme 6). In the reactant
complex S3, the urea substrate binds in a bi-dentate fashion, where the carbonyl oxygen coordinates to
Nil, while one of the amino groups coordinate to Ni2. Both Nil ions are in the triplet state, and the
complex is, thus, a quintet for the ferromagnetically-coupled state. The bridging hydroxide performs a
nucleophilic attack on the carbonyl carbon of the urea substrate via TS1A, leading to the formation of a
tetrahedral intermediate (I1A) with the oxyanion stabilized by one of the two nickel ions. This pathway
is consistent with the proposal by Ciurli et al., on the basis of docking studies [120]. Then, a proton
is delivered from the bridging hydroxide to the amino group of urea (TS2A), facilitated by Asp360.
This leads to the production of an ammonia molecule and a carbamate. The second step was found
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to be rate-limiting, with a barrier of 19.7 kcal/mol. Protonation of the leaving ammonia group by
a protonated His320 residue has also been taken into account, and this step is close to isothermic.
It should be noted that the role of this histidine residue has very recently been confirmed by modulating
its protonation state and conformation of the mobile flap [124]. After the release of the ammonia
molecule, a water molecule binds to Ni2, and this water molecule then performs a nucleophilic attack
on the carbon atom of the carbamate anion (TS4A), concertedly with a proton transfer from the water
molecule to the nearby Asp360 residue. Finally, the protonated Asp360 residue delivers a proton to the
bridging oxyanion (TS6A), coupled with the C-O bond cleavage. The di-nickel complex (I7A) with a
bridging hydroxide is regenerated. It should be pointed out that this kind of mechanism agrees very
well with the recent crystal structure of the complex between urea and fluoride-inhibited urease, in
which an unreactive fluoride replaces the bridging hydroxide [125].
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Scheme 6. The bridging hydroxide attack mechanism suggested by Merz et al. on the basis of DFT
calculations. Adapted from [120], Copyright © 2003, American Chemical Society. Energies are given in
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Nucleophilic attack by the nickel bound water molecule was also taken into consideration by Merz
et al. [120], and the starting complex was a monodentate urea-bound adduct with the carbonyl oxygen
coordinated to Nil (S1B, Scheme 7). The calculations suggested that this mechanism involves only two
steps (Scheme 7): the Ni2-bound water molecule performs a nucleophilic attack on the urea carbonyl
carbon, which is coupled with a proton transfer from the water molecule to the leaving ammonia,
assisted by the bridging hydroxide (TS1B). The next step is the C-N bond cleavage with the release of
an ammonia molecule. The second step is rate-limiting, with a barrier of 24.6 kcal/mol, which is higher
than the one of the bridging attack by a hydroxide.

They have also performed DFT calculations to analyze the elimination mechanism of urease
(Scheme 8) [122]. They started from the enzyme without the urea substrate, and the substrate binding
was calculated to be endothermic by 5.0 kcal/mol. Then, deprotonation of the amino group of urea by
the bridging hydroxide should take place (TS3uw) and a new bridging water molecule is generated
(I3uw). In the next step, a proton is transferred from the bridging water to the other amino group
of urea (TS4uw), with a barrier of 30.5 kcal/mol. Subsequently, a water molecule enters into the
active site and forms hydrogen bonds with the two Ni-bound water molecules, which facilitates the
release of NHy " and OCN™. This mechanism has a substantially higher barrier than those for the two
other mechanisms.
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Scheme 8. The elimination mechanism of urea considered by Merz et al. on the basis of DFT calculations.
Adapted from [122], Copyright © 2007, American Chemical Society.

8. Lactate Racemase

Lactate racemase (LarA) has been identified to be the enzyme that catalyzes the final step in the
racemization between p- and L-lactic acids [126], using a previously unknown Ni cofactor (Ni-PTTMN),
pyridinium-3-thioamide-5-thiocarboxylic acid mononucleotide Ni pincer complex [19,127] (Figure 10).
Ni-PTTMN is formed by the coordination between a Ni(II) ion and a prosthetic group derived from
nicotinic acid (Figure 10). The latter has a thioamide (modified from the nicotinic moiety) covalently
bound to Lys184 and a thiocarboxylate, and acts as a tridentate pincer ligand with the two sulfurs and
one pyridine carbon ligating to the nickel, where a Ni—C bond is formed. The His200 works as the
fourth nickel ligand. The Ni-PTTMN cofactor in LarA serves as a rare example of a pincer complex
found in enzymes and its Ni-C bond is the first case of a metal-carbon bond originating from nicotinic
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acid in biology [128]. Considering the common and widespread NAD*-type cofactors (nicotinamide
adenine dinucleotide and its phosphorylated form, NADP") derived from nicotinic acid, it is surprising
that such a complicated Ni-PTTMN cofactor has been biologically evolved with extra consumption of
resources. A question is whether it has evolutional advantages compared with NAD* [128].
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Figure 10. A modified proton-coupled hydride transfer mechanism for lactate racemase (LarA)
proposed by Chen et al. Adapted from [129], copyright © WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. Tyr294 and Lys298 play crucial roles in orienting substrates and stabilizing the negative
charge developing at the substrate hydroxyl oxygen in the transition states, thus lowering reaction
barriers significantly.

A proton-coupled hydride transfer (PCHT) mechanism using a Ni(II) ion (Figure 10) has been
verified by two DFT cluster modeling investigations by Chung et al. [130] and Chen et al. [129].
In this mechanism, a hydride is transferred to the Ni-PTTMN pyridine carbon from the substrate
a-carbon, coupled with a proton transfer from the substrate hydroxyl to a histidine, followed by a
transfer back to the x-carbon of the resultant pyruvate from the opposite side. This is achieved via
a rotation of the pyruvate acetyl moiety. Chung et al. used an active-site model of 139 atoms to
give a barrier of ~18 kcal/mol for the hydride transfer at the B3LYP-D3 level [130]. Based on small
models (mainly involving cofactors and a proton-acceptor imidazole) and low-polarity solvation effects
with a dielectric constant (¢) of 4, the further comparison of Ni-PTTMN with NAD*-like cofactors
showed that the Ni-PTTMN cofactor has a higher racemization barrier than NAD" [130], which
makes it interesting to explore the LarA activity in the full active-site environment. In the subsequent
DEFT calculations by Chen et al. using a 200-atom model with Tyr294 and full side chains of the
residues included, a lower rate-limiting barrier of 12 kcal/mol for the hydride transfer was predicted.
The catalytic acceleration effect is achieved via the stabilization of the transition states by Tyr294 and
Lys298 [129]. Further calculations were performed with various modified Ni-PTTMN cofactors in the
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LarA active site. They showed that the barrier of 12 kcal/mol for the native LarA with a Ni-PTTMN
cofactor is much lower than those (at least by 19 kcal/mol) for the LarA enzymes with NAD™-like
cofactors [129], indicating an enhanced racemization activity of Ni-PTTMN. To further analyze the
acceleration effects of Ni-PTTMN, the hydride affinities of the Ni-PTTMN and NAD*-like cofactors
were calculated [129]. It was revealed that compared with NAD*-like cofactors, Ni-PTTMN has a
hydride affinity less sensitive to the environmental polarity, thus keeping a stronger hydride-addition
reactivity in moderately and highly polar surroundings (¢ > 8), while a weaker one in a low-polarity
environment (e < 8) [129]. This not only explains why a higher barrier for Ni-PTTMN was obtained in
the calculations by Chung et al. [130], but also indicates the evolutionary advantage of Ni-PTTMN
using an architecture with a Ni pincer, which fits perfectly in the moderately polar active site of LarA,
in which a dielectric constant of around 14-18 was estimated by a barrier analysis [130]. Inspired by
the Ni-PTTMN-dependent LarA reaction, a series of Ni-PTTMN-like metal pincer complexes (metal
= Ni and Pd) were proposed by Yang et al. using DFT calculations to be potential catalysts for
lactate racemization with a barrier as low as ~26 kcal/mol, adopting the same PCHT mechanism as
LarA [131], which is a step closer to utilizing the novel Ni-PTTMN cofactor and its related chemistry in
man-made catalysis.

Another mechanism starting from a Ni(III) state was proposed in a QM/MM study by Shaik
et al. [132]. It includes the electron transfer from the lactate carboxylate to Ni(Ill), the C—C bond
dissociation leading to a CO, radical anion and an acetaldehyde, the rotation of acetaldehyde, and
then a C—C rebound step and the electron transfer back to the carboxylate. In this mechanism, the
Ni-PTTMN cofactor works as a reversible electrode to accept and donate back an electron and does not
result in covalent bonding to the lactate moiety. However, it is not clear if a Ni(II) Ni-PTTMN cofactor
can be oxidized to the Ni(III) state in the LarA active site [133].

9. Superoxide Dismutase

Superoxide dismutases (SOD) catalyze the disproportionation of the toxic superoxide radicals
into the less toxic hydrogen peroxide and molecular oxygen,

20,7 + 2H' - 0O, + H,O, (2)

They have an important protective role, particularly in aerobic metabolism and photosynthesis.
There are at least three different types of SOD’s, and in one of them there is an active nickel complex.

The metal complex in Ni-SOD has a mononuclear nickel, coordinated to two cysteines and two
backbone nitrogens in a square planar configuration (Figure 11). This is very similar to the coordination
of Ni, in acetyl CoA synthase (see above). However, there is one additional, axial, histidine ligand,
which stabilizes a Ni(III) oxidation state. The disproportionation reaction occurs in two consecutive
half-reactions, each one with one superoxide radical substrate. In the oxidative phase, the first
superoxide radical binds and is transformed to dioxygen,

Ni(Ill)-L + O,~+ + H* — Ni(Il)-LH + O, 3)

In the reductive phase, the second superoxide substrate binds and is transformed to
hydrogen peroxide,
Ni(Il)-LH + O, - + H* — Ni(Ill)-L + H,O, (4)

Shortly after the first high-resolution X-ray structure appeared in 2004 [17], there were two
independent quantum chemical studies of the mechanism [134,135]. Essentially two different
mechanisms had been suggested based on experiments. The most popular one was based on
the findings on the structure formed by X-ray reduction [17,136]. It was found that upon reduction,
the axial histidine lost its coordination to nickel. Therefore, it was suggested that the His became
protonated as the proton mediator in the mechanism. The alternative is that one of the cysteines
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becomes protonated instead. The calculations used essentially minimal cluster models, including only
the directly coordinating ligands and the backbone connecting the two cysteines.

The mechanism obtained in the first study [134] is shown in Figure 11. It was suggested that the
superoxide substrate enters as an O,H- radical and binds in the empty axial site, where the cost for
the protonation was included in the energetics. Anti-ferromagnetic coupling between nickel and the
radical was found to be best. After substrate binding, the proton moves over to Cys2 and O, leaves.
Nickel has now been reduced to Ni(Il). The second substrate radical then enters and binds at the same
axial position. The proton on Cys2 is now well suited to move over to the O,H™ ligand to form H,O,,
and the disproportionation is completed. The protonation of His1 was found to be much less favorable.
The barrier for the first half-reaction was found to be 9.7 kcal/mol and for the second one 11.5 kcal/mol,
in good agreement with expectations based on experiments.
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In the second study, a different mechanism was found for the first half-reaction, which was the
only one studied [135]. A few second shell residues were included in the model apart from the directly
binding ones. It was suggested that Cys6 started out protonated and donated its proton to the first
superoxide. HyO, can then be formed by a donation of a proton from the medium via His1 and Tyr9.
A proton donating role of Hisl was, therefore, suggested in line with earlier experimental suggestions,
based on the X-ray reduced structure [17,136]. Transition states were not determined due to the large
size of the model.

Two additional studies can be mentioned. Several years later in 2011, a study was made [137]
that reached similar conclusions as the earlier ones. An energy diagram was calculated showing a
rate-limiting step with a barrier for one of them of around 19 kcal/mol. In another study on a mimic
of SOD, multireference effects were studied with the use of the complete active space self-consistent
field method (CASSCF) [138]. It was found that the near-degeneracy effects were small, which was
considered surprising at the time. Multi-reference effects were expected, since a radical became bound
to a transition metal.

10. Conclusions

In this review, we have presented the progress of theoretical studies on the reaction mechanisms
of nickel-dependent enzymes. Both quantum chemical cluster and QM/MM approaches have been
successfully used to answer mechanistic questions in these enzymes. Detailed information can be
obtained on the structures, energies, electron densities, and spin densities of all relevant intermediates
and transition states.

Nickel is redox active and the common oxidation states are Ni!, Ni!, and Ni™ in Ni enzymes. Due to
its flexible coordination geometry, its redox potential can be tuned by different ligand coordinations
with a span from +0.89 V to —0.60 V. Therefore, it can be used for challenging redox reactions, such as
for superoxide dismutase, selective reduction of CO,, and methane formation. In addition, the nickel
ion can also function as a Lewis acid to stabilize anionic intermediates and transition states during
the reactions.
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Abstract: The glyoxalase system consists of two enzymes, glyoxalase I (Glo1) and glyoxalase II (Glo2),
and converts a hemithioacetal substrate formed between a cytotoxic alpha-ketoaldehyde, such as
methylglyoxal (MG), and an intracellular thiol, such as glutathione, to a non-toxic alpha-hydroxy acid,
such as p-lactate, and the regenerated thiol. Two classes of Glo1 have been identified. The first is a
Zn”*-activated class and is exemplified by the Homo sapiens Glo1. The second class is a Ni2*-activated
enzyme and is exemplified by the Escherichia coli Glo1. Glutathione is the intracellular thiol employed
by Glol from both these sources. However, many organisms employ other intracellular thiols.
These include trypanothione, bacillithiol, and mycothiol. The trypanothione-dependent Glo1 from
Leishmania major has been shown to be Ni**-activated. Genetic studies on Bacillus subtilis and
Corynebacterium glutamicum focused on MG resistance have indicated the likely existence of Glo1
enzymes employing bacillithiol or mycothiol respectively, although no protein characterizations
have been reported. The current investigation provides a preliminary characterization of an isolated
mycothiol-dependent Glo1 from Streptomyces coelicolor. The enzyme has been determined to display
a Ni?*-activation profile and indicates that Ni**-activated Glo1 are indeed widespread in nature
regardless of the intracellular thiol employed by an organism.

Keywords: glyoxalase; nickel; streptomyces; mycothiol; metalloenzyme

1. Introduction

Intracellularly generated cytotoxic alpha-ketoaldehydes, such as methylglyoxal (MG; Figure 1),
are highly reactive electrophiles that can inhibit protein synthesis, form adducts with protein, DNA and
RNA, and promote Advanced Glycation End-products (AGEs) [1-8]. Detoxification of these molecules
is a critical cellular process. The enzymes Glyoxalase I (Glo1) and Glyoxalase II (Glo2) work in tandem
and convert the hemithioacetal, formed between the cytotoxic a-ketoaldehyde and an intracellular
thiol, such as glutathione (GSH), into a non-toxic alpha-hydroxy acid, such as p-lactate (in the case of
MG), and the regenerated thiol (Figure 1) [9-13]. Reduction of cellular toxicity is also dependent upon
S-lactoylglutathione levels as this product of the Glo1 reaction can also control bacterial potassium
efflux pumps and cytosolic acidification [14]. The metalloenzyme Glo1 catalyzes the isomerization
reaction resulting in the production of the thioester product. Hydrolysis of the thioester is catalyzed by
the second metalloenzyme, Glo2. An additional type of glyoxalase enzyme, Glo3, utilizes an active site
cysteine to convert MG to p-lactate directly [15-18].

Glol is a metalloenzyme that can be divided into two different metal-activation classes [19].
The Zn?*-activated class is exemplified by the enzyme from Homo sapiens (homodimeric), and the
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Ni?*-activated Glol class is exemplified by the enzyme from Escherichia coli (homodimeric) [20-25].
In the case of the E. coli enzyme, the Ni?*-active form (Protein Database (PDB): 1F9Z) is situated in an
octahedral ligand arrangement (residues from chain A: His5 and Glu56; residues from chain B: His74
and Glu122) with two water molecules as non-proteinaceous ligands, but the inactive Zn?*-bound
complex (PDB: 1FA5) has a trigonal bipyramidal ligand arrangement and has only one water molecule
as a non-proteinaceous ligand (Figure 2) [26,27]. A similar octahedral ligand arrangement (residues
from chain A: GIn34 and Glul00; residues from chain B: His127 and Glul73) is observed for the
catalytically active Zn?*-bound form of the H. sapiens Glo1 (PDBN: 1QIN) [28,29]. Thus, only octahedral
metal environments appear to be active for this enzyme, regardless of the metal-activation class the
Glo1 belongs to, and this arrangement appears critical to the enzyme’s catalytic mechanism [30-32].

0 Rg 0 0 e
CH;  , RsH - HO _ Gl )17/
H -~ CH; RS 2,
[¢] b -~ HO 'H
Methylglyoxal
(MG) Hemithioacetal S-D-Lactoylglutathione
Glo2 | HO
HS
(o} o H (e}
— N _
07 Y N \)Lo e CH
= H 3
+ —_
NHs © o ", + RSH
RSH = y-glutamyl-L-cysteinylglycine HO
(glutathione)
D-Lactate

Figure 1. The overall reaction of the enzymes glyoxalase I (Glol) and glyoxalase II (Glo2).
The intracellular thiol utilized in many, but not all, organisms is the tripeptide glutathione.

Figure 2. The ribbon structure of (A) the active Ni>*-bound Escherichia coli Glo1 (PDB ID: 1F9Z) forming
an octahedral geometry with four metal-binding residues (His®, Glu®, His”* and Glulzz) and two
nearby water molecules around the metal center and (B) the inactive Zn%*-bound E. coli Glo1 (PDB ID:
1FA5) forming a trigonal bipyramidal metal coordination with the same four metal-binding residues
but with only one water molecule [27]. The metal-binding residues are shown in sticks, and active site
water molecules are shown in green. The divalent metals in the catalytic pocket are represented as
red spheres. The 3D structures were generated by using the UCSF Chimera program (University of
California, San Francisco, CA, USA) [33].
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Structural studies have been reported on several Glo1, and these reports have provided additional
insight into nature’s control of active site geometry. As mentioned, the H. sapiens and E. coli enzymes
are homodimeric, and each of their two active sites is formed by residues contributed by each of
the two subunits. The molecular structure of the Clostridium acetobutylicum Glo1 (Ni?*-activation
class) is also homodimeric, but each of the two active sites is formed by protein residues solely from
a single subunit [34]. Furthermore, larger single chain Glo1 are also known [35-41], and the recent
report on the X-ray structure of the maize enzyme shows two metal-binding sites formed by the
single protein chain with one site being catalytically active [42]. For the homodimeric Glo1, as well as
the maize enzyme, detailed studies employing metal activation, NMR and X-ray experiments have
provided unambiguous evidence that only a single active site is required for maximal activity [42-44].
In addition, deletional mutagenesis experiments have recently provided insight into the underlying
structural factors involved in metal selectivity among the Glo1 enzymes [45].

To further add to the complex but fascinating biochemistry of Glol, it has become clear that
Glol enzymes have evolved to employ whatever major intracellular thiol [46-50] is available to
them within a particular organism (Figure 3). In addition to glutathione (GSH), which is present
in eukaryotes and most Gram-negative bacteria, protozoans, such as Leishmania and Trypanosoma
employ N',N8-bis (L-y-glutamyl-L-hemicystinyl-glycyl) spermidine, trypanothione, for their cellular
biochemistry, which includes their Glol enzymes [51-53]. The Leishmania major Glol has been
determined to be a Ni?*-activated class enzyme and lacks catalytic activity with Zn2* [51,54].
The Glo1 from Trypanosoma cruzi has also been determined to be Ni**-activated enzymes [55]. The
intracellular thiol, (25)-2-[[2-(L-cysteinylamino)-2-deoxy-o-p-glucopyranosyl]oxy]succinic acid, known
as bacillithiol (Figure 3), is present in bacilli, such as Bacillus subtilis and B. anthracis, and has also been
identified in Staphylococcus aureus, as well as Deinococcus radiodurans [49,56-59]. Genetic studies on
Bacillus subtilis have indicated the likely existence of a Glo1 enzyme employing bacillithiol, although no
reports on the isolation and characterization of a bacillithiol-dependent Glo1 have been reported [60].
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des-myo-inositol Mycothiol

Figure 3. Several important intracellular thiols found in nature (trypanothione, bacillithiol, mycothiol).
Des-myo-inositol mycothiol (tMSH) is an analog of mycothiol also employed in the current study.

Actinomycetes and mycobacteria biosynthesize the thiol, 1-p-myo-inositol-2-(N-acetyl-L-cysteinyl)
amido-2-deoxy-«-p-glucopyranoside, mycothiol (Figure 3) [61-64]. Although substantial information
is now available on the biochemical pathways employing mycothiol, and the functions of mycothiol and
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its metabolic pathways appear to parallel those of glutathione, to date no reports have appeared on the
characterization of a mycothiol-dependent Glol. However, mycothiol-null mutants in Corynebacterium
glutamicum have been reported to endow this organism with MG sensitivity, indicating the possible
existence of a mycothiol-dependent Glo1 [63].

In order to extend our knowledge of the Glo1 metalloenzymes, an investigation was undertaken
to identify and provide a preliminary characterization of a mycothiol-dependent Glo1 (Figure 4),
if it indeed existed. The current investigation reports on the identification of such an enzyme in
Streptomyces coelicolor and provides a preliminary characterization of the isolated Glo1. The Glo1 from
Streptomyces coelicolor has been determined to exhibit a homodimeric quaternary structure and to be a
member of the Ni?*-activation class of glyoxalase I enzymes.

OH OH

o o H 0 H
CHa Mycothiol-dependent
Glynxa ase |
H OH OH
° "l NH OH
= H OH
Mycothiol

\\

CH,
Figure 4. The overall reaction of a mycothiol-dependent glyoxalase I enzyme.

2. Results and Discussion

2.1. Sequence Analysis

As mycothiol is the key intracellular thiol in Streptomyces, sequence searching of a number of
sequence databases, including the Streptomyces Annotation Server (http://streptrdb.streptomyces.
org.uk), for a possible Glo1l enzyme employing various known Glo1 sequences was undertaken for
the organism Streptomyces coelicolor A3(2) [65,66]. The search revealed two genes of interest with
annotations of a putative dioxygenase/glyoxalase/ bleomycin resistance family gene product (SCO1970;
EMBLCAC42744; NCBI reference sequence: NP_626233.1), which was termed putative dioxygenase
(PDO), and a putative lyase (SC0O2237; EMBLCAC37263; NCBI reference sequence: NP_626487.1),
which was termed putative lyase (PLA). Multiple sequence alignments of PDO and PLA with other
Glol1 from various sources, including Gram-negative bacteria (E. coli [24], Yersinia pestis [19], Neisseria
meningitides [19,67], Pseudomonas aeruginosa GloA2 [68], P. aeruginosa GloA3 [68], and P. putida [22]),
protozoa (Leishmania major [51]), human (H. sapiens [23]), and the previously identified gene [60]
correlated with possible bacillithiol-dependent Glo1 activity in Bacillus subtilis are shown in Figure 5.
In this group, the known metal-specificities of the Glo1 are as follows: Zn?*-dependent (P. putida,
H. sapiens, P. aeruginosa GloA3) and Ni**-dependent (E. coli, Y. pestis, N. meningitidis, P. aeruginosa
GloA2, L. major). The metal specificity of the B. subtilis enzyme is unknown as the protein has not
been isolated nor characterized. PDO possesses four potential metal-binding residues (His!®, Asp®,
His®, Glu'%?) corresponding to metal-binding residue positions in other Glo1 enzymes (astericks in
Figure 5). The corresponding residues in PLA (Val’, Asp®?, Tyr”>, GIn'?”) do not map as well, and
the alignment suggests that PDO would be the more likely candidate to demonstrate Glo1 activity,
although both gene products were investigated. Based on the alignment, PDO has a 21.7% identity
and 20.2% identity to the N. meningitidis Glol and the B. subtilis gene product associated with the
bacillithiol-dependent Glo1 activity, respectively (Figure S1). Based on previous sequence alignments
and deletional mutagenesis experiments, it has been suggested that shorter Glo1 sequences tend to be
NiZ*-activated class enzymes [19]. In the case of PDO, if indeed a Glol, a NiZ*-activated class enzyme
was hypothesized.
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Figure 5. The multiple sequence alignment of the putative dioxygenase (PDO, CAC42744) and
the putative lyase (PLA, CAC37263) from Streptomyces coelicolor A3(2) with glyoxalase I from
other organisms (organism name followed by National Center for Biotechnology Information (NCBI)
accession number), including E. coli (NP_310387), Y. pestis (ZP_01887743.1), N. meningitides (CAA74673),
P. aeruginosa GloA2 (ATE47122.1), L. major (AAT98624.1), P. aeruginosa GloA3 (AAG08496.1), H. sapiens
(AAB49495), P. putida (AAN69360), B. subtilis bacillithiol-dependent MG resistance proposed Glo1
(P39586.1). The metal-binding residues are highlighted with asterisks. Three different Glo1 have
been identified in P. aeruginosa PAO1: GloA1l (Ni**-activated), GloA2 (Ni**-activated and GloA3
(Zn**-activated) [68]. The alignment was created using CLC Main Workbench (version 8.1.2) with the
accurate alignment algorithm (http://www.qiagenbioinformatics.com).

2.2. Overproduction, Isolation and Characterization of PDO and PLA

The putative dioxygenase gene (pdo) and putative lyase gene (pla) from chromosomal DNA from
S. coelicolor A3(2) (NC_003888) were cloned into pET-28b(+) expression vectors utilizing Ndel and BamHI
restriction endonuclease enzymes and polymerase chain reaction (PCR) to generate the purified proteins
with an N-terminal His-tag followed by a thrombin protease cleavage site. The protein purification of
PDO and PLA made use of the N-terminal His-tag, which was eventually removed by thrombin protease,
resulting in three extra amino acids at the N-terminus (Gly-Ser-His) fused to the N-terminal Met
residues. These modifications changed the predicted molecular weights of PDO and PLA to 16569.5 Da
and 16749.9 Da, respectively, which were confirmed by electrospray ionization mass spectrometry
(ESI-MS) analysis (Figures S2 and S3). No post-translational modification of either purified protein
was observed. Analysis of a gel permeation chromatographic separation suggested a homodimeric
quaternary structure for both PDO (1.5 mg mL™') and PLA (0.6 mg mL™') in 50 mM Tris (pH 8.0)
and 150 mM KCI with a molecular weight of approximately 27.51 + 2.46 kDa and 33.15 + 2.89 kDa,
respectively (Figure S4). The thermal stabilities of PDO and PLA as isolated were performed using
differential scanning calorimetry (DSC) analysis, which suggested the estimated T, of PDO (3 mg mL™")
and PLA (1.2 mg mL~!) in 50 mM MOPS (pH 7.0) and 10% v/o glycerol to be 57.8 and 58.5 °C, respectively
(Figure S5). Their secondary structures were investigated by circular dichroism (CD) analysis which
showed that both PDO (5.6 mg mL™1) and PLA (3.6 mg mL1) in buffer containing 50 mM potassium
phosphate buffer (KPB; pH 7.0) and 200 mM KCl possessed a negative maximum at 222 nm and a small
shoulder at 208 nm, suggesting the presence of predominantly (3-sheet structures (Figure S6), which are
consistent with the previous reports on the X-ray crystallographic structures of other Glo1. The K2D3
secondary structural prediction program (http://cbdm-01.zdv.uni-mainz.de/~{}andrade/k2d3/) also
estimated the secondary structural contents of PDO to be 1-2% «-helix, 37-41% [3-sheet and 58-62%
random coil and of PLA to be 2-6% «-helix, 34-40% (-sheet and 57-62% random coil. Other external
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factors, including pH (5-9), types of buffer (HEPES, KPB, Tris, MOPS and MOPSO), ionic strength
(0-500 mM NaCl) and additive (0-30% v/v glycerol) did not significantly influence the secondary
structures of either protein (data not shown).

2.3. Enzyme Assay for Thiol Cofactors

Optimization of the Glo1 enzyme assays employed the simpler and more readily available [69]
truncated form of mycothiol (tMSH; des-myo-inositol mycothiol) (Figure 3) [70]. This analog has
been employed in the study of mycothiol-utilizing enzymes [71]. Mycothiol was also employed at
various stages in this study, especially with respect to final enzyme kinetic studies [70]. Experiments to
study the details of the non-enzymatic formation of the hemithioacetal upon MG and tMSH reaction
in solution were undertaken initially and included enzyme kinetic assays and 'H NMR time course
studies, benchmarked to previously studied MG and glutathione adduct formation studies (Figures
S7-510 and Tables S1 and S2) [24,72-79]. Analysis of the results of these experiments indicated that
a 30 min equilibration time would be appropriate for the MG-tMSH hemithioacetal equilibrium to
be attained, a time somewhat longer than that for the equilibrium to be reached for the MG-GSH
hemithioacetal equilibrium to be reached (15 min).

The dissociation constant (K4) of the hemithioacetal (MG-tSH) was also determined, due to its
significance in the calculation of the exact concentration of the substrate used in the Glo1 kinetic
assays. After allowing the hemithioacetal to reach its equilibrium (15 min for MG-GSH and 30 min for
MG-tMSH), the dissociation constant could be measured using different concentrations of MG with a
fixed concentration of thiols, an approach previously employed in the literature for MG-GSH [24,72-77].
The dissociation profile of MG-GSH suggested its K4 of approximately 3.19 + 0.29 mM (Figure S10A),
which was in excellent agreement to the literature value (Kq of 3.1 mM). The K of the hemithioacetal
forming non-enzymatically between MG and tMSH was determined similarly and estimated to be
3.33 + 0.41 mM (Figure S10B).

The increase in UV absorbance at 240 nm observed during the reaction of Glo1 is due to the
formation of the product, S-p-lactolyglutathione, from the Glo1 reaction using MG-GSH as a substrate.
The investigation on the optimum detection wavelength for the reaction using MG-tMSH substrate
was performed similarly, and the results suggested that the detection at 240 nm could also be employed
to detect the thioester product from the MG-tMSH substrate (Figure S11). Furthermore, the expected
product, S-p-lactoyl-des-myo-inositol mycothiol, produced from the Glo1 catalyzed reaction using
NiZ*-reconstituted PDO (25 ug in 600 pL assay) with MG-tMSH (5 mM, K4 of 3.3 mM and equilibrium
time of 30 min), was isolated using reverse phase C18 HPLC (Figure 512) and was identified by ESI-MS
analysis (Figure S13), consistent with PDO serving as a mycothiol-dependent Glo1. It should be noted
however that although the mass of the product is consistent with the chemical structure of the expected
product, the exact determination of the stereochemistry of the lactate as p-lactate has not been shown,
although it is highly likely given the commonality of the stereochemistry found in the product from
various Glol enzymes.

Based on the information obtained on hemithioacetal formation as stated above, the substrate
specificity of the Glol reaction was investigated in relation to metal-incorporation and the presence of
PDO, PLA or commercial yeast Glo1 (1.5-3.0 ug for PDO and PLA and 0.05 pg for yeast Glo1 in 200 pL.
assay). The detection of the substrates, including MG, GSH, tMSH, hemithioacetal of MG-GSH and
hemithioacetal of MG-tMSH did not show any significant increase in signal at 240 nm without the
corresponding enzyme. Neither was product formation detected for any of these substrates in the
presence of added metal ions (without the addition of the enzyme), suggesting that substrates with and
without additional metal ions do not interfere with the detection of the enzyme reaction, if any—nor
do they contribute any significant non-enzyme background activity. No Glo1 activity was observed for
reactions containing only MG, only GSH, only tMSH, or only MG-GSH with Ni?*-reconstituted PDO.
Neither were any reactions observed to occur in the reactions of apo-PDO and denatured PDO (boiled
for 10 min) with hemiacetal MG-tMSH. However, trace activity was obtained in the reaction of isolated
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PDO (purified PDO without any additional metals) with MG-tMSH, while high activity was observed
in the reaction of Ni?*-reconstituted PDO with the same substrate. These observations suggested that
the incorporated metal into PDO is significant for the Glo1 reaction to occur and that the “as isolated”
PDO is not entirely in its apo-form, and this was confirmed by inductively coupled mass spectrometry
(ICP-MS) analysis for the presence of metal ions in the PDO protein (Table S3). The isolated PDO
enzyme might accept some metals from the organism’s growth environment during the expression
and purification processes undertaken in the laboratory. Additionally, the reaction catalyzed by
the PDO enzyme is specific to the hemithioacetal substrate, MG-tMSH, while the substrate of the
GSH-dependent Glo1 reaction, MG-GSH (5 mM), did not act as a substrate for PDO (data not shown).
PLA, on the other hand, did not exhibit any glutathione or tMSH-dependent Glo1 activity under the
above conditions. The enzymatic reaction catalyzed by yeast Glo1 is specific to its substrate, MG-GSH,
in which it was observed to exhibit no activity in the presence of the MG-tMSH hemithioacetal.

2.4. Metal Characterization and Kinetic Studies

The metal analysis determined by ICP-MS (ALS Laboratory Group, Waterloo, ON, Canada),
undertaken utilizing protocols [24,25,34,45,68] previously employed, suggested that the purified “as
isolated” (no exogenously added metal ions) PDO (0.088 mg/mL) binds to copper, cobalt, nickel
and zinc ions (Tables S3 and S4). The metal per enzyme ratios of nickel-and zinc-bound PDO were
approximately 0.16-0.17, while those of cobalt and copper-bound enzyme were approx. 0.02. Thus,
the ratios of Ni?* and Zn?* contents were approximately ten times higher than those of Co?* and
Cu?*, which might suggest that PDO has a higher metal-binding affinity for Ni** and Zn?* than Co?*
and Cu?* ions, or could reflect the availability of these metal ions in E. coli during protein production
and isolation steps. The concentrations of these incorporated metals in the isolated protein were low
and appeared almost completely in a de-metallated form. The ICP-MS analysis on this form of the
PDO indicated that the enzyme contained no iron, a common metal found in dioxygenase enzymes,
but it did contain ions, such as zinc and nickel bound to the isolate protein. Both 7Zn?* and Ni?*, as
previously mentioned, are metals that are usually associated with Glo1 enzymes. These results suggest
that PDO may bind either of these metals in intact S. coelicolor, although, of course, these metals could
have been picked up by the protein in steps associated with the protein isolation.

Analysis of the metal activation profile for PDO suggested that the enzyme was activated in
the presence of Ni?*, Cu?*, and to a much lower extent by Cd?* and Ca?* (activity of PDO: Ni** >
Cu?* > Cd?* > Ca?*) (Figure 6A). The enzyme with incorporated Ni?* exhibited the highest activity
of conversion of the MG-tMSH hemithioacetal into its thioester, while that of Cu?*-reconstitution
gave approximately 60% compared to that of the Ni**-reconstituted enzyme. The activities with Cd>*
and Ca2*-were low, while other metal ions (Zn%*, Mg2+, Co?*, Mn?*) were not activating. Metal
titration studies of PDO with Ni?* and Cu?* indicated that 1 mole of metal per mole dimeric enzyme
could optimize enzymatic activity (Figure 6B), suggesting a tight binding of the metal, as well as one
functional active site (possibly two active sites per dimeric enzyme as PDO exhibits homodimeric
quaternary structure as previously mentioned). These data are consistent with previous reports on
other Glol (such as E. coli Glo1, P. aeruginosa GloA1, GloA2, and many others), which also find that
the metal per dimeric enzyme ratio is approximately one [19,24,44,68]. The pH dependency of PDO
activity was also determined (Figure 6C).
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Figure 6. (A) PDO metal activation profile after metal ion (5 equivalents) preincubation of the apo-form
of the enzyme with metal chloride (conditions: PDO (3.1 ug in 200 pL) incubated with metal chlorides
overnight at 4 °C); (B) % Relative specific enzyme activity of PDO versus metal ion titration with (®)
Ni%* and (®) Cu?*; (C) pH dependency of PDO (3.125 g in 200 uL assay; 5 equivalents NiCly) with
the substrate MG-tMSH (0.5 mM, Ky = 3.3 mM) that was incubated for 30 min in potassium phosphate
buffer at various pH (5.8-8) at 25 °C.

The kinetics of Ni?*-reconstituted PDO with MG-tMSH yielded a calculated Vpax of
5.8 + 1.0 pmol/min/mg, Ky, of 1.25 + 0.13 mM and kcat of 3.2 s~ (Table 1). The Ky, is somewhat higher
compared to other Ky, values for the MG-GSH substrate processed by other Glo1 [24,34,68,80,81],
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which is probably due to the structure of the MG-tMSH hemithioacetal lacking the inositol moiety.
This hypothesis was confirmed by the kinetics of Ni?*-reconstituted PDO with the hemithioacetal of
MG-MSH which yielded a calculated Viyax of 11.5 £ 1.8 umol/min/mg, Ky, of 0.61 + 0.06 mM and Keat
of 6.4 571 (Table 1).

Table 1. Kinetic data for the enzyme reaction catalyzed by Ni?*-reconstituted PDO.

Thiol Cofactors Vmax (pmol/min/mg) Km (kM) Keat (571) Keat/Km (M~1s71)
MSH 11.5+1.8 612 £ 56 6.4 10403
tMSH 58+1.0 1247 + 127 3.2 2545

Conditions: PDO (1.5-3.0 pg in 200 uL assay) using two different hemithioacetal substrates (0.08-1 mM, Kyq = 3.3
mM, 30 min equilibrium time) that formed non-enzymatically between methylglyoxal and thiol cofactors, including
isolated mycothiol (MSH) and synthesized truncated mycothiol (tMSH), in 50 mM KPB (pH 6.6) at 25 °C. The protein
was prepared in its apo-form and incubated with five equivalents of NiCl, overnight at 4 °C prior to performing
the assay.

Metal analysis performed on the “as isolated” PLA exhibited similar results, where copper, nickel
and zinc were detected bound to various copies of the protein (Tables S3 and S5). The metal per dimeric
enzyme ratios of nickel-and zinc-bound PLA were approx. 0.11-0.16, while the ratio of copper bound
enzyme was 0.08. The concentrations of these metals were low, which indicated that PLA is isolated in
predominantly apo-form. Glo1 activity of PLA, on the other hand, was undetectable under the studied
conditions. The enzyme exhibited no activity with MG-tMSH nor MG-GSH (data not shown). Neither
activity was observed in the presence of different divalent metals (ZnCl,, NiCl,, CoCl,, CuCly, MnCl,,
MgCly, CaCl, and CdCly), suggesting that PLA does not function as a Glo1.

Glol is a member of the B« superfamily of proteins, consisting of fosfomycin resistance
protein (FosA), methylmalonyl-CoA epimerase (MMCE), extradiol dioxygenase (DIOX), mitomycin
C resistance protein (MRP) and bleomycin resistance protein (BRP) [23,34,40,82-88]. Among these
proteins, Glol and MMCE share high structural similarity, thiol cofactor (GSH), presence of divalent
metal and tetradentated metal-binding protein ligands [34,85]. Due to these similarities, an investigation
of possible MMCE activity in PDO and PLA with selected incorporated metals (Ni2+, Co?*, Cu?*, and
Zn?*) was performed, similar to those previously reported for studies on the C. acetobutylicum Glo1 [34].
Ni?*, Co?* and Zn?* are activating metal ions for particular Glo1 enzymes, while Co?* is normally
found in MMCE enzymes. Cu?* was also chosen for our studies, due to its observed activation of
PDO in the Glol reaction with Mg-tMSH. However, neither enzyme exhibited any MMCE activity
understudied conditions (data not shown), and no divalent metal could activate these enzymes to
accomplish the MMCE activity. Thus, PDO only functions as a Glo1 and not as an MMCE, while PLA
is neither a Glo1 nor an MMCE. Previous investigations on the MMCE activity in GSH-dependent Glo1
from Clostridium acetobutylicum suggest that the enzyme is highly specific to its natural substrate
(MG-GSH) even though its structure is more likely to resemble that of MMCE than other Glo1 [34].
These results suggest that Glo1 does not possess cross function with MMCE regardless of its different
types of thiol cofactors that might be used across nature.

PDO is activated with Ni?* and Cu?* atoms. The unusual metal activation by Cu?* in PDO
may be anomalous and not related to any physiological role of this metal in the organism. However,
it is interesting to speculate that it may be an important metal for this enzyme in the organism,
since cytosolic copper has been found to be a major modulator of Streptonyces coelicolor germination,
development and secondary metabolism [89]. Itis also interesting to note that mycothiol has been found
to be important in copper resistance in C. glutamicum [63], and perhaps there may be an advantage to
mycothiol-dependent Glo1 to be able to utilize Cu?* as an activating metal. However, this requires
further research to confirm or dispute.

It had been found earlier that the isolated mammalian Glol exhibited high activity in the presence
of Mg?* and was thought to be a magnesium activated enzyme [21,90-92]. However, the naturally
bound metal was later discovered to be zinc, which incorporated in the ratio of 1 mole metal per mole
enzyme subunit [20]. The magnesium atoms were believed to be recovered from protein preparation
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processes and had no correlation with enzymatic activity. The analysis by electron paramagnetic
resonance (EPR) of Co?*-bound human Glo1, however, suggested octahedral metal coordination with
four metal-binding protein residues and two water molecules for this ion, as well as other activating
metals, such as magnesium [29]. Yeast Glo1 was also found to be partially activated by the presence of
Mg?* and Ca?* [20,36,93]. It was possible that these metals could reactivate the enzyme, but play a
major role in protein stability. As well, X-ray crystallographic structure of E. coli Glo1 with bound Cd?*
(PDBID: 1FA7) suggested that the enzyme could be activated with this metal and its metal coordination
forms an octahedral geometry [27]. However, the activity was low compared to the enzyme with Ni?*
and Co?*, which might be related to the size of the metal that fits into the active site of the enzyme.
Thus, the low activity observed in PDO with Ca?* and Cd?* might be explained in a similar fashion.

It is hoped that this preliminary characterization of a mycothiol-dependent Glo1 will provide
important information for future studies on Glol enzymes from other microorganisms employing
mycothiol, as well as bacillithiol, a closely related intracellular thiol.

3. Materials and Methods

3.1. DNA Cloning and Manipulation

All DNA manipulations and purifications were performed according to the protocols by
Sambrook and Russell [94]. Putative dioxygenase gene (pdo) and putative lyase gene (pla) from
S. coelicolor chromosome (NC_003888) were cloned into the pET-28b(+) expression vector utilizing
Ndel and BamHI restriction endonuclease enzymes and the polymerase chain reaction (PCR) to
generate the protein with the N-terminal His-tag followed by thrombin protease cleavage site.
The forward and reverse primers (Sigma Genosys, Oakville, Ontario, Canada) were designed as
follows: (+) 5'-CCGAAGCTTCATATGAGCCTGGGAGCC-3" and (-) 5-GGCGAATTCGGATCC
TACTCGTAGTG CCGG-3’ for pdo cloning, and (+) 5'-CCGAAGCTTCATATGGACTTCACGCTCG-3’
and (-) 5-GGCGAATTCGGATCCTAGGCCTTGTGCCGG-3’ for pla cloning. The plasmid was heat
shock transformed into the competent E. coli DH5« cells. Its DNA sequence was verified (Molecular
Biology Core Facility, University of Waterloo, Waterloo, ON, USA) followed by heat shock transforming
into E. coli BL21 (DE3) cells for protein expression purposes. Sequence alignments and percent identities
were computed using CLC Main Workbench (version 8.1.2) (http://www.qgiagenbioinformatics.com).

3.2. Protein Induction, Expression, and Purification

Bacterial cultures (1 L) containing kanamycin (30 ug/mL LB) were grown and shaken in an air
incubator (220 rpm) at 37 °C until an ODg of 0.6 was reached. Proteins were then induced with 0.5 mM
IPTG for 4 h. Cell pellets were harvested by centrifugation at 6000x g for 10 min and flash frozen
in liquid nitrogen before storing at —80 °C. The purifications of both PDO and PLA were performed
as previously reported for the C. acetobutylicum Glo1 [34] using HisTrap HP Ni?*-affinity (1 mL) and
HiTrap Benzamidine FF affinity (1 mL) columns (GE Healthcare, Piscataway, NJ, USA). The protein
concentration was determined by the Bradford Assay using bovine serum albumin (BSA) as a standard.
Apo-enzyme preparation and metal analysis by ICP-MS were performed as described previously for
other Glol and other enzymes [25,95-97]. The existence and the molecular weights of the denatured
proteins were confirmed by the analysis of SDS-PAGE and ESI-MS data using a Micromass Q-TOF
Global Ultima mass spectrometer (Mass Spectrometry Facility, University of Waterloo, Waterloo, ON,
USA) using handling approaches as previously reported [68,78]. The molecular weight of the native
protein was determined by gel permeation chromatography (Superose6 10/300 GL column) utilizing
50 mM Tris buffer (pH 8.0) and 150 mM KCI with a flow rate of 0.5 mL/min. A standard curve was
prepared using Bio-Rad protein standards (Bio-Rad Laboratories, Hercules, CA, USA) containing
y-globulin (158 kDa), BSA (66 kDa), ovalbumin (44 kDa), carbonic anhydrase (29 kDa), myoglobulin
(17 kDa) and vitamin By; (1.35 kDa).
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3.3. Protein Secondary Structure and Stability Experiments

CD experiments were performed on a Jasco J-715 spectropolarimeter from Jasco Inc. (Easton,
MD, USA) and a Jasco J-700 Standard Analysis Program. The CD experiments with variation in
protein concentration, pH, ionic strength and various additives were performed as previously reported.
Prediction of protein secondary structure from CD spectra employed the K2D3 program as previously
mentioned [98]. The transition midpoint (Ty,) determined by DSC analysis was performed on a
MicroCal VP-DSC microcalorimeter with cell volumes of 0.5 mL and self-contained pressurizing
system of 0-30 p.s.i. for scanning solutions above boiling points to prevent any degassing during
heating. The protein was run against 50 mM MOPS (pH 7.0) and 10% v/v glycerol over a temperature
range of 10-80 °C with a scanning rate of 1 °C min~!. The Origin, scientific plotting software package,
supplied by MicroCal was used for baseline subtraction and Tr, calculation by the integration of the
heat capacity (Cp) versus temperature (t) curve.

3.4. Preparation of Hemithioacetal Substrate

tMSH was synthesized according to the protocol developed by Unson et al. [70]. Purified
MSH was a kind gift from Dr. Gerald Newton (UCSD, San Diego, CA, USA) [70]. Two factors
involved in the hemithioacetal substrate formation, including equilibrium time and dissociation
constant (K4) of MG-GSH, were previously reported, but none for MG-tMSH and MG-MSH. We
assumed that the hemithioacetal formations of MG-tMSH and MG-MSH were in a similar fashion,
thus only equilibrium time and K4 of MG-tMSH were determined as detailed in the Supplementary
Materials using the protocols reported for MG-GSH. 'H NMR experiments were performed on
a Bruker (300 MHz) spectrometer (Bruker Ltd., Milton, ON, Canada). Predicted chemical shifts
and integrations for substrates and hemithioacetals were estimated using ChemBioDraw Ultra 12.0
(http://www.cambridgesoft.com) software (version 12.0, PerkinElmer, Austin, TX, USA).

3.5. Enzyme Assays

An enzymatic assay was performed in 50 mM KPB (pH 6.6 or stated otherwise) using the
hemithioacetal, a non-enzymatic product of MG and thiol cofactors (GSH, tMSH and MSH), as
substrates utilizing previous Glo1 assay protocols [24,78]. The enzyme activity was measured as an
increase in absorption at 240 nm (&40 = 2860 M~ em™) for the formation of S-p-lactoylglutathione
using a 96-well UV-visible plate on a plate reader. Since the product of the mycothiol dependent
Glol reaction is unknown, its maximum absorbance and identification were investigated to confirm
the existence of the reaction product thioester (Supplementary Materials). Enzyme kinetics were
evaluated using the initial rate that was fitted by the Michaelis-Menten equation with least squares fit
parameters using GraphPad Prism software version 5.00 (GraphPad Software, Inc., La Jolla, CA, USA).
Typical conditions for Glo1 activity studies on PDO were: PDO (1.5-3.0 pg in 200 uL assay) using two
different hemithioacetal substrates (0.08-1 mM, K4 = 3.3 mM, 30 min equilibrium time) that formed
non-enzymatically between methylglyoxal and thiol cofactors, including isolated MSH and tMSH,
in 50 mM KPB (pH 6.6) at 25 °C. The protein was prepared in its apo-form and incubated with five
equivalents of NiCl, overnight at 4 °C prior to performing the assay.

Additionally, the investigation on the function of MMCE, a closely structural related protein to
Glol in the same a3 superfamily, was performed using metal-substituted PDO and PLA (1 pg in
500 pL assay) in 20 mM Tris (pH 7.0) and 150 mM NaCl with the presence of 5 equivalents of Ni%*,
Co?*, Cu?* and Zn?* as previously described for another Glo1 enzyme study [34].

4. Conclusions

Identification and isolation of a glyoxalase I (Glo1) enzyme from Streptomyces coelicolor A3(2) was
accomplished in this study. A preliminary investigation of several properties of the protein, termed
PDO (thermal stability, pH dependency on activity, secondary structure) was undertaken. PDO was
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found to be catalytically active as a glyoxalase I enzyme in the presence of Ni**, and converted the
hemithioacetals formed from methylglyoxal and des-myo-inositol mycothiol (tMSH) to the identified
thioester product. No enzymatic activity was observed using glutathione, suggesting PDO is specific
to tMSH and after further experimentation, mycothiol itself. From the metal activation profile, PDO
functions as a mycothiol-dependent Glo1 of the Ni?*-activated class of glyoxalase I enzymes. This is
the first protein characterization of an MSH-dependent Glo1.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-6740/7/8/99/s1,
Figure S1: Percent identities calculated for various Glol1, Figure S2: SDS-PAGE and ESI mass spectrum of purified
PDO, Figure S3: SDS-PAGE and ESI mass spectrum of purified PLA, Figure S4: Gel permeation chromatographic
profile for PDO and PLA, Figure S5: DSC plots for PDO and PLA, Figure S6: CD plots for PDO and PLA, Figure
S7: Enzymatic assay using various incubation times, Figure S8: 'H NMR for various time incubations of MG
and GSH, Table S1: Chemical Shifts and Integrations of 1H NMR signals (experimental and calculated) for GSH
and MG-GSH, Figure S9: 'H NMR for various time incubations of MG and tMSH, Table S2: Chemical Shifts and
Integrations of 1H NMR signals (experimental and calculated) for tMSH and MG-tMSH, Figure S10: Plots for the
determination of Kd for MG-GSH and MG-tMSH hemithioacetals, Figure S11: UV detection of MG-tMSH thioester
product, Figure S12: HPLC chromatogram of products of MG-tMSH Glo1 activity by PDO, Figure S13: ESI mass
spectrum of isolated thioester product, Table S3-S5: ICP-MS element analyses of “as isolated” PDO and PLA.
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Abstract: A disulfide-bridged peptide containing two Ni?* binding sites based on the nickel
superoxide dismutase protein, {Niy(SOD™9)} has been prepared. At physiological pH (7.4), it was
found that the metal sites are mononuclear with a square planar NOS, coordination environment with
the two sulfur-based ligands derived from cysteinate residues, the nitrogen ligand derived from the
amide backbone, and a water ligand. Furthermore, S K-edge X-ray absorption spectroscopy indicated
that the two cysteinate sulfur atoms ligated to nickel are each protonated. Elevation of the pH to 9.6
results in the deprotonation of the cysteinate sulfur atoms, and yields a binuclear, cysteinate bridged
Nip?* center with each nickel contained in a distorted square planar geometry. At both pH = 7.4 and
9.6, the nickel sites are moderately air sensitive, yielding intractable oxidation products. However, at
pH = 9.6, {Niy(SOD™)} reacts with O, at an ~3.5-fold faster rate than at pH = 7.4. Electronic structure
calculations indicate that the reduced reactivity at pH = 7.4 is a result of a reduction in S(3p) character
and deactivation of the nucleophilic frontier molecular orbitals upon cysteinate sulfur protonation.

Keywords: biological nickel sites; nickel-thiolates; dinuclear nickel metallopeptides; thiolate
oxidative damage

1. Introduction

Nickel is an essential biological co-factor found at the active-sites of a number of microbial
metalloenzymes and proteins (Chart 1) [1-5]. Broadly divided into redox active and non-active nickel
metalloproteins, it has been recognized that the majority of known redox active nickel containing
metalloenzymes contain cysteinate sulfur ligation to nickel. Cysteinate ligation appears necessary to
poise nickel-based one-electron redox couples so as to be accessible under physiological conditions.
It has also been demonstrated that several redox inactive nickel transport and regulatory proteins also
possess cysteinate ligands to Ni?* [6-11].

An interesting feature of the nickel-thiolate moiety is its ability to support ligand protonation
without subsequent protonolysis [12-14]. This is most often observed in (near) square planar Ni**
centers where the nucleophilic HOMO possesses significant S(3p) character, which effectively act
as S-based lone-pairs. To date, two nickel containing metalloenzymes, nickel iron hydrogenase
[NiFe]Hjase and nickel containing superoxide dismutase (NiSOD), have been demonstrated to possess
at least one cysteinate ligand that becomes protonated, forming a Ni-S(H*)-Cys moiety under
physiological conditions [15,16]. Concerning the role of the Ni-S(H*)-Cys moiety in biochemical
reactions, it has been proposed that these moieties can behave as proton donors/acceptors and
sources of formal hydrogen atoms [17-22]. However, their exact role(s) in biological reactions is
currently unknown.

NiSOD is a nickel containing homohexameric metalloenzyme that disproportionates O,~ into
H,0; and O; by cycling between reduced Ni%* and oxidized Ni** oxidation states [23-25]. Each
monomer contains a mononuclear nickel site that is coordinated by two cis-cysteinate sulfur atoms

Inorganics 2019, 7, 90; doi:10.3390/inorganics7070090 144 www.mdpi.com/journal/inorganics
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from Cys2 and Cys6, an amidate nitrogen atom from Cys2, and the N-terminal amine nitrogen atom
from His1 (Chart 1). Upon oxidation to Ni'l', the square planar nickel site ligates the N¢ imidazole
from His1 forming a square pyramidal coordination geometry. Taking advantage of the fact that all
of the ligating residues to nickel are found within the first six residues from the protein N-terminus,
we, and others, have prepared functional NiSOD metallopeptide based mimics utilizing the first 6-12
residues from the NiSOD N-terminal primary protein sequence. These metallopeptide based mimics
reproduce the key structural and spectroscopic properties of the metalloenzyme [17,26-33].
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Chart 1. Representative structures of the active sites of cysteinate-ligated nickel

containing metalloproteins.

As stated above, NiSOD itself has been shown to possess at least one Ni-S(H*)-Cys moiety in its
reduced form [15]. Although not without controversy [33], we have provided strong evidence based
on sulfur K-edge X-ray absorption studies that like NiSOD itself, NiSOD metallopeptide based mimics
possess a Ni-S(H*)-Cys moiety at physiological pH as well [18,22]. Studies have also suggested
that the pK, of the Ni-S(H*)-Cys proton within these active-sites is ~8.5, and can become reversibly
deprotonated at high pH (>9.0) [22].

In addition to mimicking the NiSOD active site, derivatives of the NiSOD inspired metallopeptides
are capable of not only mimicking NiSOD, but also mimicking the active-site of cobalt containing NHase,
and coordinating Cu?* [34,35]. This inspired us to further derivatize a NiSOD metallopeptide mimic,
sop™! (sop™! = (SODmClS =HCDLP-CGVYDA-PA), in order to generate different metal-site structures.
The intent of such studies is not necessarily to generate NiSOD biomimetic metallopeptides, but instead
to probe different metal coordination environments within a biologically derived scaffold. Herein,
we present work on a nickel metallopeptide, {Ni,(SOD™ds)} (SODMIs = (TACDLP-CGVYDA-PA),,
where T? is a 2-mercaptoacetate group). It will be demonstrated that at pH = 7.4 this metallopeptide
possesses two mononuclear Ni** sites that support the formation of the Ni-S(H*)-Cys moiety.
Furthermore, we will show that the metallopeptide forms a dinuclear cysteinate bridged Ni,?* center
upon elevation of the pH to 9.6. Lastly, it will be demonstrated that Ni-S-Cys protonation protects the
metallopeptide from oxidative damage by O,. The protection of the metallopeptide against oxidative
damage will be rationalized in terms of an alteration of the electronic structure of the nickel-site upon
protonation rendering the thiolate sulfurs relatively inert towards oxidation.

2. Materials and Methods

2.1. General Considerations

All manipulations were performed under an Np/H; (97:3) atmosphere in a COY anaerobic
chamber. Fmoc/O'Bu protected amino acids and resins were obtained from Advanced Chemtech
(Louisville, KY, USA). All other reagents obtained from commercial suppliers were of the highest
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purity available, and used as received. Analytical and semi-preparative reverse-phase HPLC were
performed using Waters X-Bridge C-18 analytical (4.6 X 150 mm; 5 um) and semi-preparative (30 x 150
mm; 5 pm) columns on a Waters Deltaprep 600 equipped with a photodiode array detector (detection
wavelength set to 254 nm) (Waters Technology Corporation, Milford, MA, USA). Mass spectrometry
was performed on either a Bruker Microflex MALDI-TOF mass spectrometer,(Bruker, Billerica, MA,
USA) a ThermoFinnegan LCQ Deca XP ESI-MS,(Thermo Instrument Systems, Waltham, MA, USA)
or a Waters Micromass 20 ESI-MS operating in positive ion mode (Waters Technology Corporation,
Milford, MA, USA). NMR spectra were obtained on a 400 MHz Varian VNMRS NMR spectrometer
(Agilent, Santa Clara, CA, USA). All chemical shifts () are referenced to the residual protio solvent
peak. Electronic absorption spectra were obtained on either a JASCO J-1500, CARY 50 or CARY 5000
UV-vis-NIR spectrometer (Agilent, Santa Clara, CA, USA). Circular dichroism spectra were obtained on
a JASCO J-1500 spectropolarimeter (JASCO Inc, Easton, MD, USA). The simultaneous deconvolutions
of the CD and electronic absorption spectra were performed using an in-house-written procedure for
Igor Pro version 6 and 8 (Wavemetrics, Lake Oswego, OR, USA). Infrared spectra were collected using
a Thermo Nicolet 6700 FTIR spectrometer with a diamond crystal ATR (Thermo Instrument Systems,
Waltham, MA, USA). X-band EPR spectra were obtained on a Bruker EMXPlus EPR spectrometer
equipped with a closed-cycle He cryostat (Bruker, Billerica, MA, USA).

2.2. Preparation of S-triphenylmethyl-thioglycolic Acid

S-triphenylmethyl-thioglycolic acid (TA-trityl) was prepared by a modification of the procedure
on Martinage et al. [36]. Briefly, 1.5 g (5.77 mmol) of triphenylmethanol was added to a 25 mL TFA
solution of thioglycolic acid (400 pL, 5.77 mmol) and stirred for 5 h under argon at room temperature.
The TFA was removed under vacuum, and the resulting orange solid was washed three times with
toluene followed by three times with hexanes resulting in a white solid, which was analytically pure
(146 g, 81% yield). 'H NMR (CDCl3, 400 MHz): 6 7.30 (m, 15H), 3.04 (s, 2H).

2.3. Preparation of {Niy(SOD™)}

The peptide SOD™s (TACDLP-CGVYD-PA) was prepared on an AAPTec Focus XC-2RV peptide
synthesizer or by manual solid-phase peptide synthesis using HBTU/HOBt coupling strategies on
a 0.12 mmole scale with alanine loaded Wang resin using a five-fold excess of activated protected
amino acid. Following the coupling trityl protected Cys1 and removal of the Fmoc group, TA—trityl
was coupled to the N-terminus using standard HBTU/HOBt coupling strategies. Global peptide
deprotection and peptide cleavage from the resin was performed under N, using a cleavage cocktail
comprised of 84.5:5:5:5:2.5 (TFA:phenol:water:thioanisole:EDT) over the course of 12 h. Following
removal of the cleavage solution by vacuum on a Schlenk line, the resulting glassy product was washed
four times with cold freshly distilled diethyl ether. HPLC and MALDI-TOF studies of the crude peptide
mixture demonstrated the complete formation of the disulfide bridged dimer. The resulting crude
peptide was subsequently purified by preparative HPLC (9:1 water:acetonitrile—4:6 water:acetonitrile
over the course of 30 min; rt = 14.6 min) resulting in the pure disulfide bridged dimer (m1S3), (14%
yield). MALDI-TOF MS: [SOD™da/Na]* exp: 2473.3 m/z; calcd: 2473.9 m/z.

Solutions of SOD™I in 50 mM NEM buffer (pH 7.4 or 9.5) were prepared and 2.0 equiv of
NiCl, (added from a pH 7.0 50 mM stock solution) per peptide were then added to solutions of
the (m1S3);. The number of free thiol groups per peptide was verified using an Ellman’s assay
compared to the peptide concentration as determined by the combined absorbance of the Y residue
and disulfide moiety (combined & = 1,525 M~! cm~! at 278 nm) [37]. ESI-MS data were obtained by
injecting an air-free solutions of the pH 7.4 or 8.6 metallopeptide into the mass spectrometer using
an air-tight syringe (ESI-MS: pH 9.6 [{Niz(SODmds)}/Na]+ exp: 2589.1; calcd. 2589.8; ESI-MS: pH 7.4
[{Niz(SODmG'S)}/Na/HZO]Jr exp: 2607.6; caled. 2607.8).
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2.4. Determination of Ni-S(H*)-Cys pK,

Solutions of {Ni,(SOD™d)} were formed in 50 mM NEM buffer at a pH of 6.5. To these, aliquots
of NaOH or HCl (0.5 M) were then added to the solution and the pH measured using an Orion®
micro-pH electrode (ThermoFisher Scientific, Waltham, MA, USA) and the electronic absorption
measured following each addition. The resulting pH titration curve was constructed by monitoring
the change in absorbance at A = 320 nm, where the largest difference in absorbance between the two
species is observed.

2.5. Kinetics of the Air Oxidation of{NiZH(mI S3),}

Air was bubbled for five minutes through the circular dichroism (CD) spectrum of anaerobically
prepared solutions of 1.0 mM {Ni,(SOD™%)} at pH 7.4 or 9.5 (50 mM NEM buffer). A CD spectrum of
these solutions was subsequently taken every 10 min for 12 h with the sample continuously exposed
to air. The oxidation kinetics was modeled using pseudo-first-order reaction kinetics using KinTek
Explorer v 5.2. Second order rate constants are reported per nickel site—one at pH = 9.6 and two at
pH = 7.4. From the deconvoluted spectra, kinetic traces are reported in the decay of the {Niy(SOD™s)}
starting materials.

2.6. Nickel K-Edge X-ray Absorption Spectroscopy

Nickel K-edge X-ray absorption spectroscopic data were collected on the HXMA beamline
(wiggler insertion device operating at 1.5 T) at the Canadian Light Source (Saskatoon, SA, Canada).
Solutions of {Niz(SODmds)} (1.0 mM in 1:1 50 mM NEM buffer:glycerol at a pH of 7.4 or 9.5) were
injected between Kapton tape windows in aluminum sample holders and quickly frozen in liquid
nitrogen. Data were collected at 20 K with sample temperatures maintained using an Oxford liquid
He flow cryostat. Light was monochromatized using a Si(220) double crystal monochromator, which
was detuned 50% for harmonic rejection, and focused using a Rh mirror. Spectra were obtained in
fluorescence mode using a 32-element solid-state Ge detector on both lines with a 3-micron cobalt filter
placed between the sample and detector, and spectra were calibrated against the first inflection point
of Ni—foil (8333 eV), which was simultaneously recorded with the metallopeptide data. Data were
collected in 10 eV steps from 8133-8313 eV (1 s integration time per point), 0.3 eV steps from 8313-8363
eV (3 s integration time per point), 2 eV steps from 8363-8633 eV (5 s integration time per point), and 5
eV steps from 8633 eV-16 k (5 s integration time per point). Total fluorescence counts were maintained
under 30 kHz, and a deadtime correction yielded no appreciable change to the data. The reported
spectra represent the averaged spectra from five individual data sets. Prior to data averaging, each
spectrum and detector channel was individually inspected for data quality. Data were subsequently
processed and analyzed as previously reported using in-house written procedures for Igor Pro and
FEFF 9.4 (University of Washington, Seattle, WA, USA) [18].

2.7. Sulfur K-Edge X-ray Absorption Spectroscopy

Solutions of {Ni,(SOD™d%)} were prepared at a pH of either 7.4 or 9.6 (~1 mM in 50 mM NEM
buffer) and injected into Lucite sample holders with polypropylene windows. Data were obtained
at room temperature (~20 °C) on beamline X-19a at the NSLS (Upton, NY, USA) in a He purged
sample chamber using a passivated implanted planar silicon (PIPS) detector. The photon energies were
calibrated against the first inflection point of Sg recorded before and after each sample; it was found
that there was no detectable monochromator drift throughout the data collection. Data were obtained
in 5 eV steps in the pre-edge region, 0.1 eV steps in the edge region, 1 eV steps in the near edge region,
and 5 eV steps in the far edge region. The reported data represents the average of five individual scans.
Following data averaging and a baseline was applied to each spectrum by fitting the pre-edge region to
a polynomial function. This baseline was then subtracted from the whole spectrum. The region above
the edge jump was then fit to a two-knot cubic spline, and the data normalized to the edge height.
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2.8. Electronic Structure Calculation

Electronic structure calculations were performed using ORCA v 4.1.0 (Max-Planck-Institut fiir
Kohlenforschung, Miilheim a. d. Ruhr, Germany) [38]. Unless otherwise stated, all calculations
employed Ahlrichs” def2-tzvp basis set [39] on all atoms and the atom pairwise dispersion correction
with Becke-Johnson damping to account for dispersive interactions [40,41]. ORCA VeryTightSCF
convergence criteria were used for the SCF cycles, with program defaults used for all other convergence
criteria and settings. Geometry optimizations were performed at the BP86 level, and used the RI
approximation and def2-tzvp/c auxiliary basis set [42]. Single point calculations were performed at the
PBEO level and used the RIJCOSX approximation and def2-tzvp/j auxiliary basis set [43].

Nickel and sulfur K-edge X-ray absorption spectra were simulated using TD-DFT calculations
(PBEO/def2-tzvp(-f) and the ZORA relativistic approximation) examining the first 25 transitions
originating from each sulfur atom or the nickel atom. A Gaussian function to each transition
(FWHM = 0.75 eV for S K-edge calculations and 1.2 eV for Ni K-edge calculations) followed by
summing the individual transitions was used to produce the calculated spectra. A +36.7 eV (sulfur
K-edge) or +171.3 eV (nickel K-edge) energy correction was applied to each transition. Atomic orbital
population analyses were performed using a Lowdin population analysis. Isosurface plots were
generated using Chimera v 1.13.1 [44].

3. Results

3.1. Generation of {Ni,"[(SOD"%)}

The apo-peptide SOD™I® (SOD™Is = (T2ACDLP-CGVYDA-PA),) was prepared by standard solid
phase peptide synthesis using Fmoc/'Bu protection strategies. Cleavage of the peptide from the resin
and subsequent global deprotection of the side-chain residues was effected by so-called reagent K.
Reagent K is a peptide cleavage mixture that is used for peptides containing readily oxidizable residues
such as Cys and Tyr, and contains a number of scavengers that dramatically reduce oxidative side
reactions [45]. Despite the use of reagent K, we found that the apo-peptide formed a disulfide bond
upon cleavage from the resin; even workup under anaerobic conditions using rigorously purified
diethyl ether yielded a crude peptide lacking monomeric disulfide free peptide as evidenced by mass
spectrometry (MS) and an Ellman’s assay (Figure 1). Figure 1 depicts an HPLC chromatogram of the
crude product. LCMS examination of all components of the reaction mixture demonstrated that no
monomeric peptide containing the N-terminal 2-mercaptoacetate group was produced.
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Figure 1. Left: Analytical HPLC chromatogram of the crude mixture resulting from the synthesis of
SOD™ds with a detector cutoff of 0 intensity units. Identifiable products are highlighted. A mobile
phase of a mixture of 0.1% TFA in water and 0.1% TFA in acetonitrile and a linear gradient of 9:1
water:acetonitrile—4:6 water:acetonitrile over the course of 30 min. Right: MALDI-TOF of the purified
peptide SOD™ds (* indicates [SOD™5]* with the YDPA residues cleaved from the C-terminus of one of
the monomers).
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An Ellman’s assay [38] demonstrated that SOD™ possessed four free thiol groups per dimeric
apo-peptide. This is similar to what has been reported for all NiSOD metallopeptides generated to date.
For these NiSOD inspired peptides lacking the N-terminal thiolate group, cleavage of the apo-peptide
from the resin and subsequent aerobic work-up and purification yield purified monomeric peptides
free of disulfide bonds between the two cysteinate sulfur atoms corresponding to Cys2 and Cys6 in the
wild-type NiSOD sequence [26,27,30,34]. Considering the only major modification between SOD™d*
and similar NiSOD inspired peptides generated to date is the presence of the 2-mercaptoacetate group,
we suggest that the disulfide moiety within SOD™ results from the oxidative S-S bond formation
between two N-terminal thiol groups from two different peptides. Furthermore, all identifiable
monomeric peptides by LCMS resulting from incomplete/mis-coupling events lacked the N-terminal
2-mercaptoacetate group, lending further support of the N-terminal disulfide bond in SOD™, This
supposition will be shown to be further validated by computational modeling of the resulting nickel
site (vide infra).

The addition of two equivalents of NiCl, to a pH 7.4 solution (50 mM N-ethylmorpholine, NEM)
of SOD™Is, forming {Nip(SOD™d5)}, yields a pinkish-tan solution. Raising the pH to 9.6 (50 mM NEM)
causes a color change from the pinkish tan color to a more intensely colored reddish-brown solution.
Although subtle changes in the far visible region of the electronic absorption spectra are noted at
elevated solution pH, a much larger change is noted in the CD spectrum upon changing the solution
pH from 7.4 to 9.6 (Figure 2). Monitoring the change in the electronic absorption spectrum vs. the
change in pH shows a significant increase in the absorbance at 320 nm with two inflection points
in the pH profile at a pH of 8.4 and 9.1. The change in the spectra in response to a change in pH is
fully reversible. This suggests that there are two protonatable sites within {Niy(SOD™95)}. We note
that the Y9 phenolic group will become deprotonated at the higher pH value; however, the change in
absorbance at 320 nm upon deprotonation of phenol will be minimal and not dramatically influence
the intensity of the electronic absorption spectrum at 320 nm. Thus, we do not attribute the second
deprotonation/protonation event to Y9 deprotonation.
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Figure 2. Left: electronic absorption spectra (bottom) and CD spectra (top) of {Ni,1(SOD™ds)} at pH7.4
and 9.6. The solid black spectra represent the experimental data, the red dashed curves represent
the individual transitions deconvolved from the spectra and the dashed black spectra represent the
convolution of the individual transitions. Right: pH profile showing the change in absorbance at
320 nm vs. change in pH upon going from pH 7.4 to 9.6 (red circles) and pH 9.6 to 7.4 (blue squares).
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3.2. Nickel K-Edge X-ray Absorption Spectroscopy

The nickel K-edge X-ray absorption spectra of {Ni,[(SOD™5)} at pH 7.4 and 9.6 are depicted in
Figure 3. The XANES at both pH 7.4 and 9.6 are consistent with Ni'l contained in a nomial square
planar coordination environment; both display a weak Ni(1s — 3d) transition and a more intense low
energy Ni(ls — 4p,) transition [46]. However, the XANES spectra display notable differences at the
two different solution pH values. At a pH of 7.4, the XANES region contains a poorly resolved, weak
nominal Ni(1s — 3d) transition at 8333.4(3) eV and a higher energy more intense Ni(1s — 4p,) transition
at 8337.3(2) eV that is well separated from the edge. Raising the pH to 9.6 changes the overall shape
of the edge indicating a change in coordination geometry about nickel. In addition, the Ni(1s — 3d)
transition becomes more intense and red-shifts to 8331.0(2) eV while the Ni(1s — 4p,) transition becomes
less intense, blue-shifts to 8338.2(4) eV, and is now poorly resolved from the edge. These observed
changes indicate that a more rigorous square-planar coordination environment about nickel is generated
at pH 7.4, which undergoes a distortion towards nominal D,; symmetry at pH 9.6 (vide infra).
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Figure 3. Left: XANES region of the Ni K-edge X-ray absorption spectrum for {Ni,'(SOD™45)} at pH 7.4
(red) and 9.6 (blue). The inset depicts a blow-up of the Ni(1s — 3d) and Ni(1s — 4p,) transitions. Right:
Magnitude Fourier Transformed k3(x) and unfiltered k3(x) for {Ni,(SOD™ds)} at pH 9.6 (A and B)
and 7.4 (C and D). Refinements pH 7.4: (a) Ni-S: 1 = 2; r = 2.1804(14) A; 02 = 0.0026(2) A2, (b) Ni-N:
n=2;r=1907(16) A; 0 = 0.0013(6) AZ; 62 = 0.0019(6) A2; E, = 8347.1 eV; e2 = 0.69. Refinements pH
9.6: (a) Ni-S: 1 = 3; r = 2.229(2) A; 02 = 0.0044(2) A2, (b) Ni-N: n = 1; r = 1.889(9) A; 02 = 0.0013(8) A2,
(©) Ni-Ni: n = 1; r = 3.25(3) A; 02 = 0.0061(15) A2; E, = 8346.3 V; €2 = 1.47.

At pH 7.4, the EXAFS region of the Ni K-edge X-ray absorption spectrum is best modeled as
a four-coordinate Ni-center with two Ni-S scatterers at 2.18 A and two Ni-N/O scatterer at 1.91 A.
This model is consistent with a nickel center ligated by two cysteinate S atoms, one amidate nitrogen
atom and a water ligand, with the N/O scatterers modeled in one shell. At pH 9.6, we see the loss of
one N/O scatterer with the subsequent coordination of an addition sulfur ligand; the best fit to the
data contained three Ni-S scatterers at 2.23 A and one Ni-N scatterer at 1.89 A. In addition, a vector
for an outersphere Ni-Ni scatterer could be located at 3.25 A. These data are consistent with the
structural models depicted in Scheme 1; at pH 7.4, the data is consistent with each peptide containing
two mononuclear nickel sites that collapses into a binuclear cysteinate bridged Ni, center at high pH,
the formation of which is well represented in small molecule Ni-thiolate chemistry [47,48].
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Scheme 1. Interconversion of the structures of the nickel-sites of {Ni,(SOD™d2)} at pH 7.4 and 9.6 and
subsequent oxidative decomposition upon O, exposure.

3.3. Sulfur K-Edge X-ray Absorption Spectroscopy of {Ni"'(SOD™4s)}

The sulfur K-edge X-ray absorption spectra of {Ni[(SOD™9$)} at pH 7.4 and 9.6 are depicted in
Figure 4. At both pH values, there are higher energy edge features that are consistent with a disulfide
bond, further demonstrating the presences of a bridging disulfide at both pH 7.4 and 9.6. At high pH,
there is a pre-edge feature that possesses distinct asymmetry, and can be identified as terminal and
bridging nickel-cysteinate S(1s — LUMO) transitions [15]. At pH 7.4, this feature is lost while the edge
broadens and gains intensity. This suggests that the S(1s — LUMO) transitions have been blue-shifted
into the edge, and is fully consistent with the EXAFS analysis of the metallopeptide at high and low
pH; lowering the pH that induces the breaking of the bridging Ni-S®Y>-Ni bonds, generating two
mononuclear nickel centers. Furthermore, the sulfur K-edge spectrum at pH 7.4 is consistent with
the formation of protonated coordinated Ni-S(H*)-Cys moieties at physiological pH; the reversible
blue-shift of the S(1s — LUMO) transition upon lowering the pH is a hallmark of the formation of
Ni-S(H*)-Cys moieties [15]. This is further validated by time-dependent DFT calculations simulating
the S K-edge X-ray absorption spectra (vide infra).

25+

~ _ N
o o o
1 I 1

XAS Normalized to Edge

o
o
1

¥ T T
2465 2470 2475 2480
Energy (eV)

Figure 4. Sulfur K-edge XANES of {Ni,'(SOD™d$)} at high 7.4 (red) and 9.6 (blue).

3.4. DFT Generated Structure for {Ni,"(SOD"®)} and TD-DFT Calculations of Ni and S K-Edge
XAS Transitions

Based on the Ni and S K-edge XAS data, several computational models of the high and low
pH forms of {Ni,[(SOD™s)} were generated (Figure 5). One is a mononuclear nickel site that
contains a formal Ni'! center in an S,NO coordination environment with ligands derived from two
thiolate sulfur atoms, an amidate nitrogen atom, and a water ligand (see Supplementary Materials).
Models of this mononuclear site with variable thiolate sulfur atom protonation were also investigated.
As computational models for the pH = 9.6 form of {NiZH(SODmdS)}, two dinuclear thiolate bridged
Ni; models were also generated. One possessed two bridging thiolates, one terminal thiolate and
one amidate nitrogen per nickel center. The other dinuclear model possessed an identical Ni,S,
core, but with a disulfide bond derived from the 2-mercaptoacetate groups bridging the two ligand
sets together. Geometry optimizations were performed at the BP86/def2-tzvp level of theory with a
dispersion correction; this functional generally yields computationally derived structures for transition
metal complexes that are in excellent agreement with experimental data [49,50].
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Figure 5. Computationally derived nickel site models of {Ni,'[(SOD™ds)}. Metric parameters are
provided next to the Ni-ligand bonds.

An examination of the metric parameters derived for the mononuclear Ni-sites (pH 7.4 monomeric
model) demonstrates that a model with each thiolate sulfur becoming protonated and a water ligand
bound to nickel is most consistent with the experimental parameters derived from EXAFS. The two
Ni-S bond lengths are calculated to be 2.169 A (trans to the water ligand) and 2.196 (trans to the amidate
nitrogen); the Ni-N bond length is calculated to be 1.925 A and the Ni-O bond length is calculated to
be 1.889 A. These are fully consistent with the EXAFS derived average Ni-S and Ni-N/O bond lengths.
The mono- and unprotonated models yield Ni-ligand bond lengths that are less consistent with the
EXAFS data than the doubly protonated model. However, when one considers the inherent error in
EXAFS-derived bond lengths, the mono and unprotonated models could still be considered valid
structural models for {Nizn(SODmdS)} based on bond-lengths alone. Nevertheless, the experimental vs.
theoretical Ni and S K-edge studies strongly suggest that the doubly-protonated model is most valid
(vide infra).

It was determined that inclusion of the N-terminal disulfide bridge is required to reproduce
the metric parameters observed in the high pH form of {Ni,"(SOD™)}. When the disulfide moiety
is omitted from the computational model, the geometry about the nickel-sites is nearly planar: the
S-Ni-S-Ni dihedral angles are all ~3°. This planar geometry yields a Ni-Ni distance that is 0.1 A longer
than what is observed by EXAFS (3.374 A). Inclusion of the disulfide bond forces the geometry around
the nickel sites to become distorted away from planarity. Furthermore, the two nickel sites are no
longer equivalent to one another with one center distorted more toward a tetrahedral-like coordination
environment than the other (the above measured dihedral angles are now 33° and 27°). This distortion
brings the two Ni-Ni centers closer to one another by 0.1 A, which reproduces the EXAFS derived
Ni-Ni distance nicely (3.274 A). Furthermore, the average Ni-S and Ni-N bond lengths are more
consistent with the EXAFS-derived bond lengths. This lends further evidence for the presence of an
N-terminal disulfide bond.

Correlating the experimental Ni K-edge XANES at high and low pH with the time-dependent
DFT (TD-DFT; PBEO/zora-def2-tzvp(-f)/ZORA) calculated Ni K-edge spectra of the computational
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models above supports the proposed structures (Figure 6). For the monomeric structures, we find
that the nearly rigorous square planar coordination environment about Ni'! yields Ni(1s — 3d) and
Ni(1s — 4p,) transitions that correlate well with the experimental data. As might be expected, the pH
9.6 model lacking the disulfide bridge resembles that of the pH 7.4 data, but is inconsistent with
the pH 9.6 experimental data. Once the disulfide bridge is included in the computational model,
the Ni(1s — 3d) transition red-shifts and increases in intensity while the Ni(1s — 4p,) transition blue
shifts and decreases in intensity. The reason for this is a consequence of 3d/4p mixing. In the Dy,
distorted non-centrosymmetric coordination environment, the loss of the pseduo-inversion center
allows for the Ni(1s — 3d) transition to acquire 4p character and the Ni(1s — 4p,) transition to acquire
3d character. The result is an increase in the intensity of the Ni(1s — 3d) transition by gaining the
dipole-allowed Ni(1s — 4p) character while the Ni(1s — 4p,) transition losses intensity owing to an
increase dipole-forbidden Ni(1s — 3d) character and a decrease in Ni(1s — 4p) character (Figure 6).
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Figure 6. Comparison of the TD-DFT calculated Ni K-edge XANES with the experimental spectra for
{Nip(SOD™ds)} at pH 7.4 (left) and 9.6 (right).

Calculation of the S K-edge X-ray absorption spectra using time-dependent DFT (TD-DFT;
PBEO/zora-def2-tzvp(-f)/ZORA) also supports the structural assignments proposed above.
The experimental S K-edge X-ray absorption spectrum of {Nip(SOD™ds)} obtained at pH 9.6 and the
TD-DFT calculated S K-edge X-ray absorption spectrum using the disulfide bridged model match well,
lending further credence to the validity of the proposed structural model (Figure 7). To determine
the likely protonation state of the monomeric pH 7.4 form of {NiZH(SODmdS)}, the doubly-protonated,
monoprotonated, and unprotonated monomeric models outlined above were examined. When one or
both of the cysteinate sulfur atom(s) is unprotonated, a low energy pre-edge feature corresponding
to the nominal S(1s — LUMO) transitions is produced in the calculated spectrum. As would be
predicted, this pre-edge feature is weaker for the mono-protonated model relative to the unprotonated
model owing to the fact that only one S(1s — LUMO) transition comprises this feature as opposed
to two; the S(1s — LUMO) transition for a protonated thiolate sulfur atom will blue shift into the
edge. It is therefore only the doubly-protonated model that reproduces the edge feature of the pH
7.4 experimental spectrum of {Ni,'(SOD™%)}. The TD-DFT calculated S K-edge X-ray absorption
spectrum for the doubly-protonated model has both S(1s = LUMO) transitions blue shifted by ~3.5 eV
relative to the energy of the unprotonated sulfur atom S(1s — LUMO) transition, which reproduce the
experimental spectrum well. Thus, we conclude that the pH 7.4 form of {Nizn(SODmds)} possesses two
protonated cysteinate sulfur atoms coordinated to nickel.
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Figure 7. Left: Experimental (black spectrum) pH 7.4 and TD-DFT calculated S K-edge X-ray absorption
spectra models of {Ni,(SOD™%)} (unprotonated model: gold spectrum; monoprotonated model: blue
spectrum; doubly-protonated model: red spectrum). Right: Experimental (black spectrum) pH 9.6 and
calculated spectrum (disulfide bridged model: red spectrum) of {Ni,[(SOD™ds)},

3.5. Oxidation of {Ni,''(SOD™)} at pH 7.4 and 9.6

{(Ni,(SOD™ds)} reacts with O, at both pH 7.4 and 9.6. The kinetics of O, oxidation was followed
by CD spectroscopy over the course of 12 h (Figure 8). It was found that the oxidation kinetics obey a
pseudo-first order rate law under constant O, concentration, and proceeds at a faster rate at high vs.
low pH. Extraction of the second order rate constant for the oxidation reactions demonstrates that the
reaction at pH 9.6 proceeds with a rate that is over 3.5-fold faster than at pH 7.4 (k = 1.8(3) X 102 M- 1s71
vs. 6.5(2) x 1072 M~ s71). Based on an analysis of the products formed during the oxidation reaction,
we suspect that following the initial oxidation step there are multiple oxidation pathways leading to
different final oxidation products.
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Figure 8. CD spectra following the air oxidation of {Ni,[(SOD™ds)} at pH 7.4 (left) and 9.6 (right),
with the blue spectra representing the trace at f = 0 s, the red spectra representing the traces recorded
every 600 s (10 min) over the course of 12 h, and the teal spectra represent the CD spectra of the
solutions following 24 h of O, exposure. The insets depict the kinetics traces highlighting the decay of
{Ni,(SOD™ds)} (blue trace) and best fit of the kinetic trace to a first order rate law.

There are a number of items to note concerning the oxidation products formed at pH 7.4 and 9.6.
First, under both pH conditions, at least one of the final soluble oxidation products contains nickel,
and this product is identical by CD under both pH conditions. However, MS data of the solution
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and solid materials produced by O, initiated oxidation indicates a complex mixture of unidentifiable
products. Furthermore, the EPR spectra of the resulting products are silent down to 10 K, indicating
that the Ni-site is in the formal Ni?* oxidation state. The resulting IR spectra of the produced solutions
and solids showed no bands corresponding to S=O stretching frequencies, indicating that oxygen atom
insertion reactions into the Ni-S moiety does not represent a major oxidation pathway. Instead, it is
possible O is initiating irreversible sulfur based ligand oxidation as has been observed in the work of
Darensbourg, for example [51]. Validating this possibility is the observation that the metallopeptide
cannot be cleanly oxidized; attempts to chemically oxidize {NiZH(SODmdS)} atpH 7.4 and 9.6 by a 3%
hydrogen peroxide solution, ethanolic I, or MnO,~ lead to the rapid bleaching of the solution and
subsequent formation of unidentifiable tan insoluble aggregates, all of which yielded EPR and IR
spectra consistent with the above formed from O, oxidation of the solutions.

A complex mixture of soluble and insoluble nickel containing products is also noted by Ni K-edge
X-ray absorption spectroscopy. At both solution pH values, the Ni K-edge XANES no longer contains
the prominent Ni(1s — 4p,) transition, and is more reminiscent of a six coordinate Ni>* species (Figures
S1 and S2). Because of the low signal to noise at high k, the EXAFS regions could only be simulated to
k =11 A~! The EXAFS region of the decomposition product obtained from air oxidation at pH 7.4 was
best modeled as containing 1.4 Ni-S interactions (r = 2.22 13;) and 4.8 N/O interactions (r = 1.97 A).
The EXAFS region of the air oxidation product generated at pH 9.6 was best modeled with 0.6 Ni-S
interactions (r = 2.24 A), 4.3 N/O interaction (r = 1.94 10\), and 2.1 Ni-Ni interactions (r = 3.25 A). In both
cases, the resulting fitting statistics are poor with €2 values greater than 3. As this represents a mixture
of soluble and insoluble compounds in a number of coordination environments, formulating likely
structures about the nickel center(s) is not warranted based on the available data.

Electronic structure calculations suggest the reason for the increased stability of {Nip(SOD™ds)}
at pH 7.4 vs. 9.6 results from the deactivation of the high-lying sulfur dominated Ni(3dm)-S(3pm)
anti-bonding orbital upon protonation (Figure 9, Tables 1 and 2). For the monomeric species, the HOMO
is identified as a nickel dominated Ni(3dm)-N(2pm) anti-bonding orbital. This is destabilized by 0.29
eV relative to the essentially non-bonding Ni(3d,;) orbital (HOMO-1). The HOMO-2 is a water O(2p)
dominated O(2pm)-Ni(3d7) antibonding orbital followed by the Ni(3dy,) dominated HOMO-3. Thus,
none of the frontier MOs (FMOs) possess significant S(3p) character, rendering the sulfur atoms
reasonably unreactive towards oxidative damage by O,. In contrast, deprotonation of the sulfur
atoms of the mononuclear {Ni,!1(SOD™d%)} nickel-site dramatically alters the electronic structure of
the complex. Electronic structure calculations reveal that the HOMO and HOMO-1 are significantly
activated relative to the essentially non-bond Ni(3d,2) HOMO-2 by 0.73 and 0.42 eV, respectively.
Furthermore, these two orbitals are S(3p) dominated S(3pm)-Ni(3dm) anti-bonding orbitals. Therefore,
if the deprotonated monomeric form of {Niy(SOD™4%)} could be generated, we would predict it would
be highly sensitive to O, damage owing to the activated S(3p) dominated HOMO. Given the slow
rate of O, oxidation of {Niy(SOD™%%)} at pH = 7.4, it is likely that deprotonation of the Ni-S(H*)-Cys
moieties are required for oxidative damage; as protonation is an equilibrium process, there will always
be a small concentration of O, reactive unprotonated Ni-S—Cys bonds in solution. The disulfide
bridged computational model was found to possess highly covalent Ni-ligand bonds. The HOMO,
although containing less S(3p) than the HOMO of the unprotonated mononuclear computational
model, still contains a significant amount of S(3p) character, and would therefore be predicted to
be more susceptible to O, damage than the doubly-protonated mononuclear nickel-site. This is
observed experimentally.
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Figure 9. (A) Isosurface plots (0.03 a.u.) of the LUMO through HOMO-3 of the doubly-protonated (left)
and unprotonated (right) computational models of the pH 7.4 form of the nickel-site of {Nip (SOD™ds)},
The energies were normalized to the non-bonding Ni(3d,,) orbital, highlighted in red. (B) Isosurface
plots (0.03 a.u.) of the LUMO+1 through HOMO-5 of the disulfide bridged dinuclear {Nip (SOD™ds)}
computational model.

Table 1. Ni(3d), S(3p), N(2p), and water O(2p) Lowdin MO population analysis (%AO to MO) and
energies (eV) relative to the Ni(3d,,) orbital for the LUMO through HOMO-3 of the computational
models for doubly-protonated and unprotonated monomeric {Nip(SOD™d%)} computational models.
Orbital compositions for the doubly-protonated model are given above the unprotonated model for

each AO.
LUMO HOMO HOMO-1 HOMO-2 HOMO-3
Ni doubly-protonated 61.4 489 76.8 29.9 80.5
unprotonated 517 29.9 16.2 76.3 61.7
S! doubly-protonated 6.0 1.6 2.4 7.4 0.0
unprotonated 115 9.9 55.7 5.6 0.3
$? doubly-protonated 3.9 0.2 1.1 0.1 6.4
unprotonated 11.6 46.1 10.1 6.5 49
N doubly-protonated 3.9 28.5 2.7 3.3 0.0
unprotonated 21 0.2 10.0 11.0 53
O doubly-protonated 7.4 0.2 6.7 41.0 3.7
unprotonated 3.6 0.6 3.0 0.9 48
E doubly-protonated 5.36 0.29 0.00 -0.07 -0.49
unprotonated 5.12 0.73 0.42 0.00 -0.22

! trans to amidate nitrogen; ? trans to water oxygen.

Table 2. Ni(3d), S(3p), and N(2p) Lowdin MO population analysis (%AO to MO) and energies (E, eV)
relative to the HOMO for the LUMO+1 through HOMO-5 of the computational model for the disulfide
bridged dinuclear {Niy(SOD™s)} nickel site computational model. Orbital compositions for the
doubly-protonated model are given above the unprotonated model for each AO.

LUMO+1 LUMO HOMO HOMO-1 HOMO-2 HOMO-3 HOMO-4 HOMO-5

Ni! 0.3 21.1 28.2 48 11.8 20.3 7.5 18.5




Inorganics 2019, 7, 90

Table 2. Cont.

LUMO+1 LUMO HOMO HOMO-1 HOMO-2 HOMO-3 HOMO-4 HOMO-5

Ni? 50.6 0.4 43 23.3 11.7 1.7 24.6 38.4
s? 0.4 16.4 10.4 15 1.2 10.2 0.1 0.4
s 0.4 17.1 52 0.2 0.6 88 0.8 7.3
s° 6.1 2.0 42 2.0 9.5 0.6 1.2 1.1
g6 8.7 2.4 9.5 1.4 8.9 0.4 6.0 1.4
g7 0.1 5.1 21.9 46 15.6 30.0 6.1 5.1
S 10.1 0.0 32 492 15.2 0.4 23 43
N 0.2 1.6 0.4 0.2 1.7 6.1 5.7 5.5
N10 3.0 0.0 0.2 0.9 5.0 0.8 14.9 3.8
E 3.76 3.62 0.00 -0.30 —-0.54 —0.69 -0.72 -1.07

1 more distorted nickel site; 2 less distorted nickel site; 3 disulfide sulfur over Ni!; 4 disulfide sulfur over Ni?; 5
bridging thiolate sulfur; 6 bridging thiolate sulfur; 7 terminal thiolate sulfur ligated to Ni'; 8 terminal thiolate ligated
to Ni%; ? amidate nitrogen ligated to Ni'; 10 amidate nitrogen ligated to Ni2.

4. Discussion

In this study we have demonstrated the reversible formation of a dinuclear Ni, ! site within
a peptide in response to pH. Dinuclear Ni,!! sites are not observed in other monomeric SOD
metallopeptide-based mimics while the disulfide linked dimeric metallopeptide facilitates formation
of a dinuclear Nij center. We speculate that dimer formation in {Niy(SOD™)} is facilitated by the
close proximity of the two metal centers, which was enforced through a disulfide bond linkage near
the individual nickel centers.

The driving force for conversion of the dinuclear Ni,! site into two monomeric Ni'! sites within
{Nip(SOD™ds)} likely involves protonation of a terminal cysteinate sulfur atom. The nucleophilic
HOMO of the dinuclear Ni,! site possesses S(3p) character corresponding to the terminal thiolate
sulfur coordinated to the more distorted nickel center, making it the likely protonation site. Protonation
of that sulfur atom shortens the Ni-S(H*)-Cys bond length relative to the unprotonated model with
a concomitant increase in the bridging Ni-S bond length trans to the protonation site (Figure 10).
Association of water to the nickel center followed by breaking of the weakened Ni-S bond would lead
to the eventual formation of two mononuclear Ni'f centers.

Figure 10. Structures of binuclear nickel-site models of {Ni,1(SOD™ds)} and {Ni,I(SOD™ds-S(H*)C1)}.
The disulfide bridge and methylene groups have been represented as small spheres and wires for clarity.

This study also gives insight into an additional mechanism of protection of Ni-thiolate bonds from
oxidative damage against reactive oxygen species (ROSs). Nickel thiolates are susceptible to oxidative
damage by O, and H,O; [52,53], yet the NiSOD active-site is robust against oxidative damage effected
by such species. Possible explanations for protection of the NiSOD active-site against Ni-S oxidative
damage by ROSs have been proposed, including electronic fine tuning of the Ni-S moiety via the
mixed amine/amide coordination environment [54,55] and a fast rate of the O,~ disproportionation
reaction relative to the rate of oxidation of the coordinate cysteinate sulfur atoms [45,48,49]. In this
study we have shown that oxidation of the Ni-S-Cys bond by O, is slow for {Ni»(SOD™)} at pH = 7.4,
with a half-life of nearly 7 h under the reaction conditions investigated (ambient O, concentration,
1.0 mM {Nip(SOD™9%)}). This is the result of both the deactivation and a significant reduction in S(3p)
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character to the nucleophilic FMOs upon protonation; the FMOs of the doubly-protonated monomeric
{Ni,(SOD™9%)} computational model possesses little S(3p) character, while the HOMO and HOMO-1 of
the unprotonated {Ni(SOD™9%)} computational model are both energetically activated and possess
a large degree of S(3p) character. Thus, protonation will inherently protect the thiolate sulfur atoms
against ROS induced oxidative damage. The dinuclear nickel site of {Niy(SOD™)} produced at
pH = 9.6 was found to undergo oxidation at an increased rate relative to the mononuclear pH = 7.4
form. This is to be expected as the degree of terminal cysteinate S(3p) character to the more covalent
anti-bonding FMOs has increased relative to the mononuclear pH = 7.4 doubly-protonated Ni form,
rendering it more susceptible to oxidative damage.

This study has also pointed to an additional role for the protonation of coordinated cysteinate
sulfur atoms at metalloenzyme active-sites—poising the centers for reactivity via electronic fine tuning.
As demonstrated above, the FMOs of the doubly-protonated mononuclear {NiZ(SODmdS)} are biased to
the nickel-site, while those of the unprotonated mononuclear {NiZ(SODmdS)} computational model
are biased to the thiolate sulfur atoms. Thus, one would expect that upon thiolate sulfur atom
protonation reactivity would be shifted from the thiolate sulfur atoms to the nickel-site. For example,
one could consider the active-site of [NiFe]Hyase, which has been shown to possess a terminal
protonated cysteinate residue ligated to a D;; distorted nickel center. It has been proposed that a key
intermediate in the reactivity of [NiFe]H,ase is a formal Ni''"-H species. Protonation of the cysteinate
sulfur atom would bias the reactivity towards nickel, making the nickel-center the site susceptible to
subsequent protonation events. Thus, one may envision a dual role for the Ni-S(H*)-Cys moiety in
[NiFe]H,ase—gating of reactivity and proton donation to the hydride ligand.

5. Conclusions

A disulfide bridged metallopeptide has been prepared inspired by the metalloenzyme NiSOD. This
metallopeptide contains two nickel centers in close proximity owing to a disulfide bridge between two
peptide monomers. In response to pH, the mononuclear nickel-sites found at pH 7.4, which contain Ni'l
in an S,NO coordination motif reversibly form a dinuclear cysteinate Ni,!! center at elevated pH (pH
9.6). The driving force for the interconversion of the dinuclear nickel center to two mononuclear nickel
sites is proposed to be cysteinate S-atom protonation, which results in two coordinated protonated Cys
S atoms at lower pH. It was shown that these Ni-S(H*)-Cys moieties reduce the O initiated oxidative
damage of the nickel-site, likely through the modulation of the electronic structure of the Ni-center
rendering the S-atoms less nucleophilic upon protonation. This may have relevance in biological
Ni systems, offering the Ni-S-Cys moiety protection against oxidative damage upon Ni-S(H")-Cys
formation. Furthermore, the modulation of the electronic structure of the Ni-site upon Ni-S(H*)-Cys
formation suggests that reversible cysteinate sulfur atom protonation may be involved in the gating of
biological reactivity at such metal-centers.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-6740/7/7/{90}/s1,
Figures S1 and S2: nickel K-edge XANES of the O, decomposition products of {Ni,'(SOD™d5)}, Tables S1-S7: xyz
files for computational models, Tables S8 and S9: alternative EXAFS models for the high and low pH forms of
{Ni,(SOD™ds)}.
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Abstract: Nickel is essential for the survival of many pathogenic bacteria. E. coli and H. pylori require
nickel for [NiFe]-hydrogenases. H. pylori also requires nickel for urease. At high concentrations
nickel can be toxic to the cell, therefore, nickel concentrations are tightly regulated. Metalloregulators
help to maintain nickel concentration in the cell by regulating the expression of the genes associated
with nickel import and export. Nickel import into the cell, delivery of nickel to target proteins, and
export of nickel from the cell is a very intricate and well-choreographed process. The delivery of
nickel to [NiFe]-hydrogenase and urease is complex and involves several chaperones and accessory
proteins. A combination of biochemical, crystallographic, and spectroscopic techniques has been
utilized to study the structures of these proteins, as well as protein—protein interactions resulting in
an expansion of our knowledge regarding how these proteins sense and bind nickel. In this review,
recent advances in the field will be discussed, focusing on the metal site structures of nickel bound to
metalloregulators and chaperones.

Keywords: nickel; metalloregulator; chaperone; [NiFe]-hydrogenase; urease

1. Introduction

Nickel, the twenty-eighth element in the periodic table, is an essential metal for the functioning of
many proteins in archaea, bacteria, plants, and some eukaryotes [1]. It is a cofactor for at least eight
enzymes including urease and [NiFe]-hydrogenase [1]. Many pathogenic bacteria require nickel for
their survival and pathogenicity, including Helicobacter pylori (H. pylori), [2,3]. Despite being an essential
metal, high concentrations of nickel can be toxic as nickel can bind to other metalloproteins and displace
the cognate metals resulting in an inactive metalloprotein [4]. As such nickel concentrations in the cell
need to be regulated. One way in which nickel concentrations are controlled in the cell is by utilizing
metalloregulators. Nickel-responsive metalloregulators function by binding to nickel in a specific
coordination environment resulting in the transcriptional repression, activation, or depression of genes
associated with nickel export or import. To maintain nickel concentration in the cell, E. coli utilizes two
metalloregulators, NikR and RenR [5]. NikR controls the expression of the genes associated with the
ATP binding cassette (ABC)-type nickel importer, NikABCDE [6], and RenR, regulates the expression
of the genes associated with the export proteins RenAB [7,8].

E. coli is a facultative anaerobe and under anaerobic conditions expresses four different
[NiFe]-hydrogenases, hydrogenase 1,2, 3, and 4, each associated with a specific metabolic pathway [9,10].
Hydrogenases are a group of metalloenzymes that catalyze the reversible oxidation of molecular
hydrogen to protons and electrons [11]. [NiFe]-hydrogenases are composed of at least two subunits,
a large and a small subunit [12,13]. The large subunit contains a complex NiFe(CN),CO center at the
active site and the small subunit contains up to three iron sulfur clusters [12,13]. The assembly of
[NiFe]-hydrogenase 3 is dependent on the hyp (hydrogenase pleiotropy) genes hypABCDEF and slyD
genes (Figure 1) [9,14-17]. For the assembly of hydrogenases 1 and 2, HypA and HypC are replaced
by HybF and HybG [18]. HypE and HypF form a complex and synthesize the cyanide ligands from
carbamoylphosphate (Figure 1A) [12,13,19]. HypE transfers the cyanide ligand to the HypC-HypD
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complex, which acts as a scaffold for the assembly and delivery of the iron cofactor, Fe(CN),CO, to the
precursor large subunit of [NiFe]-hydrogenase (Figure 1B) [12,13]. Finally, HypA, HypB, and SlyD
insert nickel into the large, precursor subunit of [NiFe]-hydrogenase (Figure 1C) [12,13,17]. At least six
review articles have been published within the last ten years that provide a more detailed description
of the biosynthesis of hydrogenases [11-13,17,20,21].
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Figure 1. Model for the assembly [NiFe]-hydrogenase [12,13,17,20]. (A) HypE and HypF synthesize
the cyanide ligands from carbamoylphosphate. (B) The assembly of the iron cofactor, Fe(CN),CO, and
delivery to the precursor large subunit of [NiFe}]-hydrogenase. (C) Nickel delivery and insertion into
the large, precursor subunit of [NiFe]-hydrogenase and the peptide on the C-terminus of the large
subunit is processed. The large subunit associates with the small subunit (SS) forming the mature
[NiFe]-hydrogenase.

H. pylori is a human pathogen that causes gastritis, peptic ulcers, and some types of gastric
cancer [22-25]. Mouse studies determined that H. pylori requires [NiFe]-hydrogenase for efficient
colonization of the gut [26]. H. pylori also requires urease to survive the acidic environment of the
stomach [1]. Urease catalyzes the hydrolysis of urea to ammonia and carbamate, which reacts with
water to yield a second molecule of ammonia and bicarbonate [1,27]. The ammonia produced is
used to neutralize the cytoplasmic and periplasmic pH of the bacteria under acidic conditions [24].
The enzyme urease has been discussed extensively in the past ten years [1,20,27-30]. H. Pylori urease
has two distinct types of subunits that combine to form a trimer of dimers [28]. Four of these trimer
of dimers combine to form a super molecular complex of the form ((UreAB)3) [28]. The maturation
of H. pylori urease is dependent on the accessory proteins UreI[EFGH [28,29]. Unlike urease from
H. pylori, urease from Klebsiella aerogenes (K. aerogenes) is composed of three subunits that form a trimer
of trimers, (UreABC)3, structure [28]. In K. aerogenes the accessory proteins are UreDEFG, where UreD
is homologous to UreH in H. pylori [27,28]. Urel is a proton-gated urea channel that regulates urease
activity as it permits urea entry into H. pylori [24]. Urel is located in the inner membrane of the bacteria;
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at pH 7.0 the channels are closed and at pH 5.0 the channels are open [24]. Figure 2 shows the current
model for the activation of K. aerogenes urease [27,28].The exact role of UreD/UreH is unknown [28],
UreE is the chaperone that delivers nickel to urease [3,29], and UreF has been suggested to be an
activator of the GTPase activity of UreG. Formation of the active enzyme requires CO; to carbamylate
the lysine in the active site [27]. The active site of urease contains two nickel ions that are bridged by
the oxygen atoms of a carbamylated lysine residue and a hydroxide ion [1]. Both nickel ions are bound
by two different histidines [1]. One nickel ion is bound by aspartate and the other is bound by a water
molecule [1]. Additionally, in H. pylori the [NiFe]-hydrogenase accessory proteins, HypA and HypB,
are important for urease maturation [31-33]. Deletion of hypA or hypB resulted in a urease activity that
was forty- and two hundred-fold lower than the wild-type strain, respectively [32]. Urease activity
was restored with nickel supplementation in the growth medium [32].

B

& LN e

(UreABC)s

3C0,+ 3GDP+ Active Urease

3GTP 3Pi
Figure 2. A simplified scheme of K. aerogenes urease activation [20,27,28]. The trimer of trimers
(UreABC)3 sequentially binds UreD, UreF, UreG or the UreDFG complex. The isolated UreDFG
complex contains two UreD, UreF, and UreG promoter but only one monomer is shown for simplicity.
Lys 217 is carbamylated by CO,, GTP is hydrolyzed by UreG, and nickel is delivered by UreE to form
the active enzyme and the UreDFG proteins are released.

A recent study by Jones et al. determined that urease is activated under acid shock conditions [34].
H. pylori cells were exposed to different pHs (6.8, 5.6, and 2.0) and the cytosolic pH of the bacteria
was measured in the presence and absence of nickel sulfate [34]. Minor changes in the internal pH
were observed when the bacteria was exposed to mild acidic conditions (pH 6.8 and 5.6) but when
the bacteria was exposed to an external pH of 2.0 (pH of the stomach) the internal pH dropped to
5.1 initially and rapidly recovered to a pH of ~6.0 [34]. The drop in pH was less when nickel was
supplemented in the H. pylori cultures [34]. It is thought that this apparent increase in buffering
capacity is due to an increase in urease activation with increased nickel uptake [34,35]. Additionally,
they determined that under acid shock conditions the following genes were regulated by H. pylori
NikR: ureA, nikR, amiE, amiF, arsR, ureG, nixA, frpB2 [34]. These results demonstrate that H. pylori NikR
is responsive to pH changes in the cytosol.

In this review, several nickel metalloregulators and chaperones from various organisms will be
discussed. We will focus on how nickel binding to metalloregulators results in conformational changes
in the protein that influence DNA binding. We will also examine the metal site structures, binding
affinities, and the associated conformational changes that accompany nickel binding to these proteins.
The roles that the nickel chaperone proteins play in the maturation of [NiFe]-hydrogenase and urease
as well as how these proteins interact with other chaperone proteins and the target proteins will
be discussed.

2. Nickel-Responsive Metalloregulators

Metalloregulators can be divided into two groups depending on whether cognate metal ion binding
results in the downregulation of metal uptake systems or the upregulation of metal efflux/sequestration
systems [36]. The nickel-responsive metalloregulators NikR and Nur belong to the first group as

164



Inorganics 2019, 7, 104

nickel binding to the protein results in conformational changes that favors DNA binding leading to the
repression of the genes encoding proteins associated with import. RenR, InrS, DmeR, and NmtR belong
to the second group as nickel binding to the protein causes conformational changes in the protein that
disfavors DNA binding allowing for the expression of the genes encoding proteins associated with
export. Nickel-responsive metalloregulators have been characterized in five of the seven major families
of transcriptional metalloregulators in prokaryotes [36]. These include NikR (NikR family), RenR
(RenR/CsoR family), InrS (RenR/CsoR family), DmeR (RenR/CsoR family), NmtR (ArsR family), KmtR
(ArsR family), NimR (MerR family), Nur (Fur family). These metalloregulators have been reviewed at
least three times in the last ten years [5,20,37]. The respective K4s and the pH at which the K4 was
determined, the coordination number (CN #), and the ligands used to coordinate the metal ion are
included in Table S1.

2.1. NikR

NikR is a Ni(II)-responsive metalloregulator that inhibits the expression of the genes associated with
Ni(II) import in the presence of excess Ni(II) [6]. In E. coli, NikR controls the expression of the nik operon
that encodes the E. coli Ni(II) importer NikABCDE [6]. Ni(II)-NikR binds to a palindromic operator
sequence within the nikABCDE promoter, GTATGA-N;4,-TCATAC, with nanomolar affinity [38—40]
Like E. coli, Brucella abortus also has a putative nickel importer NikABCDE and NikR controls the
expression of nikA [41]. H. pylori NikR controls the expression of genes encoding the Ni(II) import
protein NixA as well as the urease structural genes (urea [42]-ureB), Ni(I) uptake factors (fecA3, frpB4,
and exbB/exbD), Ni(ll) storage genes (hpn and hpn-like) and genes associated with iron uptake (fur and
pfr) [34,43]. A recent study by Vannini et al. determined that NikR controlled the expression of the
genes encoding two outer membrane proteins that are predicted to be metal ion transporters (hopV
and hopW), and an outer membrane-absorbed protein (hcpC) [44]. Additionally, it was determined that
NikR regulated the expression of genes predicted to be associated with toxin-antitoxin systems (dvnA,
mccB), a gene predicted to be associated with metabolism (phbA), and a putative component of an ABC
transporter (fecD) as well as non-coding RNAs (nrrl, nrr2 and isoB) [44].

Several crystal structures of NikR proteins from E. coli [45-48], Pyrococcus horikoshii (P. horikoshii) [49],
and H. pylori [50-54] show that the protein is a homotetramer. The protein has two ribbon-helix-helix
DNA binding domains (DBDs) attached by a flexible linker at either end of the tetrameric C-terminal
metal-binding domain (MBD) [45]. NikR binds one Ni(II) per monomer in the MBD and is the sole
member of the ribbon-helix-helix (3-a-«) family of prokaryotic DNA-binding proteins that is regulated
by a metal [55]. The crystal structures of NikR homologues show NikR in different conformations
(open, trans, and cis) depending on the orientation of the DBDs with respect to the MBD (Figure 3).
An open conformation where the DBDs are linearly placed in each side of the MBD was observed for
the apo structures from E. coli (Figure 3A) and P. horikoshii [45,49]. The nickel-bound P. horikoshii and
H. pylori (Figure 3B) structures feature a closed trans-conformation, where the DBDs are on opposite
sides of the MBD [49,54]. The P. horikoshii NikR protein was crystallized from a solution containing
the apo protein and nickel chloride, while the H. pylori NikR protein was obtained by soaking apo H.
pylori NikR crystals with nickel sulfate [49,54]. The E. coli nickel- and DNA-bound NikR structure,
obtained from Ni(II)-NikR using the hanging drop vapor diffusion method in a drop consisting of 2 uL.
of NikR-DNA complex, reveals a closed cis conformation with the DNA-binding domains on the same
side of the C-terminal metal binding domain (Figure 3C) [46]. It is still unclear if these conformational
changes exist in solution. Nuclear magnetic resonance (NMR) experiments coupled with molecular
dynamic simulations suggest that NikR is capable of interconverting between the open, trans, and
cis conformations and that these interconversions are facilitated by Ni(Il) [56]. However, Small-angle
X-ray Scattering (SAXS) experiments done on H. pylori NikR do not support these large conformational
changes [50].
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Figure 3. NikR proteins from E. coli, and H. pylori showing different conformations. The NikR
monomers are colored in orange, blue, purple, and yellow, the nickel ions are shown as green spheres
and the potassium ions are shown as purple spheres. (A) Apo E. coli NikR (PDB ID 1Q5V) [45] in an
open conformation where the DBDS are placed linearly on each side of MBD. (B) H. pylori Ni(II)-NikR
(PDB ID 2CAD) [54] depicting a closed trans-conformation. (C) E. coli NikR bound to DNA, nickel ions
and potassium ions (PDB 2HZV) [46]. (D) Closeup of the high- and low-affinity sites where the nickel
ion and potassium ion adopt square planar and octahedral geometries, respectively. (Figure adapted
with permission from Higgins, K.A.; Giedroc, D.P. Metal Specificity of Metallosensors. In Encyclopedia
of Inorganic and Bioinorganic Chemistry; John Wiley and Sons, Ltd.: Chichester, UK, 2013; pp. 209-224.
Copyright (2013) John Wiley and Sons).

The E. coli NikR DNA bound crystal structure shows that there are two distinct metal-binding
sites, four “high affinity” metal binding sites located in the MBD and two “low affinity” metal-binding
sites located near the interface of the C-terminus and the DBD (Figure 3C) [46]. Nickel ions bind
to the high affinity sites in a four-coordinate planar geometry [46,57] (Figure 3D). The nickel ion is
bound by the side chains of His87, His89, and Cys95 from one NikR monomer, and by His76 from an
adjacent monomer (Figure 3D) [46]. The structure of E. coli Ni(II) NikR bound to DNA shows that
potassium ions are coordinated in a bidentate manner by Glu30 and Asp34, and by the backbone
carbonyl oxygens of Ile116, GIn118, and Val121 (Figure 3D) [46]. XAS studies reveal that Ni(II) ions
bind to the “low affinity site” site with octahedral geometry [57]. Like, E. coli NikR, H. pylori NikR also
binds four nickel ions in the high-affinity sites with four-coordinate planar geometry [51]. Isothermal
titration calorimetry (ITC) studies determined that the low-affinity sites in H. pylori NikR can bind up
to ten nickel ions [58].

The binding affinities of Ni(II) ion to the “high-affinity site” of NikR have been determined in
both E. coli at pH 7.5 and 7.6, and H. pylori at pHs 6.5, 7.0, 7.5 and 8.0 by competition studies and ITC,
respectively [38,58,59]. A Ky of 10712 M was determined for E.coli NikR, while H. pylori NikR had
dissociation constants of 1077 M [38,58,59]. The differences in affinities determined for NikR may be
attributed to the differences in the experimental conditions and the techniques as E. coli NikR ITC
experiments that used conditions identical to those used for H. pylori NikR determined a dissociation
constant of 1077 M [37]. A K4 of 29 x 10~ M was determined for the “low-affinity site” by titrating

166



Inorganics 2019, 7, 104

NikR loaded with 4 Ni(II)/monomer with excess Ni(II) ions [39]. A similar K4 was determined using
ITC but features 4 Ni(Il) binding to the “low-affinity” site [37].

There is no thermodynamic metal preference for Ni(Il) ions binding to E. coli NikR as it binds to a
variety of transition metal ions in vitro in the “high-affinity” site, and the binding affinities follow the
Irving Williams series (Co(II) < Ni(I) < Cu(II) > Zn(II) [47,57,59]. Nonetheless, in vivo, the protein only
responds to the binding of Ni(Il) ions. Ni(II) loaded NikR is less susceptible to chemical and thermal
denaturation than Mn(Il)-, Co(II)-, Cd(II)-, Cu(II)- or Zn(II)-NikR [59]. X-ray absorption spectroscopy
(XAS) studies done on NikR showed that the non-cognate metals, Co(II), Cu(I), Cu(ll), and Zn(II)
adopt six-coordinate octahedral, three-coordinate trigonal, four-coordinate planar, and four-coordinate
tetrahedral geometries, respectively [57]. Similar to Ni(II), the Cu(II) site is also four-coordinate planar
but has a slightly different ligand set [57]. Based on the XAS studies it can be concluded that in E. coli
NikR metal ion selectivity is achieved by the coordination number and geometry of the metal protein
complex as well as ligand selection [57].

2.2. Nur

Streptomyces coelicolor (S. coelicolor) Nur is a member of the Fur family of metalloregulators that
controls nickel homeostasis and oxidative stress response [60]. Nur responds to the binding of Ni(II)
and represses the sodF gene that encodes an iron-containing superoxide dismutase (FeSOD) and the
nikABCDE gene cluster encoding components of a nickel transporter [60,61]. Additionally, Nur induces
the transcription of sodN that encodes a nickel-containing superoxide dismutase (NiSOD) [60,61].
Nur was crystallized from solutions containing the apo protein with zinc chloride or nickel chloride.
The crystal structure shows that Nur is a homodimeric protein with two metal binding sites per
monomer [62] (Figure 4A). The first site, the M site, binds nickel ions using four histidine ligands in a
four-coordinate square planar geometry (Figure 4B) [62]. The second site, the nickel site, coordinates
Ni(II) with octahedral geometry using three histidine ligands, two oxygen ligands from malonate, and
one oxygen ligand from ethylene glycol (Figure 4C) [62]. It is important to note that this site may be an
artifact of crystallization conditions and may not reflect the actual coordination environment of Ni(II)
binding to this site of Nur [62]. ITC studies determined that 4 Ni(Il) ions bind per dimer with two
binding events that have dissociation constants of 10 nM and 280 nM, respectively [37].
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Figure 4. (A) The crystal structure of S. coelicolor Nur (PDB ID 3EYY) [62]. The monomers are colored
cyan and yellow. Zinc ions and nickel ions are shown as slate spheres and green spheres, respectively.
(B) Close-up of the M-site. (C) Close-up of the Ni-site. (Figure adapted with permission from Higgins,
K.A.; Carr, C.E.; Maroney, M.]. Specific Metal Recognition in Nickel Trafficking. Biochemistry 2012, 51,
7816-7832. Copyright (2012) American Chemical Society.).

2.3. RenR/Csor Family

Three members of the RenR/CsoR family of metalloregulators are nickel responsive. The crystal
structures of the Cu(I) bound Mycobacterium tuberculosis (M. tuberculosis) CsoR, a Cu(I)-responsive
metalloregulator, and Synechocystis sp. PCC68 InrS (Figure 5) with no metal bound show that proteins
in this family are an all o-helical dimer of dimers [63,64]. In M. tuberculosis, Cu(l) is bound in a trigonal
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geometry by Cys36 from one subunit, and His61 and Cys65 from another subunit [63]. Sequence
alignment (Figure 6) shows that these residues are the same in InrS, but in RenR, and DmeR Cys65 of
CsoR corresponds to a His. The CsoR crystal structure showed that there was a hydrogen bonding
network between His61 and Glu81 from one subunit and Tyr35 from another subunit [63]. This
hydrogen bonding network was shown to be important for allosterically coupling Cu(I) binding to
DNA binding [63,65].

A. B.

VNGoerES
Figure 5. (A) The crystal structure of Synechocystis PCC6803 InrS (PDB ID 5FMN) [64]. The monomers
in each dimer are colored in blue and green. (B) Highlights the metal binding pocket of InrS and
important residues for Ni(II) binding to the protein. (Figure adapted with permission from Springer
Nature Customer Service Centre GmbH: Springer Nature, Nature Chemical Biology. Foster, A.W.;
Pernil, R.; Patterson, C.J.; Scott, A.J.P.; Palsson, L.O.; Pal, R.; Cummins, I.; Chivers, P.T.; Pohl, E.;

Robinson, N.J. A tight tunable range for Ni(Il) sensing and buffering in cells. Nat. Chem. Biol. 2017, 13,
409-414. Copyright (2017)).

2.3.1. RenR

E. coli RenR is a Ni(II)- and Co(II)-responsive metalloregulator that regulates the expression
of the Ni(II) and Co(Il) exporter and periplasmic protein RenAB [7,8,66]. Apo-RenR binds to a
TACT-G4-N-AGTA sequence of which two are located in the rcnA-rcnR intergenic region [67,68].
Computational models suggest that RenR is composed of three -helices in each monomer; these
monomers come together to form a dimer, and the tetrameric oligomer is formed by the dimerization of
two dimers [37]. RenR binds one Ni(II) or Co(Il) ion per monomer with nanomolar affinity [69]. Similar
to NikR, ITC studies determined that the 4 Ni(II) ions bind to the protein tetramer in two binding
events [37]. The protein binds the cognate metals, Ni(I) and Co(II), with six-coordinate octahedral
geometry and noncognate metals, Cu(I) and Zn(II), with three- and four-coordinate geometry [69,70].
Likewise, NikR metal ion selectivity is achieved by the coordination number and geometry of the
metal protein complex.
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E. coli, RcnR 1 MSHTIRDKQKLKARASKIQGQVVALKKMLDEP 32
M. tuberculosis, CsoR 4 -ETAKKRAALN-RLKTVRGHLDGIVRMLESD 33
Synechocystis, InrS 19 HVHSQESLQKLVNRLSRIEGHIRGVKTMVQEN 50
R. leguminosarum, DmeR 1 MSHTTLQKKKLVARISRLKGQMEAVERALESE 32

Z
IVHQGDELKREEDLDVVLKVLDSYIK-----— 90
DVMKQISAVQSSLERANRVMLHNHLETIQF STAVLDGHGQAAIEELIDAVKFTPALTGPH 96
ITRAAAEGNIEQELAELKEALDRFL------ 107
LREHVLNAADDAARAEAVEDISEVLRTYMR----- 90

Figure 6. Sequence alignment of E. coli RenR with M. tuberculosis CsoR, Synechocystis PCC 6803 InrS,
and R. leguminosarum DmeR. Fingerprint residues (W,X,Y,Z) found in all four proteins are shown in
orange while those that are unique to CsoR and RenR are in red and green, respectively. The residues
that form a hydrogen bonding network with His61, Tyr35 and Glu81, in M. tuberculosis CsoR are shown
in blue, The sequence alignment was generated with Clustal Omega [71].

Mutagenesis studies coupled with XAS studies suggest that the N-terminal amine, His3, Glu34,
Cys35, Glu63, and His64 bind to Co(II) forming a CoSNH;(Niy,)2(O); site, this arrangement of the
cobalt site is supported by computational models [70,72,73]. Similarly, the Ni(II) site is composed
of the N-terminal amine, Cys35, Glu63, His64, and two other N/O ligands, one of which may be
Glu34,forming a NiSNH,ONj, (N/O); site [70,72,73]. Computational models show that most of the
metal binding residues, the N-terminal amine, His3, Glu63, His64, are derived from one monomer,
while Glu34 and Cys35 are derived from another monomer [73]. The Ni(II) and Co(II) sites also differ
in M-S bond distances, the number of histidine ligands, and the number of Glu ligands. XAS studies
determined that the M-S bond distance is longer for Ni(II) compared to Co(II), 2.62(3) A versus 2.31(2)
A, respectively [70].

Mass spectrometry, NMR, metal binding studies, and modeling studies suggest that cognate metal
binding remodels the shape of the tetramer in a way that does not allow for the relevant positively
charged residues to interact with the DNA [36,74,75]. Hydrogen-deuterium exchange studies coupled
with mass spectrometry (HDX-MS) was used to probe the RenR structure in the presence of DNA,
Ni(II), Co(II), or Zn(Il) [76]. These experiments determined that Ni(II) and Co(II) binding to RenR
orders the N-terminus, decreases the flexibility of helix 1, and induces conformational changes in the
protein that restricts DNA interactions with Argl4 and Lys17 [76].

2.3.2. InrS

The second Ni(II) metalloregulator, InrS, belonging to the RenR/CsoR family was identified in
Synechocystis sp. PCC6803 [77]. IntS regulates the transcription of the genes encoding the Ni(II) efflux
protein NrsD [77]. Synechocystis lacks the nikR gene, however, InrS also plays a role in Ni(Il) import as
it binds upstream of the nik operon and enhances the expression of the genes encoding nickel-import
machinery [64].

InrS binds one stoichiometric equivalent of Ni(II) per monomer [77]. Surprisingly, InrS possesses
all the residues known to bind Cu(I) in M. tuberculosis CsoR, Cys53, Cys82, and His78 (equivalent to
Cys36, Cys65 and His61 in M. tuberculosis CsoR) (Figures 5 and 6) but InrS is responsive to Ni(Il) [63,77].
It was determined by mutagenesis studies that these residues are important for Ni(Il) binding to
InrS [64,78]. The crystal structure (Figure 5) shows that these residues are located in the «2 helix [64].
His21 (analogous to His3 in RenR) (Figure 6) is located on the flexible N-terminal extension and is
capable of approaching the Ni(II)-binding site [64]. XAS spectroscopy determined that the nickel site is
four-coordinate planar and that His21 is a Ni(Il) ligand in InrS [79]. The protein binds Ni(Il) using
His21, Cys53, His78, and Cys82 forming a Ni(Niy, )2(S)2 complex [79]. The protein can also bind 1 Cu(I)
per monomer or 1-1.5 Co(II) per monomer [77]. The metal site structure of InrS are different from those
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observed for RenR and are similar to those of CsoR as they feature a square planar geometry for Ni(II)
and tetrahedral geometry for Co(II) [63,70,77,80].

Competition experiments with Ni(II) chelators EDTA, NTA, and EGTA determined that InrS binds
Ni(II) tighter than RncR with an affinity of 107* M [77]. However, dissociation constants obtained
from ITC determined that the binding affinities of InrS to Ni(I) are similar to those determined for
RenR with values of 70 x 1072 M and 4.5 x 107 M [37]. Like NikR and RenR, InrS binds 4 Ni(II)
in two binding events. InrS also binds Cu(I) and Zn(II) tightly with affinities of 1078 and 10713 M,
respectively [78]. Like CsoR, InrS also has a glutamate residue, Glu98, that aligns with Glu81 of CsoR,
which was shown to be important for the hydrogen bonding network that links Cu(I) binding to DNA
binding [63,65]. Work done by Foster et al. showed that an E98A mutant InrS protein binds Ni(II) like
the wild-type protein and binds DNA tighter than the wild-type protein in the presence of Ni(II) [78].
This result suggests that, unlike CsoR, Glu98 is not essential for allostery in InrS.

2.3.3. DmeR

DmeR is a Ni(II)- and Co(Il)-responsive metalloregulator that has been identified in Rhizobium
leguminosarum (R. leguminosarum), Agrobacterium tumefaciens (A. tumefaciens), Sinorhizobium meliloti [81-83].
The dmeRF operon encodes both DmeR and DmeF, a cation diffusion facilitator (CDF) [81]. DmeR binds
to an AT-rich inverted repeats sequence. DmeR has a RenR-like finger print, HCHH (Figure 6), and is
therefore, expected to bind Ni(II) and Co(II) with six-coordinate octahedral geometry as seen in RenR. It is
interesting to note that cobalt stress induces the expression of iron-responsive genes in A. fumefaciens [82].
Additionally, RirA, an iron regulator, is essential for the bacteria to cope with nickel and cobalt toxicity [82].

2.4. NmtR

M. tuberculosis NmtR is a Ni(II)- and Co(Il)-responsive transcriptional metalloregulator that
belongs to the ArsR/SmtB family [84]. NmtR controls the expression of the nmt operon that encodes a
P-type ATPase metal efflux pump, NmtA [85]. NmtR binds 2 Ni(Il) per dimer with Ky, of 8.7 x 10711
M and 1.4 x 10710 M [86]. The NMR structure of apo-KmtR (Figure 7) shows the winged-helix fold
(x1-02-03-aR-31-B2-5) that is typical of the ArsR/SmtB family of transcriptional metalloregulators [87].
Additionally, NmtR has long N-terminal and C-terminal extensions (Figure 7) [87]. Like RenR, NmtR
binds its cognate metals with higher coordination numbers than noncognate metals. NmtR binds
Ni(II) with six-coordinate geometry and Co(II) with five- or six-coordinate geometry [85]. Additionally,
Zn(1I) binds to NmtR with four-coordinate geometry [85]. NmtR is the third example in this review of
a metalloregulator that achieves metal ion selectivity through the coordination number and geometry
of the metal site structure. A combination of molecular dynamics simulations, quantum chemical
calculations, metal binding studies and mutagenesis studies confirms that the Ni(II) binds to NmtR
with six-coordinate geometry binding to the N-terminal amine, and the side chains of His3, Asp91,
His93, His104, and His107 (Figure 7B) [86,87].

170



Inorganics 2019, 7, 104

Figure 7. (A) NMR structure of apo M. tuberculosis NmtR (PDB ID 2LKP) [87]. NmtR monomers are
colored in green and blue (B). Close-up of one of the nickel sites showing the nickel binding site. (Figure
adapted with permission from Lee, C.W.; Chakravorty, D.K.; Chang, F-M.].; Reyes-Caballero, H.; Ye,
Y.; Merz, K.M.; Giedroc, D.P. Solution structure of Mycobacterium tuberculosis NmtR in the apo state:
Insights into Ni(II)-mediated allostery. Biochemistry 2012, 51, 2619-2629. Copyright (2012) American
Chemical Society).

2.5. Other Transcriptional Metalloregulators

Nickel responsive transcriptional metalloregulators have been identified in other bacteria but
the metal site structures have not been characterized. These include: SrnRQ, KmtR, NcrB, Mua, and
NimR. In Streptomyces griseus, the expression of sodF, which encodes an iron- and zinc-containing
superoxide dismutase is regulated by two nickel responsive regulators SrnR and SrnQ that work
together [88]. SrnR is a member of the ArsR/SmtB family while SrnQ does not show any similarities to
any known proteins [88]. SrnR and SrnQ form a complex both in the presence and absence of nickel
with maximum interaction shown when they are in a 1:1 stoichiometric ratio [88]. The two proteins
come together to form an octamer that is composed of four subunits from each protein [88]. A second
Ni(II)- and Co(II)-responsive transcriptional regulator, KmtR, was identified in M. tuberculosis [89].
Apo KmtR represses the expression of a putative CDF metal exporter [89]. Leptospirillum ferriphilum
UBKO03 NerB is a histidine rich protein that regulates the expression of genes associated with nickel
export ncrAC [90]. Mua binds nickel and modulates urease activity in H. pylori [91]. The protein binds
two nickel per dimer and represses urease activity at high concentrations [91]. Haemophilus influenzae
NimR is a regulator belonging to the MerR family that binds one Ni(II) ion per dimer [92]. NimR
regulates the expression of a Ni(II) uptake transporter, NikLMQO [92].

3. Ni(II) Chaperones Associated with [NiFe]-Hydrogenase and Urease

The nickel chaperones HypA, HypB, SlyD, and UreE have been characterized individually and in
complexes from various organisms including E. coli and H. pylori. Several studies have shown that
these proteins interact with each other to deliver nickel to [NiFe]-hydrogenase. These studies are
discussed in this section. Table S2 lists the respective K4s and the pH at which the K4 was determined,
the coordination number (CN #), and the ligands used to coordinate the metal ion in HypA, HypB,
SlyD, and UreE.

3.1. HypA

HypA is a nickel chaperone that is involved in delivering nickel to [NiFe]-hydrogenase and in
the case of H. pylori it is involved in nickel delivery to urease [32]. Homologous HypA proteins have
been characterized from E. coli, H. pylori, and Thermococcus kodakarensis (T. kodakarensis). E. coli HypA

171



Inorganics 2019, 7, 104

and its homologous protein, HybF are essential for the maturation of [NiFe]-hydrogenases [18,93].
HypA proteins have been reported as being a dimer in solution based on elution volumes [94,95],
however, size exclusion chromatography in combination with multiple light scattering (SEC-MALS)
determined that the protein is a monomer in solution [96]. HypA proteins feature two metal binding
sites, a N-terminal nickel site and a zinc site [94,95,97-100]. The HypA structures reveal that the nickel
binding site and the zinc binding site are separated by a long flexible linker (Figures 8 and 9) [98-100].
The N-terminal nickel site features a highly conserved MHE motif, which includes the first three amino
acids at the N-terminus of the protein, that is used to bind two Ni(II) ions per dimer with micromolar
affinity [93-96,98,101]. A Kq of 75 + 46 nM was reported by Douglas et al. for a Strep-tagged HypA
protein binding to nickel in competition with a well-established metal binding indicator, Mag-fura
2 [102]. Mutagenesis studies showed that His2 located in the MHE muotif is critical for nickel binding,
[NiFe]-hydrogenase activity, and, in the case of H. pylori, it is important for urease activity [95]. HypA
utilizes two conserved CXXC motifs to bind one zinc ion per monomer [93,94,97-101] with nanomolar
affinity [94].
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Figure 8. NMR structure of H. pylori HypA at pH 7.2 (PDB ID 6G81) [100]. HypA was expressed
in growth medium containing zinc sulphate and purified as ZnHypA [100]. (A) The nickel binding
MHE residues are in orange and the zinc site is shown at the base of the protein where the zinc
ion is coordinated by 4S-donors forming a tetrahedral zinc site. The histidine residues flanking the
CXXCX;CXXC motif are shown in red. (B) Close-up of the zinc site. (C) Scheme depicting the
changes in the zinc site when the pH changes and nickel binds to HypA (This scheme is adapted with
permission from Herbst, R.W.; Perovic, I.; Martin-Diaconescu, V.; O’Brien, K.; Chivers, P.T.; Pochapsky,
S.S.; Pochapsky, T.C.; Maroney, M.]. Communication between the zinc and nickel sites in dimeric
HypA: metal recognition and pH sensing. J. Am. Chem. Soc. 2010, 132, 10338-10351. Copyright (2010)
American Chemical Society).
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A. B.

Figure 9. Crystal structure of HypA from T. kodakarensis [99]. The protein monomers are shown in cyan
and green and the zinc ion is shown as a slate sphere. (A) The zinc site from the monomeric protein
(PDB ID 3A43) [99]. (B) Crystal structure of the domain swapped dimer (PDB ID 3A44) [99]. (Figure
adapted with permission from Higgins, K.A.; Carr, C.E.; Maroney, M.]. Specific Metal Recognition in
Nickel Trafficking. Biochemistry 2012, 51, 7816-7832. Copyright (2012) American Chemical Society).

H. pylori HypA binds Ni(II) with a K4 of ~1 uM at pH 7.2 and this binding is weaker at pH
6.3 [96,97,103]. There are some discrepancies regarding the coordination number and geometry of the
nickel biding site determined by XAS and X-ray crystallography. XAS studies determined that the Ni(II)
site is six-coordinate and Ni(Il) is ligated by 6 N/O-donors of which 1-2 are histidines [97,104]. The
first NMR structure of the monomeric protein from H. pylori features an N-terminus that is modified
by two additional residues, Gly and Ser, that were left over after thrombin cleavage of a histidine
tag [98]. UV-vis studies done on this protein determined that nickel binds to H. pylori HypA in a
planar coordination with 4N/O-donors. Initial NMR studies revealed that the Ni(II) binding site is
located at the N-terminus and that nickel is coordinated by the backbone nitrogen of His2, Glu3,
and Asp40 as well as the imidazole from His2 [98]. Additional NMR studies on the unmodified
HypA protein revealed nickel binding to HypA resulted in dipolar broadening in the N-terminal
region. This result is consistent with a paramagnetic (S = 1) five- or six-coordinate nickel site [97]. The
latter six-coordinate Ni(Il) site is supported by density functional theory (DFT) calculations, which
suggest that Ni(Il) is bound by the N-terminal amine, the amide nitrogen of His2 and Glu3, and the
sidechains of Glu3, Asp40, and His2, forming a NiNH,(N),O, Ny, site [100]. XAS studies done by
Hu et al. on the unmodified protein confirmed that the nickel site is six-coordinate and that the nickel
ion is coordinated by 2N/O-donors, 1 imidazole, the N-terminal amine, and 2 backbone amide [96].
Additionally, the binding of the N-terminal amine to nickel was confirmed with a L2* HypA mutant
protein. This mutation features the insertion of Leu into position two so that the MHE motif becomes
MLHE [96]. The L2*HypA protein changes the coordination environment of the Ni(II) ion, the Ni(II)
site is five-coordinate Ni(Il) site with a Br~ ligand from the buffer [96]. The presence of the Br~ ligand
bound to Ni(Il) suggests that the MLHE mutant HypA protein results in an open coordination position
on Ni(II), which is occupied by an anion from the buffer.

The zinc site consists of a loop with a CXXCX;;CXXC motif that coordinates Zn(II) ions in a
four-coordinate tetrahedral geometry (Figure 8A,B and Figure 9A) [93,94,97-101]. The H. pylori NMR
structures show that the Zn(II) ion is coordinated by 4 S-donors from Cys74, Cys77, Cys91, and Cys94
(Figure 8A,B) [98,100]. The crystal structure of HypA from T. kodakarensis was solved in both the
monomeric and dimeric forms (Figure 9) [99]. The zinc site in the monomeric form confirms that zinc
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is coordinated by the CXXCX;,CXXC motif (Figure 9A), however, the structure of the dimeric protein
shows that there is a domain swap in the homodimeric protein that affects the cysteine coordination
of the zinc site (Figure 9B) [99]. The physiological role of this domain swap is unknown [99]. In the
dimeric form the zinc is coordinated by only 1 CXXC motif from each monomer [99]. Additionally, the
crystallographic studies revealed that the HypA zinc site is dynamic [99].

XAS studies also revealed that the zinc site is dynamic and senses both pH changes and nickel
binding to the protein (Figure 8C) [97]. In agreement with the NMR structures, the XAS studies
determined that at pH 7.2, the zinc site is four-coordinate, tetrahedral, with 4 S-donors, (Zn(S)4)
(Figure 8B,C) [97,98,100]. Similarly, at pH 6.3 (~the internal pH of H. pylori under acid shock), the
zinc site is also four-coordinate but features 3 S-donors and 1 imidazole ligand from a histidine
(Zn(S)3(Nmm)) (Figure 8C) [97]. ITC studies determined that this structural change altered the nickel
binding stoichiometry and binding affinity. At pH 6.3, ZnHypA binds 1 Ni(II) ion per dimer with a K4
of 17 uM versus 1 Ni(II) ion per monomer at pH 7.2 with a Kq of 1 uM [97]. When ZnHypA binds Ni(II)
at pH 7.2 the structural changes in the zinc site are subtle, the zinc site is still four-coordinate, but 1 of the
Zn-S bonds is shortened (Figure 8C) [97]. At pH 6.3, the changes in the zinc site are more pronounced
when Ni(II) binds to ZnHypA; 2 of the S-donor ligands at the zinc site are replaced by 2 imidazole
ligands from histidines forming a (Zn(S),(Nyy)2 structure (Figure 8C) [97]. In H. pylori the two CXXC
motifs are flanked by two histidine residues, His79 and His95 (Figure 8A,B). Mutating any of the Cys
residues in CXXC or His79 or His95 resulted in a static zinc site that no longer senses pH changes or
Ni(II) binding to HypA [97]. Cys to Ala or Asp mutations resulted in a zinc site that was four-coordinate
with 2 S-donors and 2 imidazoles ((Zn(S)2(Nim)2) [97]. This zinc site is indistinguishable from the
ZnHypA site with Ni(II) bound at pH 6.3 (Figure 8C) [97]. Alanine substitutions for His79 and His95
also resulted in a zinc site that featured 4 S-donor ligands, (Zn(S),), as seen for the wild-type HypA
zinc site in the presence of Ni(Il) at pH 7.2, which suggests that His79 and His95 are the residues that
bind the wild-type NiZnHypA protein at pH 6.3 (Figure 8C) [97].

In vivo studies done on H. pylori mutant strains determined that the dynamic zinc site in
HypA is important for the acid viability of the bacterium, urease activity, and [NiFe]-hydrogenase
activity [33,105]. However, the conformational changes in the zinc site observed by XAS studies when
Ni(II) binds to HypA are not supported by NMR studies [100]. H. pylori mutant strains were created
that involved mutating individual residues in the CXXC motifs, Cys74, Cys77, Cys91, and Cys94 to
Asp and Ala, as well as His79 and His95 to Ala [33]. H. pylori strains of these 10 hypA mutants, a hypA
mutant (hypA::kan-sacB), a hypA-restorant (hypA-R) used as a control for any defects that may have
resulted from genetic manipulation, and a ureB mutant (AureB, used as a control) all survived when
resuspended in phosphate buffered saline (PBS) at pH 6 both in the absence and presence of urea [33].
However, in PBS buffer at pH 2.3 a significant decrease in acid resistance was observed for C74D,
CI1A, and C94A hypA mutant strains compared to the wild type strain [33]. All the H. pylori mutant
strains involving the Cys residues resulted in a decrease in urease activity (15% activity compared
with the hypA-restorant strain) [33,97]. The C77D, C91D, and C94D mutant strains had moderate
effects on urease activity (12-13% compared with the hypA-restorant strain), while C74A, C74D,
C77A, C91A, and C94A had severe effects on urease activity (similar to the AhypA strain and >4%
compared to the hypA-restorant strains) [33]. The His mutations had no effect on urease activity [33].
Johnson et al. suggest that the cysteine residues play a critical role in acid viability and mutating
these residues affects the ability of HypA to supply the urease maturation pathway with nickel [33].
Studies done by Blum et al. determined that [NiFe]-hydrogenase activity does not contribute to acid
resistance in H. pylori. H. pylori mutant strains similar to the ones used above in the acid viability and
urease study were used to measure [NiFe]-hydrogenase activity [105]. The C74A, C74D, C91A, and
C94A mutations all resulted in a severe decrease (9-15% of wild type activity) in [NiFe]-hydrogenase
activity, whereas, only a moderate decrease (36-60% of wild type activity) in [NiFe]-hydrogenase
activity was observed for C77A, C77D, C91D, and C94D mutant strains [105]. The H79A and H95A
mutant strains had little effect on [NiFe]-hydrogenase activity, 90% and 110% of wild type activity,
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respectively [105]. These results coupled with the XAS studies [97,104] suggest a regulatory role for the
zinc site [33,97,104,105] and it has been suggested that changes in the zinc site may affect interactions
between HypA and other nickel proteins [33,97] and the delivery of nickel to [NiFe]-hydrogenase
and urease [33,105]. This dynamic zinc site appears to be unique to H. pylori HypA as other HypA
homologues, including T. kodakarensis HypA, do not have conserved histidine residues flanking the
CXXCX,,CXXC motif [17,101]. Additionally, the crystal structures of T. kodakarensis HypA show that
there is no change in the structure of the zinc binding domain when Ni(II) binds to the protein [101].

Nickel binding to the MHE motif is also important for both [NiFe]-hydrogenase and urease
activity [33,95,105]. A H2A hypA mutant strain of H. pylori was created by replacing the His codon
with the codon for Ala. [95]. This mutant strain of H. pylori lacked [NiFe]-hydrogenase activity and
only had 2% of the wild-type urease activity [95]. NMR studies showed that the H2A mutant protein
had a structure that was similar to the wild-type protein but nickel binding experiments determined
that this mutant protein did not bind nickel [95]. Additionally, the L2* hypA mutant strain of H. pylori
is sensitive to acid and has decreased urease activity [96]. Furthermore, in H. pylori hypA, the L2*
mutation resulted in a decrease (14% of wild type activity) in [NiFe]-hydrogenase activity [105].

HypA has been shown to form complexes with HypB in E. coli, H. pylori, and T. kodakarensis [94,95,
101,106]. Three crystal structures have been solved of the HypAB complex from T. kodakarensis (vide
infra). One structure is in the presence of adenosine 5’-O-(3-thiotriphosphate) (ATPyS) and nickel ions,
the other with beta,gamma-methyleneadenosine-5"triphosphate (AMPPCP) (a nonhydrolyzed ATP
analog) and Ni(II) ions, and the third with just AMPPCP [101]. The overall architecture of the proteins
is similar with small differences in the local conformations. Additionally, there are crystal structures
of HypA complexed with the [NiFe]-hydrogenase large subunit in an immature state, HyhL, from
T. kodakarensis [107]. The HyhL-HypA complex was prepared by mixing HyhL and HypA ina 1:1.4
molar ratio [107]. The proteins were incubated for 6 days at 20 °C, followed by further incubation for
1 day at 4 °C [107]. Analysis of the HyhL-HypA structure revealed that the nickel metal binding sites
of the two proteins are in close proximity and that the N-terminal tail of HyhL interacts with the nickel
binding site on HypA [107].

3.2. HypB

HypB is a member of the G3E family of P-loop GTPases [108]. All HypB proteins have a conserved
GTPase domain (G-domain), which contains a low affinity metal binding site than can bind either
nickel or zinc [109-114]. The GTPase activity of HypB is required for nickel insertion and maturation
of [NiFe]-hydrogenase and plays a role in urease maturation [95,115,116]. In E. coli, GTPase hydrolysis
controls nickel but not zinc binding to HypB and protein—protein interactions between HypA and
HypB [117]. E. coli HypB binds two metal ions per monomer in two very distinct metal sites, both of
which are critical for [NiFe]-hydrogenase maturation [109,110]. The high affinity site, which is unique
to E. coli HypB, binds Ni(Il) with a Ky in the subpicomolar range, is located at the N-terminus of the
protein, and features a CXXCGC motif [109]. The second site, a low affinity site, located in the GTPase
domain, has a higher affinity for Zn(II) (Kq 1 uM vs 12 uM for Ni(Il)) [109]. The GTPase activity of
E. coli HypB is low, with a kcat 0.17 min~! and a ky, of 4 uM [116].

XAS studies determined that Ni(II) binds to the high affinity site and low affinity site in a
four-coordinate planar geometry and six-coordinate octahedral geometry, respectively [110]. Nickel
binds to the high affinity site utilizing the 3 S-donors from the 3 N-terminal cysteines, Cys2, Cys5, and
Cys7, as well as 1 N/O donor from the N-terminal amine to form a Ni(S)sNH; structure [109,110,118].
Nickel binds to the low affinity site using Cys166, His167, and 4 other N/O-donating residues [109,110].
XAS studies revealed that metal binding to the high affinity site results in structural changes at the
low affinity site [110]. Likewise, metal binding to the low affinity site results in structural changes at
the high affinity site [110]. X-ray absorption near-edge spectroscopy (XANES) analysis shows that
when Zn(II) binds to the low affinity site, a less intense 1s — 4p, transition is observed, and the peak
at 8342 eV is slightly more intense [110]. This indicates that there is a slight distortion in the planar
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geometry and a reduction in the S-donor ligand content of the high affinity site [110]. Extended X-ray
absorption fine structure (EXAFS) analysis of Ni(II) in the high affinity site in the absence of Zn(II)
bound to the low affinity site shows the Ni(Il) coordinated by 3 S-donors at a distance of 2.17 A and 1
N/O-donor at 1.87 A, forming a Ni(S)3(N/O) structure [110]. When zinc binds to the low affinity site
these bond distances are altered, the Ni-S bond distance is slightly shorter at 2.15 A and the Ni-N/O
bond distance is longer at 2.02 A [110]. A Ni(II) site with one less S-donor, Ni(S),(N/O),, that is in
agreement with the XANES analysis of a decrease in the S-donor ligand content involving 2 S-donors
at2.17 A and 2 N/O-donors at 2.02 A, was also obtained for Ni(II)Zn(II) HypB but this fit had a similar
F-factor (a goodness of fit parameter) to the 3S 1N/O fit [110]. Based on the EXAFS data, it is not
clear if a S-donor is replaced by a N/O-donor when Zn(Il) bind to the low affinity site. Similarly,
changes in the low affinity site, the G-domain, were observed when Ni(II) binds to the high affinity
site. XANES analysis showed that the geometry of the zinc site is not altered when Ni(Il) binds as it is
four-coordinate tetrahedral regardless of Ni(II) being present in the high affinity site [110]. When Ni(II)
binds to the high affinity site the coordination environment of Zn(Il) in the low affinity site changes
from Zn(S)2 5N/OZn(Nipy)o 5 to Zn(S);N/OZn(Nyy,). EXAFS analysis revealed that in the absence of
Ni(II), the zinc site contains 2 Zn(II) ions with an average of 2.5 S-donors at 2.29 A, 1 N/O-donor at
2.02 A, 0.5 imidazole nitrogen ligand at 1.98 A, and a Zn-Zn interaction at 4.01 A [110]. When Ni(II) is
bound to the high affinity site, the zinc site still contains 2 Zn(II) ions with an average of 2 S-donors
at2.29 A, 1 N/O-donor at 2.01 A, 1 imidazole nitrogen ligand at 1.95 A, and a Zn—Zn interaction at
3.98 A [110]. The structural changes in the metal sites when another metal binds at the alternate site in
HypB are subtle but the XAS studies suggest an allosteric recognition mechanism may be present in
HypB similar to that seen in HypA.

H. pylori HypB binds Ni(II) ions at the G-domain with a 1:1 stoichiometry and a micromolar affinity
determined by Ni(Il) ion titrations monitored by UV-vis [106]. Competition metal binding studies
involving the metal chelator Mag-fura 2 determined a Kq for Ni(II) of 150 nM and 1.2 nM for Zn(II) [111].
Similar to E. coli HypB, H. pylori HypB binds zinc tighter than nickel in the G-domain [109,111].
Mutagenesis studies involving the conserved residues Cys106 and His107 determined that these
residues are important for Ni(Il) and Zn(II) binding [111]. The C106A and H107A mutations disrupted
Ni(II) binding and weakened Zn(II) binding by 2 orders of magnitude [111]. These results suggest
that the coordination spheres of Ni(II) and Zn(II) are not identical but some of the ligands used to
bind nickel also bind zinc [111]. E. coli HypB GTP hydrolysis is slow [114]. Ni(II) binding to HypB
promotes dimerization and has no effect on GTPase activity while zinc binding does not promote
dimerization and inhibits GTPase activity [111]. The crystal structure of H. pylori HypB with Ni(II) and
GDP bound shows that the nickel is ligated by four cysteines in a square planar geometry and that this
metal binding site bridges the HypB dimer (Figure 10) [114]. Studies done by Sydor et al. demonstrate
that the nucleotide bound state of the protein influences the coordination environment of the nickel
ion [114]. These studies suggest that H107 is a nickel ligand in the absence of nucleotide binding to the
protein [114]. Additionally, Cys142 was identified as an important residue for coupling metal binding
to H. pylori HypB with GTPase activity [114].
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Figure 10. (A) Crystal structure of H. pylori HypB (PDB ID 4LPS) [114]. Prior to crystallization, the
protein was incubated with Guanosine 5’-O-(3-thiotriphosphate) (GTPyS) and magnesium chloride
before adding nickel chloride [114]. The protein monomers are colored orange and yellow, guanosine
diphosphate (GDP) molecules are shown as red spheres, the magnesium ions are shown as purple
spheres, and the nickel ion is shown as a green sphere, (B) Close-up of the bridging G-domain metal site
with a nickel ion bound. (This figure was adapted from Sydor et al [114]. The research was originally
published in the Journal of Biological Chemistry. Sydor, A.M.; Lebrette, H.; Ariyakumaran, R.; Cavazza,
C.; Zamble, D.B. Relationship between Ni(II) and Zn(II) coordination and nucleotide binding by the
Helicobacter pylori [NiFe]-hydrogenase and urease maturation factor HypB. J. Biol. Chem. 2014, 289,
3828-3841. © the American Society for Biochemistry and Molecular Biology or © the Author(s)).

HypB proteins have also been crystallized from Methanocaldococcus jannaschii (M. jannaschii) with
Zn(Il)) and (GTPYS) bound [113]. The protein was purified and incubated in buffer containing zinc
chloride and crystallized from a solution containing GTPyS [113]. T. kodakarensis with ADP bound [112],
and Archeoglobus fulgidus (A. fulgidus) in the nucleotide free apo form [119]. T. kodakarensis hypB is
the only HypB protein discussed in this review is an ATPase. T. kodakarensis HypB is a member of the
Mrp/MinD family of ATPase-type HypB [112]. All four HypB crystal structures show that in HypB
there is a homodimer nucleotide-binding site near the dimer interface. Surprisingly, a nickel binding
site was not identified for T. kodakarensis HypB, which suggest that it functions different from the other
HypBs that have been characterized [112]. The HypB crystal structure from M. jannaschii revealed
that there are two metal binding sites located in the G domain [113]. Like H. pylori HypB, the metal
binding site bridges the dimer interface [113,114]. Additionally, the location of the nucleotide binding
site in M. jannaschii is almost identical to that of H. pylori HypB [114]. In the crystal structure two zinc
ions are bound in two unique sites that are bridged by a cysteine residue (Cys95). [113] One zinc ion
is coordinated by three cysteines from one monomer (Cys95 and Cys127), a cysteine from another
monomer (Cys95) and a water molecule. [113]. The second zinc ion is coordinated by two cysteine
residues (Cys95 and Cys127), histidine (His96) and a water molecule [113]. The structure also revealed
that GTPyS binds at the dimer interface [113].

Studies involving A. fulgidus and E. coli HypB determined that the dimerization of HypB proteins
is important for [NiFe]-hydrogenase activity [119,120]. Studies by Cai et al. on E. coli HypB determined
that Leu242 and Leu246 are important for dimerization of the protein [120]. The residues correspond
to Leul71 and Vall75 in M. janaschii HypB. The crystal structure of M. Jannaschii showed that Leul71
and Val175 are located in a hydrophobic patch at the dimer interface [113]. Mutant Leu242A and
Leu246A E. coli HypB proteins could still bind metal and hydrolyze GTP, however, they could not
dimerize resulting in a decrease [NiFe]-hydrogenase activity (half of the {NiFe}-hydrogenase activity
that was observed with the wild-type HypB protein) [120]. This result is also supported by work done
on A. fulgidus. A. fulgidus HypB is a monomer in the apo and the GDP-bound forms but the GTP bound
form of the protein is a dimer [119]. This dimer was not observed in a Lys148A (Lys224 in E. coli)
mutant A. fulgidus hypB though the protein could still bind GTP. It was shown that a K22A mutant
HypB protein could not recover [NiFe]-hydrogenase activity in a AhypB E. coli strain [119].
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HypB proteins with an N-terminal histidine rich region that are capable of binding several nickel
ions have been characterized from Bradyrhizobium japonicum (B. japonium) and R. lequminosarum [121-123].
It has been suggested that these histidine rich tails play a role in nickel storage and buffering [122,124].
B. japonicum HypB has 24 histidine residues located near the N-terminus. The protein binds 9 Ni(II) per
monomer with a Kg of 2.3 uM [121]. Other metal ions, including Zn(II), Cu(II), Co(II), Cd(II), and Mn(II)
can bind to the protein [121]. R. leguminosarum HypB has seventeen histidine residues near the N-terminus
and binds four Ni(II) ions per monomer [123]. Other metal ions like Co(II), Cu(Il), and Zn(II) can compete
with Ni(II) for binding to the protein [123]. The significance of these histidine rich regions in some HypB
proteins is unknown but it has been suggested that they may be involved in nickel storage [17].

3.3. SlyD

SlyD is a member of the FK506-binding protein (FKBP) family of peptidyl-prolyl cis/trans
isomerases [125]. The NMR structures of SlyD from E.coli show that the protein is a two-domain
protein: a peptidyl-prolyl isomerase (PPlase) domain and the “inserted in the flap” (IF) domain
(Figure 11) [126,127]. Prolyl isomerases are involved in numerous biological functions including
catalyzing the cis-trans isomerization of proline peptide bonds, which is a crucial step in the folding
pathway of some proteins [125,128]. However, in E. coli the isomerase function of SlyD is nonessential
in [NiFe]-hydrogenase maturation [129]. In E.coli it was determined that SlyD is important for
[NiFe]-hydrogenase activity as a slyD mutation resulted in a 50% reduction in H, production in cultures
during exponential phase growth [16]. E. coli SlyD has an unstructured C-terminal metal-binding tail
(Figure 11), which is rich in metal binding residues: histidines, cysteines, aspartates, and glutamates [17].
The C-terminal tail is variable among SlyDs [126,127,130-132]. E. coli SlyD can bind up to 7 Ni(II) per
protein with submicromolar (K4 < 1.8 uM) affinity [133], which reversibly inhibits PPlase activity [134].
A precise model of the Ni(II) site in SlyD could not be determined by XAS studies as there are multiple
nickel sites in the protein that had different geometries and coordination numbers [133]. Based on the
ability of SlyD to bind multiple metal ions, it is thought that SlyD contributes to Ni(II) storage and is a
possible source for Ni(II) ions during [NiFe]-hydrogenase assembly in E. coli [15,135].

Figure 11. NMR structure of E. coli SlyD (PDB ID 2KFW) [126]. The IF domain is colored blue, the
PPlase domain is colored yellow, and the unstructured C-terminal metal-binding tail is colored red.

H. pylori SlyD also has a histidine and cysteine rich C-terminal tail that binds 2.4 Ni(II) per protein
or 3.3 Zn(Il) ions per protein with Kgs of 2.74 and 3.79 uM, respectively [132]. A SlyD homolog
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from Thermus thermophilius (T. thermophilius) that does not contain the extended cysteine and histidine
rich C-terminal tail seen for E. coli and H. pylori SlyD has a metal binding site composed of three
histidines [130]. The crystal structure shows that either Ni(II) or Zn(II) is bound by the conserved
sequence (HGHXaaH) [130]. A truncated E. coli SlyD protein, SlyD155, was created to resemble the
T. thermophilius SlyD protein. SlyD155 was able to bind a single nickel ion with a K4 of 65 nM and an
octahedral geometry with 2-3 imidazole ligands from His149, His151, and His153, and 3-4 N/O-donors,
but could not activate [NiFe]-hydrogenase activity in vivo [129].

3.4. UreE

UreE delivers nickel to the UreABC-UreDFG complex (Figure 2) [28]. UreE from K. aerogenes is a
homodimer that binds six nickels per homodimer with a K4 of ~9.6 uM [136]. XAS studies determined
that UreE binds nickel in different sites. The average Ni(II) site determined for a Ni(II)UreE sample
prepared by mixing UreE with approximately three equivalents of Ni(II) per dimer is pseudo-octahedral
with six N/O donors of which three to five are histidine ligands [136]. Most of the nickel is bound
at the histidine rich C-terminal tail (HGHHHAHHDHHAHSH) [28,137]. H. pylori and Sporosarcina
pasteurii (S. pasteurii formerly Bacillus pasteurii [138]) lack this histidine rich tail. The H. pylori UreE is a
homodimer that binds one Ni(II) or Zn(II) per dimer with a K4 of 0.15 and 0.49 uM, respectively [139,140].
The nickel site is six-coordinate and features four histidine ligands while the zinc site is five-coordinate
with two or three histidine ligands [141]. S. pasteurii UreE binds two Ni(II) per dimer with an overall Kq
of 35 uM [142]. The nickel site is also six-coordinate and features each Ni(II) ion bound by an average
of two histidine and 4 N/O residues [142,143]. Studies done by Brayman, Hausinger, and Colpas show
that the histidine rich C-terminal tail of K aerogenes UreE is not necessary for UreE to deliver nickel to
urease [144,145]. A H144* mutant UreE from K. aerogenes was generated by removing the last fifteen
residues, which includes ten histidine residues [144]. Like the wild-type protein, the H144* UreE is a
homodimer, but it bound two Ni(II) per dimer versus the six Ni(II) per dimer, which was observed for
the wild-type protein [146]. Urease activity in cells containing H144* UreE was similar to that of cells
with the wild-type protein [144].

Cd(I), Co(Il), Zn(II) and Cu(II) ions are able to compete with Ni(Il) ions for the nickel binding
site in H144* UreE [144]. These metals bind to the protein with stoichiometry of two metal ions per
dimer using different ligands and with different geometries [146]. The two Ni(Il) ions bind with
peudo-octahedral geometry and the two Ni(Il) sites are spectroscopically distinguishable as one
Ni(II) site binds one less histidine residue than the other [146,147]. Equilibrium dialysis experiments
determined that Ni(Il) bound with Kgs of 47 uM and 1.45 uM [147]. ITC experiments determined that
the two Ni(II) ions bind with a Kq of 1.6 nM but do not distinguish between the two Ni(II) binding to
UreE [148]. Similar to E. coli NikR, a difference in the Kys determined using two different techniques is
observed. The two Cu(ll) ions bind to H144* UreE with tetragonal geometry with each Cu(Il) being
coordinated by two histidine ligands and one Cu(Il) ion is bound by a cysteine residue, Cys79 [146,147].
Like Ni(II), Co(II) ions adopt pseudo-octahedral geometry, and the two cobalt sites differ in the number
of histidine ligands that coordinate to each Co(Il) ion [146]. The metal binding ligands were determined
using a combination of mutagenesis and urease activity studies coupled with metal binding studies
involving equilibrium dialysis, and UV-visible, EPR, and NMR spectroscopies [147]. It was suggested
that one Ni(II) or Co(Il) is bound by His96, His112, and 1 N/O-donors from each monomer forming a
six-coordinate metal site. The second Ni(II) or Co(II) is bound by His110, and two N/O-donors from
each monomer forming a six-coordinate metal site [147]. Proton NMR studies suggest that the nickel
and cobalt sites differ in the number of histidine ligands at each site. The first nickel site has one
histidine and the second has two histidines; the number of histidine residues are reversed for the
cobalt site [146]. It is important to note that the metal binding ligand His96 is conserved among UreE
proteins [147] and was shown to be important for urease activation both in vitro [149] and in vivo [147].
Proton NMR studies suggest that the nickel and cobalt sites differ in the number of histidine ligands
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at each site. The first nickel site has one histidine and the second has two histidines, the number of
histidine residues are reversed for the cobalt site [146].

The K. aerogenes H144* crystal structure showed that the protein binds three Cu(Il) ions per
dimer [150]. This crystal structure was solved from apo H144* crystals that were soaked with copper(II)
sulphate [150]. One copper is bound in between the two monomers by two His96 residues, one
from each monomer. The other two coppers are each coordinated by His110 and His112 within each
monomer. The differences in the metal binding stoichiometries of Cu(Il) binding to H144* UreE
determined by Colpas et al. [146,147] in the crystal structure are explained by ITC experiments. These
studies determined that the number of Ni(II) and Cu(ll) ions bound per dimer is dependent on
the concentration of the protein. At low concentrations (<10 uM), the dimeric H144* UreE binds
2 Ni(II), or Cu(ll) ions per dimer but at higher concentrations, 25 pM, binds 3 Ni(II) or Cu(II) per
dimer [148]. The ITC data also showed evidence of the formation of a tetramer (dimer of dimers) at
higher concentrations [148]. Additionally, Cu(Il) binds tighter to K. aerogenes than Ni(II) but Ni(II)
binding is enthalpically favored.

The first crystal structure of UreE from S. pasteurii shows that Zn(Il) binds at the interface of two
dimers and is bound by four histidine residues (His 100 equivalent to His96 from K. aerogenes) from
each monomer [151]. The protein crystals were obtained from UreE protein that copurified with Zn(II)
ions [151]. A second set of crystal structures of S. pasteurii UreE bound to Ni(II) or Zn(II) show that
the Ni(Il) is coordinated by His100 in a site that is consistent with octahedral geometry while the
Zn(II) site adopts pseudo-tetrahedral geometry and is bound by His9 and Asp12 from two different
dimers [138]. In this study, the protein crystals were obtained from apo UreE that was incubated with
nickel sulphate or zinc sulphate [138]. Crystallographic studies coupled with ITC suggest that there is
a high affinity and a low affinity nickel site located at the C-terminus of the protein. The high affinity
site features His100 as Ni(II) ligands and the low affinity site features His145 or His147 [138,142]. It has
been suggested that the low affinity site funnels nickel to the high affinity site, which can bind either
Ni(II) or Zn(II), and could be involved in UreE-UreG interactions [138].

H. pylori UreE has been crystallized in the apo, Ni(II) bound, Cu(Il) bound, and Zn(II) bound
forms [141,152]. The structures determined by Shi et al. show the apo protein as a dimer and the
metal bound Cu(Il) and Ni(II) forms of the protein as a tetramer, a dimer of dimers [152]. It is unclear
what the exact source of the Cu(II) and Ni(II) ions is in these structures [152]. The Cu(II) and Ni(II)
UreE crystals resulted from an attempt crystallize the UreE-HypA and the UreE-UreG complex,
respectively [152]. However, in the structures obtained by Banaszak et al. the protein exists as a dimer
in the apo, Zn(II) and Ni(II) forms [141]. These ZnUreE and NiUreE structures were obtained from
apo UreE that was incubated with either zinc sulfate or nickel sulphate and crystallized [141]. Both
sets of structure show that His102 (equivalent to His96 and His100 in K. aerogenes and S. pasteurii,
respectively) is involved in binding the metal ion [141,152]. H. pylori UreE has a single His residue,
His152, on the C-terminus. Mutagenesis studies coupled with ITC experiments determined that His152
is a ligand for Zn(II) and not Ni(II) [140]. It was also determined by ITC experiments that His102 is
a ligand for both Ni(II) and Zn(II) [140].The crystal structure and the XAS data revealed that the H.
pylori Ni(Il) site is pseudo-octahedral and the Zn(lIl) site is tetrahedral and both metals are bound by
His102 and His152 [141]. Although there is a difference in the ligands bound to Ni(II) in the H152A
UreE compared to wildtype, Banaszak et al. suggests that mutating His152, which may be a weakly
coordinated residue, results in a rearrangement in the metal site [141].

4. Protein—Protein Interactions

The maturation of [NiFe]-hydrogenase and urease is a highly choreographed process that involves
several accessory proteins. Protein—protein interactions between the metallochaperones HypA, HypB
and SlyD have been observed experimentally, however, a ternary complex has not been detected [153].
Work done by Khorasani-Motlagh et al. suggests that HypB is the central component of nickel delivery
to [NiFe]-hydrogenase as it interacts with both SlyD and HypA, individually [153]. Based on cyclic
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voltammetry (CV) and electrochemical impedance spectroscopy (EIS) measurements, the relative
affinities of the HypB complexes are on the order of HypB-SlyD > HypB-HypA > HypA-SlyD [153].

HypB and SlyD form a complex in both E. coli [15,129,154] and H. pylori [155]. In both bacteria,
SlyD enhances the GTPase activity of HypB [135,156]. E. coli SlyD also forms a complex with a
Strep-tagll variant of the large subunit of [NiFe]-hydrogenase 3, HycE [157]. Additionally, it was
determined that the C-terminal tail of SlyD is important for stimulating nickel release from HypB [129].
HypB also forms a heterodimer with HypA in H. pylori [95,106], and E.coli (Figure 12) [94]. Nickel
is transferred from the G-domain of HypB to HypA and the rate of transfer increases significantly
in the presence of GDP [102]. The transfer of nickel is also more efficient when HypA and HypB
from a complex [102]. Once HypA is loaded with nickel the HypAB protein complex dissociates
(Figure 12) [117]. In E. coli, HypA can form a complex with HycE in the absence of HypB or SlyD [158].
It is thought that HypA and HypB preassemble before reaching HycE as both proteins can interact in
the absence of HycE [102,106,158]. Deletion of the hypA gene prevents HypB from interacting with
HycE, which suggests that HypA serves as a scaffold for HypB to dock to the large [NiFe]-hydrogenase
precursor protein [107,158].
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Figure 12. Model of the protein complexes required for the insertion of nickel into the large
[NiFe]-hydrogenase precursor protein in E. coli [17,117,135]. Monomeric HypB dimerizes when
it binds to GTP and then binds to nickel from SlyD or some other source. GTP hydrolysis occurs, which
weakens the affinity of HypB for nickel and promotes the formation of a complex between NiGDPHypB
and ZnHypA. Nickel is transferred from NiGDPHypB to ZnHypA. NiZnHypA then delivers nickel to
the large [NiFe]-hydrogenase precursor protein.

In T. kodakarensis, HypA enhances the ATPase activity of HypB threefold [101]. Similar to E. coli
HypAB interactions, HypAB interactions in T. kodakarensis are regulated by nucleotide hydrolysis.
HypA and HypB form a heterotetrametric structure containing two HypA and two HypB in the
presence of ATP (Figure 13) [101]. The HypAB complex binds Ni(II) with nanomolar affinity [101].
The crystal structure shows that the two HypA molecules are bound to the opposite surface of the
ATP-binding site of the HypB dimer (Figure 13) [101]. Complex formation between HypA and HypB
results in conformational changes that create a new nickel binding site with nanomolar affinity as
determined by ITC (Figure 13) [101]. In the HypAB complex, His98 from HypA moves closer to the
N-terminus of the protein forming a new nickel site involving His98 and the N-terminal MHE motif
(Figure 13) [101]. The Ni(II) ion is bound in a four-coordinate, distorted square planar geometry and is
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coordinated by the N-terminal amine, the amide nitrogen and side chain of His2, and the side chain of
His98 [101].

HypA ~ |asl— HypA’

Figure 13. Crystal structure of the transient HypAB complex from T. kodakarensis (PDB ID 5AUN) [101].
The protein was crystallized from a solution containing equal molar concentrations of T. kodakarensis
HypA and HypB in the presence of ATPyS and nickel chloride. The HypA monomers (shown in yellow
and gray) bind on either site of the HypB dimer (shown in purple and cyan). The nickel ion is shown as
a green sphere and is coordinated by the MHE motif (colored orange) and His98 (colored red) of HypA.
The zinc ion is shown as a slate sphere, the magnesium ion as a red sphere, and the ADP molecules
are shown as red, green, and blue spheres. (This figure is adapted from Watanabe, S.; Kawashima, T.;
Nishitani, Y.; Kanai, T.; Wada, T.; Inaba, K.; Atomi, H.; Imanaka, T.; Miki, K. Structural basis of a Ni
acquisition cycle for [NiFe] hydrogenase by Ni-metallochaperone HypA and its enhancer. Proc. Natl.
Acad. Sci. USA 2015, 112, 7701-7706. Copyright (2015) National Academy of Sciences).

HypA has also been shown to form a complex with UreE that results in the formation of a new
nickel site [96,103,159]. In H. pylori, Hyp A-UreE interactions are essential for urease maturation [31].
Crosslinking, static light scattering, and ITC studies show that the UreE dimer binds HypA using residues
located in the C-terminus of the protein to form a hetero-complex, HypA-UreE (Figure 14) [103,159].
The dissociation constant for apo ZnHypA or NiZnHypA to apo-UreE; is 1uM at pH 7.2 [159]. Similarly,
the dissociation constant of ZnHypA to ZnUreE; is also 1 uM [159]. However, the interactions between
HypA and UreE; were weakened between Zn-HypA or NiZnHypA and Ni-UreE, at pH 7.2 [159].
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Figure 14. Model of the protein complexes required for the insertion of nickel into H. pylori urease [103,
160,161]. NiZnHypA forms a complex with UreE; and transfers nickel to UreE;. NiUreE; will form a
NiUreE,-UreG, complex either with UreG, or with 2 UreG in the presence of magnesium ions and GTP.
A NiUreE,-UreG, complex with magnesium ions, GTP and UreG; is formed and nickel is transformed
from UreE; to UreG,. UreG; forms a complex with UreF-UreH and apo urease. GTP is hydrolyzed by
UreG and nickel is inserted into apo urease in the presence of potassium bicarbonate (not shown) and
ammonium bicarbonate (not shown). UreF, UreH, and UreG dissociate from the Ni-urease enzyme.
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At both pH 7.2 and pH 6.3 H. pylori UreE; binds Ni(II) one order of magnitude tighter than
H. pylori HypA [96,97,103,140]. It has been determined that Ni(Il) is transferred from HypA to
UreE, (Figure 14) [159]. ITC studies and fluorometric studies revealed that Ni(II) binding to
ZnHypA-ApoUreE, results in at least two distinct isotherms with micromolar and nanomolar affinity
at both pH values [103]. The micromolar binding is similar to that seen for Ni(Il) binding to
apoUreE; [103]. Nanomolar binding was also observed when NiZnHypA was titrated into apoUreE;
suggesting that a new high affinity nickel binding site is formed when Ni(II) is added to ZnHypA-UreE,
complex [103]. This result was further supported by metal binding experiments conducted using
L2*HypA mutant protein. It was determined that ZnL2*HypA binds apoUreE, similar to wild-type
HypA with micromolar affinity and that ZnL2*HypA has a weaker affinity for Ni(II) than the wild-type
HypA protein [96,103]. Additionally, titrating ZnL2*HypA-apoUreE, with Ni(Il) at pH 7.2 resulted in
a single isotherm [103].

In K. aerogenes the urease accessory proteins UreD, UreF, UreG, and UreE bind sequentially to
the urease enzyme (Figure 1). First, UreD forms a complex with apo-urease, UreABC-UreD [28].
In the presence of UreD, UreF forms a UreABC-UreDF complex [28,162] and UreG forms a complex
with UreABC-UreDF [28,163]. Additionally, the UreDFG complex can bind directly to UreABC [28].
Finally, UreE delivers Ni(II) to the UreABC-UreDFG [149]. In H. pylori two different UreE-UreG
complexes have been observed (Figure 14). The first complex is composed of two monomers of H.
pylori UreG bound to one H. pylori UreE dimer (UreE;-UreG,) with a K4 of 4.0 uM [140,160]. A second
UreE-UreG complex has been observed that features a UreE dimer with a UreG monomer (UreE,-UreG)
(Figure 14) [160]. It was determined that UreE accepts Ni(II) from HypA and the UreE,—UreG, complex
facilitates Ni(II) transfer from UreE to UreG and enhances GTP binding [160].

Several studies have been done on individual proteins and protein—-protein interactions between
the Ni(II) chaperones and accessory proteins. These studies have led to models for nickel insertion
into E. coli [NiFe]-hydrogenase (Figure 12) and H. pylori urease (Figure 14). For nickel insertion into
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E. coli [NiFe}-hydrogenase involves the dimerization of HypB when it binds to GTP and nickel. GTP
is hydrolyzed to GDP, and NiGDPHypB forms a complex with ZnHypA. The stoichiometry of the
HypA-HypB complex is unknown [117]. Nickel is then transferred from the G-domain nickel site of
HypB to N-terminal nickel site of ZnHypA, and NiZnHypA forms a complex with and transfers nickel
to the large [NiFe]-hydrogenase precursor protein. For nickel insertion into H. pylori urease activation
involves NiZnHypA delivering nickel to UreE,. UreE, binds to UreG, and transfers nickel to UreG,.
NiUreG; form a complex with UreH,F; and apo urease. GTP hydrolysis occurs and nickel is delivered
to urease followed by the dissociation of UreF, UreE, and UreG from the active urease enzyme.

5. Conclusions

Over the past 20 years significant progress has been made towards elucidating the role that nickel
plays in the proper functioning of metalloregulators and chaperones. Multiple themes have emerged
from the studies conducted on nickel metalloregulators and chaperones regarding nickel binding and
protein allostery. The proteins discussed in this review bind nickel in one of three different geometries:
four-coordinate square planar, four-coordinate tetrahedral, or six-coordinate octahedral geometry. Four
of the proteins, RenR, NmtR, HypA, and E. coli HypB, utilize the N-terminal amine to coordinate the
nickel ion. The Ni(I)-responsive metalloregulators: RenR, DmeR, and KmtR are also Co(II)-responsive.

Many of the metalloregulators discussed in this review can bind other first row transition metals
but only cognate metal, nickel and in some cases cobalt, binding results in the allosteric regulation
of DNA binding. NikR proteins have been studied extensively using a combination of NMR, X-ray
crystallography, XAS, and metal binding studies. These studies determined that NikR can bind to
the first-row transition metals, Co(II), Ni(II), Cu(ll), and Zn(II) with various geometries [47,57,59].
The binding affinities clearly follow the Irving Williams series, yet NikR is a Ni(II) responsive
metalloregulator [59]. These results suggest that only when nickel binds to NikR forming a four
coordinate square planar complex using 3 Nimidazole ligands and 1 S-dnonors does the correct structural
changes occur in the protein that favors DNA binding [57]. These results are corroborated by studies
done in RenR, NmtR, and InrS where nickel binding disfavors DNA binding. Collectively, these results
support the theme that metal responsiveness is most closely linked to coordination number and ligand
selection [36,164]. Protein allostery is also observed when Ni(II) binds to H. pylori HypA [97,104] and
E. coli HypB [110].

Another theme that emerges from the work discussed in this review is that sequence similarities
between the metalloregulators are not sufficient to determine the metal selectivity of metalloregulators.
For example InrS possesses all the ligands that bind Cu(I) in M. tuberculosis CsoR, however, InrS
uses these ligands plus an additional His ligand to bind nickel [63,77]. Interestingly, both RecnR
and InrS belong to the same family of metalloregulators and thus have a similar protein fold but
they coordinate nickel with a different ligand set and geometry. E. coli RenR coordinates nickel in
a six-coordinate octahedral site [70,72,73]. InrS utilizes a different ligand set to coordinate nickel in
four-coordinate square planar geometry [79]. Why has nature designed two metalloregulators that
carryout similar functions with the same fold but different metal binding geometries and ligand sets?
It will be interesting to see how DmeR binds nickel. A similar situation exists for the two Ni(Il) and
Co(II) regulators from M. tuberculosis, NmtR and KmtR [84-86,89].

HypA, HypB, and SlyD proteins have been characterized from various organisms including
E. coli and H. pylori and the metal site structures have been elucidated. Variations in the number of
metal binding sites and metal ligands among homologous proteins from different organisms have
been observed. The reasons for these variations are unknown but it may be linked to differences in
intracellular nickel concentrations or the nickel requirements of the organism [17] as well as the various
protein—protein interactions that occur in the shuttling of nickel from one protein to another. All HypA
proteins have two metal binding sites, an N-terminal nickel site and a zinc site in a loop region with 2
CXXC motifs. However, both the flanking His residues, His79 and His95, in H. pylori HypA are not
conserved in all HypA proteins, some have one or none [97]. Mutating any of the Cys or His residues

184



Inorganics 2019, 7, 104

resulted in a HypA protein that no longer sensed nickel binding or pH changes [97]. The variations in
the number of flanking His residues in HypA proteins suggest that if nickel binding and pH changes
are communicated in other HypA proteins, they do not result in similar structural changes observed
for H. pylori HypA. A regulatory role for the H. pylori zinc site has been proposed [33,97,104,105].
It has been suggested that changes in the zinc site may affect interactions between HypA and other
nickel proteins [33,97] and may affect the delivery of nickel to [NiFe]-hydrogenase and urease [33,105].
Studies involving mutant hypA strains have demonstrated that all the cysteine residues in the zinc site
are important for [NiFe]-hydrogenase and urease activity in H. pylori [33,105]. The His residues may
play a role in protein—protein interaction as they are not required for [NiFe]-hydrogenase and urease
activity [33,105].

The number of metal binding sites varies in HypB proteins. All GTPase HypB proteins have
a nickel site located in the G domain that binds either nickel or zinc. This site has a lower affinity
for nickel than zinc but is involved in transferring nickel to HypA [109,111,117]. A N-terminal high
affinity site has been characterized for E. coli HypB [109]. The exact role of this site still needs to be
elucidated [109]. Leach et al. have suggested that that the N-terminal nickel site plays a structural
and/or regulatory role [109]. They have also suggested that it could be a source of nickel for [NiFe]-
hydrogenase when nickel concentrations in the cell are limited [109]. Some HypB proteins have
histidine rich regions that bind multiple nickel ions that may be involved in nickel storage. Studies
done by Sydor et al. on H. pylori HypB showed that there is a link between nucleotide binding and the
ligands used to coordinate nickel. When GDP is bound to the protein, H. pylori HypB binds nickel with
4 S-donors from four cysteine residues, however, in the absence of nucleotide bound to the protein
His107 ligates the nickel [114]. The importance of this change is not fully understood but it may play a
role in hydrogenase and urease maturation [114].

SlyD is important for [NiFe] hydrogenase maturation [16] and is known to form a complex with
HypB, [15,129,154,155]. However, the details of the interaction between SlyD and HypB still need to be
determined. The importance of histidine rich C-terminal tails vary in [NiFe]-hydrogenase and urease
maturation. Both H. pylori SlyD [132] and K. aerogenes UreE [136] have histidine rich C-terminal tails.
It was shown that the histidine rich tail in SlyD is essential for [NiFe]-hydrogenase maturation [129], but
the C-terminal tail of UreE is not necessary for urease maturation [144]. All UreE proteins characterized
use a single conserved His residue and other residues to bind nickel in octahedral or pseudo octahedral
geometry at the dimer interface. S. pasteurii UreE, like E. coli NikR and E. coli HypB has a high and low
affinity nickel binding site [138,142]. It is thought that the low affinity site funnels nickel to the high
affinity site, and the high affinity site is involved in UreE-UreG interactions [138].

The bioinorganic chemistry of nickel metalloregulators and chaperones is fascinating. Numerous
studies have been conducted on individual chaperones and accessory proteins involved in
[NiFe]-hydrogenase and urease maturation but some details regarding the sequential protein-protein
interactions that are necessary to deliver nickel to [NiFe]-hydrogenase and urease still need to be
elucidated. How does HypB get nickel? What is the exact role of SlyD in the delivery of nickel to
hydrogenase? What role does HypB play in urease maturation? In E. coli what is the oligomeric state
of the HypA-HypB complex? What favors HypA delivering nickel to [NiFe]-hydrogenase versus UreE
and vice versa? What ligands compose the HypA-UreE metal binding site? How does UreG deliver
nickel to urease? What is the role of UreD? How does UreF stimulate the GTPase activity of UreG?

For H. pylori, studies involving animal models have determined that the pathogenicity of H. pylori
is dependent on both [NiFe]-hydrogenase and urease [26,165,166]. Additional studies done by Blum et
al. determined that urease and not [NiFe] hydrogenase is responsible for acid resistance in H. pylori [105].
To date there are no mammalian enzymes that utilize nickel [1], therefore, drug therapies targeting
proteins involved in nickel ion homeostasis could be used to treat H. pylori infections [24]. Prior to
developing such therapies, an understanding of how nickel is bound by the various proteins in the cells
and the details of protein—protein interactions involved in delivering nickel to [NiFe]-hydrogenase and
urease in H. pylori is crucial.
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Abstract: Maturation of urease involves post-translational insertion of nickel ions to form an active
site with a carbamylated lysine ligand and is assisted by urease accessory proteins UreD, UreE, UreF
and UreG. Here, we review our current understandings on how these urease accessory proteins
facilitate the urease maturation. The urease maturation pathway involves the transfer of Ni>* from
UreE — UreG — UreF/UreD — urease. To avoid the release of the toxic metal to the cytoplasm,
Ni?* is transferred from one urease accessory protein to another through specific protein-protein
interactions. One central theme depicts the role of guanosine triphosphate (GTP) binding/hydrolysis
in regulating the binding/release of nickel ions and the formation of the protein complexes. The urease
and [NiFe]-hydrogenase maturation pathways cross-talk with each other as UreE receives Ni>* from
hydrogenase maturation factor HypA. Finally, the druggability of the urease maturation pathway
is reviewed.

Keywords: urease maturation; metallochaperone; nickel; G-protein; conformational change

1. Introduction

Urease catalyzes the hydrolysis of urea into carbon dioxide and carbamate, which spontaneously
decomposes into ammonia and another carbon dioxide. The enzyme is involved in nitrogen metabolism
that is found in bacteria, archaea, fungi, plants, and some invertebrates [1-3]. While the Jack bean
(Canavanlia ensiformis) urease was the first nickel enzyme identified [4] and the first enzyme to be
crystallized [5], the mechanism of urease maturation is the most well studied in bacteria, in particular
Klebsiella aerogenes and Helicobacter pylori. Urease has been implicated in the pathogenesis of bacterial
infections. For example, H. pylori can colonize in the acidic stomach due to the ureolytic activity
of urease [6]. H. pylori infection increases the risk of peptic ulcer and gastric cancer [7,8]. Most of
the ureases discovered so far are nickel enzymes. One notable exception is an iron urease found in
Helicobacter mustelae in ferret stomach [9].

The concentration of free nickel ions is tightly regulated in cells because Ni** can inactivate
enzymes by displacing weaker ions such as Mg?* in the active sites [10,11]. To avoid cytotoxicity, cells
have to evolve a mechanism to deliver nickel from one protein to another without releasing the toxic
metal to the cytoplasm. In the urease maturation pathway, there are four urease accessory proteins,
UreD, UreE, UreF and UreG, involved in the nickel delivery. In this article, we review how these
metallochaperones interact with each other and with urease to facilitate the transfer of nickel ions in the
urease maturation pathway. Correct metalation is ensured by specific protein—protein interactions that
are allosterically regulated by binding/hydrolysis of guanosine triphosphate (GTP). We also review the
cross-talking between the maturation pathways of ureases and [NiFe]-hydrogenases, urease maturation
in plants and the potential of the urease maturation pathway in antibacterial drug discovery. Finally,
some unanswered questions on the urease maturation pathway are discussed.

Inorganics 2019, 7, 85; doi:10.3390/inorganics7070085 194 www.mdpi.com/journal/inorganics
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2. Structures of Urease

The urease sequence is highly conserved. Most of the bacterial ureases are comprised of three
subunits [12]. For example, K. aerogenes urease has three subunits: a-subunit (UreC), 3-subunit (UreB)
and y-subunit (UreA) (Figure 1A) [13]. In H. pylori, the two smaller 3 and y subunits are fused to form
the UreA, and the large a-subunit is renamed as UreB [14]. In plants, all three subunits are fused into
one polypeptide chain as UreA [15]. In K. aerogenes [16,17] and Sporosarcina pasteurii [18], the urease
contains three catalytic sites constituted by the &,  and y subunits. Three copies of the subunits
UreABC form a trimeric disc-like structure (Figure 1A). In plant urease, the disc-like structure dimerizes
to form a hexameric urease (UreA3), (Figure 1B) [19]. H. pylori UreA contains a 27-residue C-terminal
extension that is responsible for the formation of a dodecameric quaternary structure (UreAB3), [20].

Lys217-CO,

His272 His134

A A
Trimer Hexamer Dodecamer
(ABC); (A3), [(AB);],
Klebsiella aerogenes Canavalia ensiformis Helicobacter pylori

Figure 1. Structures of ureases. (A) Crystal structure of K. aerogenes urease (PDB: 1FW] [16]). The basic
catalytic unit of ureases consists of «, 3 and y subunits encoding by ureC, ureB and ureA, respectively.
In K. aerogenes and S. pasteurii, three copies of UreABC form a trimeric disk-like structure. The positions
of three actives sites are circled in yellow and zoomed in at the right. The two nickel ions are
coordinated by a carbamylated lysine residue, four histidine, one aspartate, and three water molecules.
(B) The trimeric urease, schematically represented as triangles, forms the basic repeating unit of
ureases to form more complex quaternary structures. In plant ureases, such as Canavalia ensiformis
(PDB: 3LA4 [19]), two urease trimers are stacked together in a C2 symmetry to form a hexameric
quaternary structure. In H. pylori, four trimers assemble in a tetrahedral symmetry to form a dodecameric
urease (PDB: 1E9Z [20]).

The urease active site is located in the a-subunit and is highly conserved. It contains two Ni?*

ions [16,18-20] bridged by the carboxyl group of a carbamylated lysine [17,20,21], and chelated by four
histidine residues and one aspartate residue (Figure 1A). Purified K. aerogenes urease can be activated
in vitro by incubation with high concentration of bicarbonate and Ni?* [22]. The carbamylation is
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likely to come from carbon dioxide, instead of bicarbonate as suggested by the result of pH jump
experiment [22]. Mutagenesis studies suggest that the carbamylated lysine residues are essential to
urease maturation [23]. Urease activity can be inhibited by Zn?*, Cu?*, Co?* and Mn?* [24].

3. Genetic Studies Showed the Importance of Urease Accessory Proteins

In K. aerogenes, the urease operon is arranged as ureDABCEFG [25,26] (Figure 2). ureA, ureB and
ureC respectively encode the v, f and « subunits of the urease structural genes. ureD, ureE, ureF and
ureG encode for the urease accessory proteins essential for the maturation of urease. In H. pylori,
the operon is arranged as ureABIEFGH [27,28]. There is a unique urel encoding for an acid-gated urea
channel for colonization in the acidic stomach [29,30]. ureH is an orthologue of ureD. For simplicity,
UreD is used in this article to denote the protein product of ureH in H. pylori or ureD in other species.

Structural genes Accessory genes

Klebsiella aerogenes m ureA , ureB * ureC urek ureF ureG

Helicobacter pylori ureA * ureB

- ureE ureF [lureG m

Figure 2. Comparison of K. aerogenes and H. pylori urease operons. Orthologous genes are indicated
using the same color. The locations of the active-site lysine residue involved in carbamylation and
nickel binding are indicated as stars. H. pylori contains an extra urel gene encoding for an acid-gated
urea channel.

Bacterial cells harboring the urease operon showed nickel-dependent activation of urease [26,31,32].
Urease purified from cells containing the intact urease operon was active, whereas the urease purified
from cells containing only the urease structural genes was inactive [33,34]. This observation suggests
that the urease maturation is assisted by the urease accessory proteins. Deletion [26], knockout [35]
and transposon mutagenesis [28] of individual accessory genes, ureG, ureF and ureD, abolished urease
activity. The activity could be partially [26] or fully [32] recovered by gene complementation. Deletion
of ureE either lowered [26] or abolished the urease activity [32,35,36], which was partially regenerated
by adding nickel [32]. These results suggested that UreG, UreF and UreD are absolutely required for
urease maturation, while UreE facilitates the process.

4. The Formation of UreGFD Complex

Urease apoprotein was shown to interact with UreD [37,38], UreF/UreD [39,40],
or UreG/UreF/UreD [38,40-42]. Ithas been known that UreD and UreF can form a UreFD complex, which
can then recruit UreG to form a UreGFD complex [43]. The UreGFD complex can form an activation
complex [43,44] with urease apoprotein and activate urease in a GTP-dependent manner [43,44].
Substitution of the P-loop residues of UreG abolished its ability to activate urease [45,46].

The structural studies provided insights into how UreD, UreF and UreG interact with each
other to form the protein complexes required for urease maturation. UreD forms a complex with
UreF [35,38,40,47]. Crystal structure of the H. pylori UreFD complex revealed that it is a 2:2 heterodimer
with UreF at the middle providing the dimerization interface (Figure 3A) [48]. UreD bound to both
ends of the UreF dimer, forming a rod-shape head-to-head dimer of heterodimer UreFD (Figure 3A).
UreF contains highly conserved residues at its C-terminal tail, which is unstructured and susceptible
to proteolytic cleavage when expressed alone [48,49]. The C-terminal tail of UreF was shown to be
essential for the interaction with UreD [40,48], the assembly of an activation complex [40], and urease
activation [40,48]. Upon binding to UreD, these C-terminal residues become structured and form
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an extra helix-10 and a loop structure stabilized by hydrogen bonds involving a conserved Arg-250
residue [48]. These conformational changes were shown to be important for recruiting UreG to form
the UreGFD complex by mutagenesis studies. For example, the R250A variant abolished the formation
of UreGFD complex and urease activation [43].

R250 P44

Figure 3. Dimerization of UreF creates a saddle-like structure for recruiting UreG to the UreGFD
complex. (A) Crystal structure of the UreFD complex (PDB: 3SF5 [48]). UreF (grey) interacts with UreD
(yellow) to form a 2:2 heterodimer in a rod-shape topological arrangement of D:F:F:D. A saddle-like
structure is formed at the UreF dimer surface. Invariant residues of UreF that have been shown to be

essential to UreG binding and urease activation are highlighted in purple and are numbered according
to the H. pylori sequence [48,50]. (B) Crystal structure of the UreGFD complex showing that UreG
dimer (cyan) binds to the saddle-like structure of UreF (PDB: 4HIO [43]).

The crystal structure of the H. pylori UreGFD complex (PDB: 4HIO) revealed that it is a dimer
of the heterotrimers of UreGFD [43] (Figure 3B). The complex contains a guanosine diphosphate
(GDP)-bound UreG dimer sitting on the UreF wherein the dimerization axes of UreG and UreFD are
almost perpendicular to each other. UreF-mediated dimerization is required to provide a complete
UreG binding site. Substitutions that broke the dimerization of UreF abolished the recruitment of
UreG to the UreGFD complex and urease maturation [40,43]. UreG binds to a saddle-like structure
of UreF consisting of clusters of conserved residues [43]—some of them have been identified to be
important for recruiting UreG to the activation complex and for activating urease [50] (Figure 3A).

5. UreG Dissociates from the UreGFD Complex and Forms a Dimer in the Presence of Ni/GTP

That UreG undergoes Ni/GTP-dependent dimerization was identified when Ni?* and GTP were
added to the GDP-bound UreGFD complex, which was then dissociated into a UreG dimer and the
UreFD complex [43]. UreG is a nickel chaperone [43,51,52] and a SIMIBI (after Signal recognition
particle, MinD and BioD) class GTPase [53]. UreG remains as a monomer in the absence of GTP and it
binds Ni?* with lower affinity [54,55]. UreG only dimerizes when both GTP and Ni’* were present,
and the UreG dimer binds one Ni%* per dimer with a K; of 0.36 uM [43,52]. Zn%* can also induce
dimerization of UreG [54,56,57], but the Zn/UreG dimer was not stable and dissociated to monomer
when the excess Zn?>* was removed by gel filtration [43]. Moreover, this Zn/UreG dimer is inactive in
GTP hydrolysis [52]. Dimerization is required for GTP hydrolysis. The cysteine and histidine in the
conserved CPH motif (Cys-Pro-His) are important for UreG dimerization and nickel binding [43,54],
as well as urease activation [43,46,58]. After GTP hydrolysis, the UreG dimer dissociates back to
monomer and releases one Ni**, providing a plausible mechanism for coupling GTP hydrolysis to
nickel delivery [43]. GTP-dependent dimerization [59-63] and conformational changes [64] were also
observed in HypB, another SIMIBI GTPase involved in the [NiFe]-hydrogenase maturation pathway.

Structural insights into how Ni?* and GTP induce dimerization of UreG were provided by the
crystal structure of the UreG dimer in complex with Ni2* and GMPPNP, a nonhydrolyzable analogue
of GTP [51]. The GTP binding pocket is sandwiched between two UreG chains and a Ni?* ion is
coordinated by the conserved CPH motif from each chain [51]. The structure of Ni/GMPPNP-bound
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UreG dimer is compared to that of the GDP-bound UreG in the UreGFD complex (Figure 4). Upon GTP
binding, the y-phosphate of GTP introduces a charge—charge repulsion on Asp37 in the G2 switch,
initiating a swinging motion of helix-2, and Glu42 forms a hydrogen bond with Arg130 of the opposite
chain. Consequently, the zip-up motion of 32 and 33 propagates the conformational changes to the
CPH motif, where Cys66 and His68 reorientate towards the dimeric interface to chelate a Ni2* ion in
a square-planar geometry (Figure 4B) [51]. The structural changes observed also explain why UreG
dissociates from the UreGFD complex upon GTP binding as residue Tyr39 in the G2 region swings
outward and makes steric clashes with UreF [48].

GMPPNP

Figure 4. Guanosine triphosphate (GTP)-dependent conformational changes of UreG. (A) The structures
of GDP-bound H. pylori UreG (PDB: 4HIO [43]) is compared to the (B) Ni/GMPPNP-bound K. pneumoniae
UreG (PDB: 5XKT [51]). Invariant residues involved in the conformational changes and nickel binding
are indicated and numbered according to the H. pylori sequence. Residues in the opposite chain are
numbered with apostrophes. Noteworthy, Cys66 and His68 of the CPH motif (magenta) are pointing
away from each other in the GDP-bound UreG. Upon binding of GMPPNP, they reorient to form a
square-planar nickel binding site at the dimeric interface. Moreover, the swinging motion of Tyr39
creates steric clashes that induce dissociation of UreG from the UreGFD complex.

6. UreG-UreE Interaction Is GTP-Dependent

UreG interacts with UreE in 2:2 ratio to form a UreE,G, complex in the presence of GTP and Mg2*.
The formation of UreE,G, is independent of Zn%* and Ni?* [52]. In the presence of GDP, the complex
dissociates into the UreE,G complex and a UreG monomer [52]. Interestingly, addition of Ni** and
GTPyS to the UreGFD complex and UreE promotes UreG to switch its protein binding partner from
UreFD to UreE, resulting in the formation of the UreE;G; and UreFD complexes [51]. The D37A/E42A
variant of UreG failed to dissociate from the UreGFD complex and formed the Ni/GTP-bound UreG
dimer, presumably disrupting the conformational changes induced by GTP binding [51]. Interestingly,
the D37A/E42A variant also failed to form the UreE,G; complex in the presence of Ni/GTP, further
supporting that the conformational changes in UreG are important for the UreE-UreG interaction [51].
The formation of the UreE,G, complex facilitates the transfer of Ni?* from UreE to UreG. By monitoring
the thiolate-to-Ni2* transition at 337 nm, it has been shown that Ni?* was transferred from UreE to
UreG within the UreE;G, complex in its GTP-bound state, but not in the UreE;G complex in the
presence of GDP [52].

How UreE interacts with UreG is not known. Crystal structures of UreE from S. pasteurii [65],
K. aerogenes [66] and H. pylori [67,68] have been solved, and share high structural homology. UreE
exists as a dimer in solution [68-71]. High protein concentration and the presence of Zn%t, Cu?t or
Ni2* can induce UreE tetramerization [65,72-74], but mutagenesis studies showed that the formation
of the tetramer was not essential to urease activation [68]. The C-terminal domain of two UreE
chains interact with each other to form a dimer. At the dimeric interface, UreE has one conserved
metal-binding site formed by His102 (numbered according to the H. pylori sequence) in a GNXH motif
from each of the UreE chain [65-68]. This central histidine is essential to urease maturation [68,75,76].
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The variable C-terminus histidine-rich tail of UreE [76] has been shown to bind Ni2* (residue 143-157
in K. aerogenes [70,72,77]; residue 137-147 in S. pasteurii [73]). In the crystal structure of H. pylori UreE,
an extra histidine (His152) of this C-terminal tail was shown to bind a Ni?** or Zn?* at the dimeric
interface (Figure 5B) [67,68]. Neither the H102A substitution nor truncation of the variable C-terminal
tail (residue 158-170 of H. pylori UreE) affect the formation of the UreE,G; complex [52]. Truncation
of the C-terminal tail of K. aerogenes UreE showed a 25-60% decrease in urease activation [77,78].
The functional role of the C-terminal tail is unclear. However, it has been proposed that the C-terminal
tail may play a role in regulating the binding and release of Ni** [65,67]. Based on charge and shape
complementarity, models of how UreE interacts with UreG have been proposed [71,79,80]. The models
predict that the nickel binding sites of UreE and UreG should point towards each other, which is
supported by the mutagenesis studies that show R101A UreE or C66A UreG destabilized the UreE;G,
complex [52].

Figure 5. Structures of UreE and UreG. Cartoon representation of K. pneumoniae Ni/ GMPPNP-bound
UreG (A, PDB: 5XKT [51]) and H. pylori Ni-bound UreE (B, PDB: 3T]8 [67]). Both UreG and UreE bind
a nickel ion at the dimeric interface. The surface electrostatic potentials of (C) UreG and (D) UreE were
calculated using the APBS program [81] and are color coded (red, —5 kT/e; blue, +5 kT/e). (E) It has
been suggested that UreG and UreE are complementary in charge and shape and are likely to form a

UreE,G; complex with their nickel binding sites pointing towards each other [71,80].
7. How Urease Accessory Proteins Facilitate Urease Maturation

GTP-dependent conformational changes of UreG provide a mechanism where GTP
binding/hydrolysis facilitates the delivery of nickel along the urease maturation pathway (Figure 6).
It has been shown that the Ni/UreE dimer, providing the sole nickel source, can activate urease in
the presence of UreGFD and GTP [51]. Binding of GTP induces UreG to dissociate from the UreGFD
complex and bind with UreE to form the UreE;G; complex. The UreE;G, complex, which can also
activate urease in the presence of UreFD complex [51], facilitates the transfer of nickel from UreE
to UreG [52]. Direct protein—protein interactions among the urease accessory proteins are required
as separating Ni/UreE and UreGFD/urease by a dialysis membrane abolished the urease activation
in vitro [51]. After UreG gets its Ni*, it can interact with UreFD and urease apoprotein to form the
activation complex [43]. Mutagenesis studies suggested that UreG binds to UreFD in the activation
complex [46,50]. That Ni/GTP-bound UreG, which dissociates from the UreFD complex, can interact
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with UreFD in the activation complex suggests that UreFD may undergo conformational changes upon
binding of urease apoprotein to accommodate Ni/GTP-bound UreG in the activation complex. Whether
UreE is involved in this activation complex is unclear. It has been shown that UreG can pull down
UreE, UreD, UreF and urease [46,82]. Given that UreG can also interact with UreE, this observation did
not conclusively demonstrate the interaction of UreE to the activation complex. Furthermore, it has
been shown that urease can be activated in the presence of Ni/UreG, UreFD and urease apoprotein
without UreE [51], suggesting that UreE is not essential in the formation of the activation complex.

o, a
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nickel from HypA
1. Upon GTP binding, UreG
dissociates from the

UreGFD complex and forms
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Y the UreE,G, complex
. The UreE,G, complex
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from UreE to UreG
UreFD?
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Figure 6. The urease maturation pathway.

It is well established that GTP hydrolysis is essential to urease maturation [41,83]. Substituting
the conserved Lys-20 and Thr-21 residues to alanine in the P-loop region of K. aerogenes UreG
abolished its ability to bind ATP-linked agarose, the formation of the activation complex and urease
maturation [45]. As the Ni/UreG dimer will dissociate into monomers and release the bound Ni?* upon
GTP hydrolysis [43], the GTPase activity of UreG must be tightly regulated to prevent nonproductive
release of Ni?* outside the activation complex. It has been shown that the GTPase activity is only
detectable by addition of bicarbonate [43]. One hypothesis is that bicarbonate can serve as one of the
substrates of UreG that results in the formation of an intermediate of a carboxy-phosphate [41]. The effect
of bicarbonate on the UreG activity exhibited a classical Michaelis—-Menten kinetics ([52], Figure 7).
Using a saturated concentration of GTP, we estimated the K,, value of bicarbonate was 13 + 4 mM.
In addition to bicarbonate, GTPase activity of UreG can also be increased by ~2-3 fold by addition of
UreE, NH,* or K* [52]. Even under the most favorable conditions, the activity of UreG is still very
low. In our hands, the turnover number (kcq) of H. pylori UreG is ~0.006 s~1 at 37 °Cin the presence
of K* and saturated concentration of GTP (Figure 7). The low intrinsic activity of UreG should be of
advantage as it prevents premature hydrolysis that releases the bound Ni?* to the cytoplasm. It is
unclear how and when the GTPase activity of UreG is activated. One possibility is that the GTPase
activity of UreG is stimulated by the conformational changes induced during the formation of the
activation complex. Conformational changes in the formation of the UreFD/urease complex have been
suggested by cross-linking experiments [84].

GTP hydrolysis changes the conformation of the CPH motif in such a way that the square-planer
coordination by Cys66 and His68 is disrupted (Figure 4), promoting the release of Ni>* in the activation
complex. Interestingly, it has been shown that interaction between UreG and UreF is essential to the
urease maturation [46,48,50]. Mutations that broke the UreG-UreF interaction also abolished urease
maturation, suggesting that UreG is likely bound to the activation complex via the UreFD complex.
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As the nickel binding site of UreG is far away from the active site of urease, it is not fully understood
how the Ni?* is transferred from UreG to urease after GTP hydrolysis. One intriguing hypothesis
suggested that the Ni>* reaches urease through a tunnel within the core of the UreFD complex [82,85,86].
Large cavities have been identified in the structures of H. pylori UreFD complex [82,85,86]. The cavities
form a tunnel, which is wide enough for Ni?* to pass through, connecting the nickel binding site
of UreG to an exit at UreD. The tunnel hypothesis is supported by: (1) Both UreF and UreD were
able to bind Ni%* [38,86]; (2) Tunnel-disrupting variants of UreD were shown to greatly reduce the
urease maturation without affecting the UreD—-urease interaction or the formation of the UreGFD
complex [82,86]. As UreD is responsible for binding urease in the activation complex, the tunnel within
the UreFD complex should provide a mechanism for the transfer of Ni2* from UreG to the urease
within the activation complex.
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Figure 7. Dependency of GTPase activity of UreG on bicarbonate concentration. GTPase activity of
H. pylori UreG (5 uM) was measured at 37 °C in 0-200 mM NaHCOj at saturated concentration of
GTP (2 mM) in 200 mM KCl, 2.5 uM NiSOy, 2 mM MgSQO,, 1 mM TCEP, 20 mM HEPES pH 7.5 by
following the concentration of phosphate released as described previously [87]. Fitting the data to the
Michaelis—-Mention equation yielded a Ky, value of 13 + 4 mM and a k¢ value of 6.4 + 0.6 X 103571,

8. UreE Gets Its Nickel from Cross-Talking to the Hydrogenase Maturation Pathway

Hydrogenase maturation factors HypA and HypB, which are responsible for the delivery of nickel
ions to the active site of [NiFe]-hydrogenase [88-94], are also essential for urease maturation [31,90].
Genes of hydrogenase maturation factors were first identified in Escherichia coli [94,95], where hypA
and hypB are encoded in the hyp operon. In H. pylori, the two genes are located in different locations
in the chromosome [96]. Urease activity was greatly reduced in hypA or hypB knockout strains of
H. pylori [31,90]. The urease activity could be restored by addition of Ni?* in the growth medium.
These observations suggest that the hydrogenase maturation factors HypA and HypB are required for
the urease maturation. Structures of HypA [97,98] revealed a mixed o/f3 topology containing a nickel
binding domain with micromolar affinity [99-102], and a zinc binding domain [98,100,102-105] with
nanomolar affinity [102]. Residues coordinating the Zn?* [100,105] and Ni%* [36,99,101] are essential
for urease maturation. HypA interacts with the C-terminal domain of UreE [52,106-109] to form a 1:2
complex [52,101,107,108]. The complex formation creates a unique nanomolar affinity nickel-binding
site, which is not found in any of the individual proteins [107]. Ni?** can be transferred from HypA to
UreE in the complex [52,108]. It has been shown that HypA and UreG compete with each other for
UreE [109]. In the presence of Mg2+ and GTP, UreE dissociates from the HypA/UreE, complex and
interacts with UreG to form the UreE,G, complex, suggesting the switching of the protein binding
partners is GTP-dependent [52]. It has been demonstrated that Ni2* can be transferred from HypA to
UreE to UreG [52]. HypA, on the other hand, obtains its Ni?* from HypB [60,110] with the help of
SlyD [106,111-114] of the hydrogenase maturation pathway, which has been reviewed in [115,116].
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9. Urease Maturation Pathway in Plants

In plants, urease and its accessory genes contain introns and are scattered on different
chromosomes. The urease structural genes and homologues of UreD, UreF and UreG have been
identified in plants [117,118]. Similar to the maturation of bacterial ureases, the formation of the
UreGFD/urease activation complexes was shown to be essential to the maturation of ureases in rice
(Oryza sativa) [119,120] and Arabidopsis [120,121]. Plant UreG, previously named as p32, is encoded by
Eu3 [122]. It has a GTPase domain homologous to bacterial UreG and an histidine-rich N-terminal
extension and a plant-specific region containing two HXH motifs [120]. The two HXH motifs, but not
the histidine-rich extension, were found to be essential for urease activation [120]. Interestingly, no
UreE homologue was found in plants. It was postulated that the plant UreG, with the plant specific
HXH motifs, may combine the function of bacterial UreE and UreG into one protein [56,120-122].

10. Urease Maturation Pathway Is Druggable

Urease is a microbial virulence factor for gastric infection by H. pylori, urinary tract infection
by Proteus mirabilis and Klebsiella strains, and lung infection by fungus Cryptococcus neoformans [123].
The first line treatment of H. pylori infection is combining proton-pump inhibitors with antibiotics
in the triple therapy [124]. However, the emerging antibiotic resistance make the development of
new drugs pressing. Recent research findings suggest that the urease maturation pathway could
become a new druggable target [65,123]. Bismuth is a heavy metal that is effective for H. pylori
eradication [124]. Recent study showed that colloidal bismuth subcitrate inhibits the biosynthesis
of active H. pylori urease by displacing Ni?* in UreG [125]. Virtual screening has identified two
compounds that inhibit the GTPase activity of UreG, reduce urease activity with higher potency than
clinically using acetohydroxamic acid, and suppress H. pylori infection in a mammalian cell model [125].
These results demonstrate that the urease maturation pathway is a novel druggable target for treatment
of H. pylori infection.

11. Future Perspectives

While major progress has been made on how urease accessory proteins interplay to deliver
Ni?* to ureases, some interesting questions remain unanswered. (1) The structure of the activation
complex is not known despite several structural models that have been proposed previously [126,127].
A high-resolution structure of the activation complex should provide novel structural insights into
how GTPase activity of UreG is stimulated and the mechanism of nickel transfer within the complex.
(2) The mechanism of carbamylation of the active site lysine is relatively understudied. Does it take
place before or after the insertion of Ni?*? Is the carbamylation reaction catalyzed by other factors?
(3) Urease requires two Ni?* to function. Since only one Ni?* ion is carried per UreG dimer, it takes
two round trips of UreG to activate urease. MBP-UreD and MBP-UreFD were shown to dissociate from
urease after activation [37,39]. It is unclear what triggers the dissociation of the activation complex
after urease activation. (4) What could be the driving force for the transfer of Ni%* from UreG to the
urease through the tunnel? How is the free energy change of GTP hydrolysis coupled to the nickel
transfer? (5) Unlike the release of Ni** from UreG that can be explained by GTP hydrolysis, it is
not known why nickel is transferred unidirectionally from HypA to UreE and from UreE to UreG.
Structure determination of the HypA/UreE; and UreE,G, complexes should help to provide structural
insights to this question.

12. Conclusions

The urease maturation pathway represents the most well-studied paradigm on how nickel ions are
delivered from one protein to another through specific protein—protein interactions. One central theme
depicts the binding/hydrolysis of GTP allosterically regulate the switching of protein-binding partners
and the transfer of nickel ions from UreE — UreG — UreF/UreD — urease. This mechanism ensures
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that the nickel ions are always protein-bound to avoid leaking of the toxic metal to the cytoplasm.
UreE also receives its nickel ions from interacting with HypA of the hydrogenase maturation pathway.
A better understanding of the urease maturation pathway allow us to develop drugs against the
H. pylori infection.
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Abstract: InrS (internal nickel-responsive sensor) is a transcriptional regulator found in cyanobacteria
that represses the transcription of the nickel exporter NrsD in the apo form and de-represses expression
of the exporter upon Ni(II) binding. Although a crystal structure of apo-InrS from Synechocystis PCC
6803 has been reported, no structure of the protein with metal ions bound is available. Here we report
the results of a computational study aimed to reconstruct the metal binding site by taking advantage
of recent X-ray absorption spectroscopy (XAS) data and to envisage the structural rearrangements
occurring upon Ni(II) binding. The modelled Ni(II) binding site shows a square planar geometry
consistent with experimental data. The structural details of the conformational changes occurring
upon metal binding are also discussed in the framework of trying to rationalize the different affinity
of the apo- and holo-forms of the protein for DNA.

Keywords: InrS; nickel-dependent transcriptional regulators; molecular modelling

1. Introduction

Nickel is an essential element for the metabolism of various pathogenic bacteria and is also
used by plants, fungi, plants, and single-cell eukaryotic organisms, but not by higher animals such
as humans [1]. This peculiarity can be exploited against the phenomenon of antibiotic resistance in
pathogenic bacteria. Indeed, eight out of 12 dangerous microorganisms recently identified by the
World Health Organization use nickel for their survival [2]. Consequently, the understanding of
the molecular mechanisms underlying the use of this metal and regulating the genic expression of
nickel-metabolism-related proteins is of fundamental importance.

In cyanobacteria, nickel ions are directly bound to urease and hydrogenases or through the
tetrapyrrole ring of coenzyme Fy3); several other nickel-binding proteins are deputed to nickel
import, trafficking and export [3]. Among these proteins, the internal nickel-responsive sensor
(InrS) is a transcriptional regulator exclusively found in cyanobacteria [4-6]. It belongs to the
resistance to cobalt and nickel repressor (RenR)/copper-sensitive operon repressor (CsoR) family
of transcriptional regulators [7], consisting in disc-shaped all x-helical homo dimer (x3) of dimers
(«p/o’B’) formed by three-helix bundles monomers (Figure S1) [4,8-10]. With the exception of the
formaldehyde-sensing transcriptional regulator (FrmR) [11,12] and of the CsoR-like sulphur transferase
repressor (CstR, where the binding to the operator is inhibited by the oxidation of an inter-subunit
cysteine pair by sulphite) [13,14], all the characterized members of this family are metal-ion sensors
(Figure 1 and Table S1) [5,7,10].

In the case of InrS, the function of the protein is to repress the expression of a nickel exporter
(NrsD) and to enhance the expression of proteins involved in nickel import when the concentration
of intracellular Ni(II) is too low by forming a stable protein-DNA complex [5,6,15]. Competition
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experiments conducted on InrS from Synechocystis PCC 6803 (SyInrS), using the Ni(II) chelating ligands
NTA, EGTA and EDTA, estimated a dissociation constant of SyInrS for Ni(Il) in the sub-picomolar
range (K4 = 2 x 107!% M) [4]. Calorimetric experiments conducted on the same protein, but in the
absence of possible artefacts due to the presence of the exogenous competitors, revealed instead
dissociation constants for Ni(II) in the nanomolar/micromolar range. In particular, a 2 + 2 binding
mode for SyInrS was observed, with the two binding events featuring dissociation constants of 70 nM
and 4.5 mM, respectively [6]. The formation of a Ni(II)-SyInrS complex decreases the DNA affinity
of the protein and consequently de-represses the expression of the nrsD gene [16]. However, in the
absence of a structural comparison involving the apo- and holo-forms of InrS, a rationalization for the
function of this Ni-sensor cannot be achieved.

An initial study of the Ni(II)-binding site in SyInrS performed by using electronic absorption
spectroscopy revealed that Ni(II) ions bind in a four-coordinate planar geometry comprising at least
one cysteine ligand [4]. The alignment between the SyInrS sequence and the other CsoR/RenR family
members revealed that the canonical W-X-Y-Z fingerprint, used to characterize the first coordination
shell residues [8,9], corresponds to His21, Cys53, His78, and Cys82 in SyInrS (Figure 1). A subsequent
mutagenesis study confirmed the roles of the latter three residues in Ni(II) binding [16], while His21 has
been recently confirmed as the fourth Ni(II) ligand both through mutagenesis [17] and X-ray absorption
spectroscopy (XAS) data [18]. The latter study, which investigated both Ni(II) and Cu(Il) bound
SyInrS, also confirmed the presence of a planar four-coordinate [Ni(His),(Cys),] site and provided
Ni(II)-ligands interatomic distances [18].

W X

SyInrs 1 - - -MTSQP VHSQESLOKLVNRLSRIEGHIRGVKTMVQENR-HOPEVL 57
ThInrs 1 -- RAIVNRLSRIEGHVRGIKTMVODSR-HCPEVL 56
EcRenR S TIRDKQKLKARASKIQGQVVALK! H-HCRAVL 39
MtCsoR 1 - EILTAKKRAALNRLKTVRGHLDGIVRMLESDA-YCYDVM 40
TtCsoR 1 -- LDPK? RRRLLSAKGHLEGILRMLEDEKVYCWDVL 45

CgCsoR 1
S1CsoR 1

)TVRQAETDGTDIVTDHDRG AEHLKRLRRIEGQIRGL(

BsCsoR 1 MEKHNEHKTLNHKSSKEKDQTTNRLKRTEGQVRGIQ) cvpIL 49
GtCsoR TKEEIENIMKRLKRIEGQVRGVQKMVEDNR-YCIIDIL 54
LmCsoR EDETKLLQNRLRRIEGQIRGIAQMVEDDR-YCIIDIL 46
SaCsoR IKTNLKSRLNRIEGQVRAINRMIEEDV-YCPDVL 45
LfNcrB TVHASHPDIIKRLKRAAGHLKSTIQMLEDEK-ACLDIA 38
MtRicR TQOKDNYAKRLRRVEGQVRGIARMIEEDK-YC[[DVL ~ 42
EcFrmR ['PEEKKKVLTRVRRIRGQIDALERSLEGDA-HCRAIL 39
StFrmR PEDKKRILTRVRRIRGQVEALERALESGE-HCLAIL 39
SaCstR |-} MNYDKKMINRINRIQGOLNGIT -DCKDVI 37
Y z
SyInrS 58 IQVAAVRGALDRVARLILDOHMNEG AAEGN- - IEQELAELKEALDRFL- - 107
ThInrS 57 IQIAAVRGALDRVARLILDEHH] THAAQEGR- - IDQELAELKAALDHFLG- 107
EcRcnR 40 QOTAATRGAVNGLI IKQHLTHHTVHQGDELK - - REEDLDVVLKVLDSYIK- - - 90
MtCsoR 41 KQISAV( HNHLETCFSTAVLDGH- - GQAATEELIDAVKFTPALTGPHARLGGAAVGESATEEPMPDASNM 119
TtCsoR 46 KQLKAVEGALDRVGEMVLRAHLK -VEET 94
CgCsoR 47 TQISAVNSALKNVAFGLLDOHLAHCVKEAADLGGDELDAKLKEVSDATARFSKA. 100
S1CsoR 80 TQVSASTKALQSFALQLLERHLR DAALKGGTEIDAKVEEATKAIGRLLRT- - 133
BsCsoR 50 VQISAVQAAMKNVALHLL DAIKSGD- -GEQATSELLDVFKKFTKS 101
GtCsoR 55 VQISATQAALRQVGMQLL KAIREGS - -GEQSLRELMDVIKQFAK- 105
ImCsoR 47 VQISAANKALKNVGLQVLEHHTAHCVVDAAKNGE- - -DDVMEDLLKAIRQFSKT 97
SaCsoR 46 TQIRATRSALNSVAIKLLEQHMKSCIMNKVNQGA- - LVTFQKLIKD 97
LfNcrB 39 QQLHAVEKATITNAKRTLIHDHLDHCLEDAL EFKEITKYL- - - 89
MtRicR 43 TQISAVISALRSVALNLLDEH T LAEASAATARLVRS 96
EcFrmR 40 QQIAAVRGAANGLMAEVLESHT 'DRNDCYSRE-VSQSVDDTIELVRAYLK - 91
StFrmR 40 QQIAAV! ETHLKY ETTPDQ-RAVRMAETGHLLRAYLK- 91
SaCstR 38 TQISASKSSLQRLMGIIISHNLIHCOVKAAADDE- - - - ESSQELINEAVNLLVKSK- - - 88

Figure 1. PROMALS3D [19] multiple sequence alignment of the known members of the RenR/CsoR
family. Synechocystis PCC 6803 IntS, SyInrS; Thermosynechococcus sp. NK55a InrS, ThInrS; Escherichia
coli RenR, EcRenR; Mycobacterium tuberculosis CsoR, MtCsoR; Thermus thermophilus CsoR, TtCsoR;
Corynebacterium glutamicum CsoR, CgCsoR; Streptomyces lividans CsoR, SICsoR; Bacillus subtilis
CsoR, BsCsoR; Geobacillus thermodenitrificans CsoR, GtCsoR; Listeria monocytogenes CsoR, LmCsoR;
Staphylococcus aureus CsoR, SaCsoR; Leptospirillum ferriphilum NcrB, LfNcrB; Mycobacterium tuberculosis
RicR, MtRicR; Escherichia coli FrmR, EcFrmR; Salmonella typhimurium (strain SL1344) FrmR, StFrmR;
Staphylococcus aureus NCTC 8325, SaCsrT. The CsoR/RenR W-X-Y-Z fingerprint residues have been
highlighted by black boxes.
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The recently solved crystal structure of apo-SyInrS (Figure 2a) showed the typical fold of the
RenR/CsoR family and the proximity of Cys53, His78, and Cys82, strengthening the hypothesis of
their role in the Ni(II) binding site [17]. The metal binding site (Figure 2b) should thus be formed by
Cys53, located at the beginning of helix «2 from one monomer and located in the vicinity of His78 and
Cys82 (at the C-term of helix «2) from the adjacent monomer. On the other hand, His21 is located
on an unstructured region at the beginning of helix «1, apparently far from the other three residues,
but it can be envisioned that it can complement them through a conformational rearrangement of the
N-terminal region.

Figure 2. (a) Ribbon diagram of SyInrS crystal structure (PDB id: 5FMN [17]). Chains «, 3, o', and
(3’ are coloured in orange, green, yellow, and light blue, respectively. (b) Detail of the putative metal
binding region [black square in panel (a)]. Proposed Ni(Il) binding residues are reported as sticks
coloured accordingly to the atom type.

In addition to a lack of structural information for the Ni(II) bound SyInrS, the structural details
of the protein-DNA interaction of proteins belonging to the CsoR/RcnR family are also missing.
Nevertheless, Streptomyces lividans CsoR (SICsoR) binds the cognate DNA operator with a 2 SICsoR: 1
DNA stoichiometry [20] and indirect structural models for CsoR:DNA operator binding have been
proposed in the last few years in the case of Bacillus subtilis CsoR (BsCroR) [21] and SICsoR [20].
Of all the members of this family, both CsoR and FrmR have been crystalized in both the ligand-free
and -bound forms (see Figure S1 in Supplementary Materials). A comparison between the apo- and
holo-FrmR structures revealed a conformational rearrangement in response to formaldehyde binding,
which involves a translational movement of o-helices «l and &2 of one monomer, which slide across
the equivalent helices on the other monomer by ca. 1.5 x-helical turns [12]. Similar conformational
changes, involving a-helix movement and rotation within the homo-tetramer assembly, were also
observed in the case of SICsoR [22] and Geobacillus thermodenitrificans (GtCsoR) [23]. This rearrangement
causes the structure to compact and a rearrangement of the charges on the surface of the tetramers.
Therefore, a similar behaviour can also be inferred for SyInrS. The aim of the present work is to gain
structural information on the Ni(II)-bound SyInrS through the use of molecular modelling techniques
guided by all the available experimental data.

2. Results and Discussion

2.1. Reconstruction of Apo-SylnrS N-terminal Region and Modelling of Holo-SyInrS

In principle, Ni(II) binding to SyInrS could induce a conformational rearrangement similar to that
observed for FrmR [12], even though it is not possible to exclude that only a negligible structural effect
could be induced by metal binding. Thus we performed the modelling of the nickel binding site by starting
from two SyInrS structures: (i) The crystal structure of tetrameric apo-SyInrS (PDB id: 5FMN [17]) and
(ii) the model structure of tetrameric SyInrS in the putative Ni(II)-bound conformation. In the first case, the
crystal structure of apo-SyInrS was used after the addition of three residues at the N-terminal of chains «
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and « (namely His19, Val20 and the putative metal binding residue His21) that are missing in the crystal
structure probably because of disorder. This reconstruction was carried out through homology modelling,
using the atomic positions of the corresponding residues in chains 3 and 3’, which are instead structurally
well-defined in the same PDB file. For the model of apo-SyInrS in the holo conformation, the homology
modelling technique was also used, but in this case the available crystal structures of Cu(I)-bound CsoR
from Mycobacterium tuberculosis and Geobacillus thermodenitrificans NG80-2 were used as templates (Figure S1,
PDB id: 2HH7 [7] and 4M1P [8], respectively).

Figure 3 reports the results of the reconstruction of the missing protein portions of SyInrS in the
apo conformation and of the modelling in the holo conformation (apo-SyInrS and holo-SyInrS hereafter,
respectively, uniquely to the conformation of the protein and not referred to the metalation state). In the
model of holo-SyInrS it was possible to include residues 13-18 at the N-terminal of each monomer.
These residues were not present in the crystal structure of apo-SyInrS. In both cases the model structures
were analysed by using the software PROCHECK [24] and QMEAN [25], with very satisfactory results
(297.5% most favoured regions and <2.5% additional allowed regions). The general fold of the protein
is the same regardless of the conformation, with each monomer made of three x-helices and each dimer
being formed by the interaction of the N-terminal portion of helix «2 from each monomer. The dimer
of dimers is then formed by the interaction of the C-terminal portion of a-helix a2 and the entire
a-helix «3 from each monomer. In both conformations, the protein quaternary structure is disc-shaped
with some subtle differences. The axis of inertia ellipsoid inscribing the structure of apo-SyInrS results
in axes of 77.0 A, 60.2 A and 29.2 A; similarly, values of 76.8 A, 65.8 A and 28.8 A were determined
for holo-SyInrS (Figure S2). This indicates a significant increase (by ca. 6 A), upon nickel binding,
of the medium axis. This is caused by a movement of a-helix a1 of each monomer, which slides
along the facing helix on the interacting monomer by ca. 1.5 x-helical turns (coherently with the same
conformational change observed in the case of FrmR [12]). Moreover, x-helices «1 and 2 rotate by
ca. 21 and 13 degrees around the tetramer vertical axis, respectively (Figure S3). The rearrangement of
each dimer causes a consequent re-organisation of the interactions between «-helices a3 at the dimer
of dimers interface and a narrowing of the cavity at the centre of the structure. Finally, holo-SyInrS
loses the biconcave shape observed in the apo form (see Figure 3, lower panels) and assumes the shape
of a convex disk.

Figure 3. Ribbon diagram and molecular surface of apo-SyInrS (a) and holo-SyInrS (b). Chains «, 3, «’,
and f” are coloured as in Figure 1. In panel (a), the reconstructed residues of chains o and «” are in
red. Proposed Ni(II) binding residues are reported as sticks coloured accordingly to the atom type.
The orientations in the bottom panels are rotated by 90° around the horizontal axis with respect to the
orientations in the top panels.
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The molecular surface of the SyInrS tetramer is characterized by two positively charged regions
on each side of the disk-shaped protein (Figure 4). The presence of such regions is due to the presence
of residues Lys29, Arg32, and Arg35 («-helix «1) and Arg69 and Arg71 («2) on the protein surface.
The conformational change occurring upon transition from the apo to the holo form of SyIrnS causes a
displacement of these positively charged regions toward the center of x-helices x1-2. Moreover, in the
holo conformation there are two negatively charged regions on each side of the disk formed by the
SyInrS tetramer that are much more reduced in the apo form.

Figure 4. Molecular surface of apo-SyInrS (a) and holo-SyInrS (b). The surface is coloured according to
the surface electrostatic potential calculated with APBS software [26]. The orientations in the bottom
panels are rotated by 90° around the horizontal axis with respect to the orientations in the top panels.

The intermolecular interactions occurring among the four monomers that make up the protein
structure were analysed by using the PDBsum server [27,28] and the results are reported in Table 1. From
the data, it appears that the apo-to-holo transition significantly increases the number of non-bonded
contacts both in the -f3 dimer and at the dimer of dimers («-f’) interface. On the other hand, the
interaction surface, as well as the number of involved residues, increases at the dimer interface and
decreases at the dimer of dimers interface. The significance of the changes observed in the case of
hydrogen bonds and salt bridges are difficult to interpret due to the intrinsic errors involved in the
homology modelling procedure.

Table 1. PDBsum analysis of the interaction between the SyInrS protein chains.

Conformation Interacting Interface Interface Non-Bonded  Hydrogen Salt
Monomers Residues Surface (A?) Contacts Bonds Bridges
Apo - («’-B%) 22 1490 87 8 6
B («’-B) 17 952 55 5 2
Holo B (o-B) 30 1950 133 2 4
R («'-B) 13 670 78 0 2
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2.2. Modelling of Ni(II) Bound Forms of SyInrS

The inclusion of four Ni(Il) ions (one per monomer) was performed through the application of
a well-established protocol, already successfully used on another member of the RenR/CsoR family:
RenR from Escherichia coli [29], and on UreG from Helicobacter pylori, a protein involved in the activation
of the nickel-dependent enzyme urease [30]. In principle, each Ni(Il) ion was constrained to the
residues identified in previous studies [16] and by using the interatomic distances derived from the
analysis of EXAFS data [18]. Additional angle and torsional restraints were added in order to ensure
the correct orientation of the interacting residue with the Ni(Il) ion (Table 2).

Table 2. Distances, angles, and dihedral constraints used in the modelling of Ni(II)-bound SyInrS.
All constraints in the form mean + 1 standard deviation.

Constrained Atoms Distance (A)
Ni(IT)-His21(N5/e) 1.9 £ 0.05
Ni(IT)-His78(N5/c) 1.9 £ 0.05
Ni(IT)-Cys53(Sy) 2.2 +0.05
Ni(IT)-His82(Sy) 2.2 +0.05
Bonded Atoms Constrained Atoms Angle (Degrees)
Ni(II)-Cys(Sy) Ni(II)-Cys(Sy)-Cys(Cp) 109+5
Ni(II)-His(Nb) Ni(II)-His(N5)-His(Cy) 120 + 10
Ni(IT)-His(N®)-His(Ce) 120 + 10
Ni(IT)-His(Ne) Ni(Il)-His(Ne)-His(C5) 120 = 10
Ni(I)-His(Ne)-His(Ce) 120 + 10
Bonded Atoms Constrained Atoms Dihedral (Degrees)

Ni(Il)-His(N5)  Ni(II)-His(N5)-His(Ce)-His(Ne) 180 + 10
Ni(II)-His(N5)-His(Cy)-His(C5) 180 + 10
Ni(Il)-His(Ne)  Ni(II)-His(Ne)-His(Ce)-His(N®) 180 = 10
Ni(II)-His(Ne)-His(C5)-His(Cy) 180 + 10

Considering that two of the four involved residues are histidines (His21 and His78) and that it
is not possible to evince from the fitting of the EXAFS data which imidazole N atom interacts with
nickel, four modelling calculations were carried out by starting from each protein conformation and
involving all the possible combinations: H21(Ne)-H78(Nb), H21(No)-H78(Ne), H21(Ns)-H78(N?),
and H21(Ne)-H78(Ne). Most importantly, no restraints were added to constrain the coordination
geometry around the metal ions. This was done in order to verify the possibility of the two possible
conformations to bind nickel ions without further conformational rearrangements.

Tables 3 and 4 report the analysis conducted on the obtained models. First, the coordination
geometry of the four Ni(II) ions was inspected by using the tool Metal Geometry included in the
software UCSF Chimera [31] (Table 3). In particular, the root mean square deviation (RMSD) of the
ligation set and metal ion with respect to their idealized positions was analysed when four ligands
are considered. In the case of the metal bound models generated starting from apo-SyInrS, none of
the resulting metal binding sites were in the experimentally determined square planar coordination
geometry (see Figure S4). However, a distorted tetrahedral geometry was found when four ligands
were considered in the analysis. Moreover, in order to satisfy the constraints included for the modelling
of the metal site, in two cases the imidazole ring of His78 resulted in a highly distorted geometry.
Also, in the case of the H21(N$)-H78(Ne) and H21(N5)-H78(No) models generated starting from
holo-SyInrS, the resulting coordination geometry was tetrahedral with different degrees of distortion
(Figure S5). Of the two remaining models generated starting from holo-SyInrS, the most probable
four-ligands coordination geometry was square planar and the distortion of the metal binding site from
the ideal geometry was nearly identical [0.29 and 0.27 A for H21(Ne)-H78(N6) and H21(N¢)-H78(Ne),
respectively] (Table 3 and Figure S5).
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Table 3. Analysis of the metal binding sites in the SyInrS Ni(I) bound models.

Initial
Conformation Apo-SyInrS Holo-SyInrS
Model Best Coordination RMSD (A) Best Conformation RMSD (&)
Geometry Geometry

H21(Ne)-H78(Nd) Tetrahedral 0.54 Square planar 0.29
H21(N§)-H78(Ne) Tetrahedral 0.23 Tetrahedral 0.53
H21(N§)-H78(N9) Tetrahedral 0.65 Tetrahedral 0.36
H21(Ne)-H78(Ne) Tetrahedral 0.39 Square planar 0.27

In order to possibly discriminate between the two models resulting in a square planar metal
binding site, the model structures were inspected by using the software PROCHECK [24] (Table 4).
The parameters selected for this analysis were the number of residues localized in the four regions of
the Ramachandran plot and the G-factor, a measure of how “normal” the stereochemical properties
of the residues composing the protein were. The standards of “normality” have been derived from
an analysis of 163 non-homologous, high-resolution protein chains chosen from structures solved
by X-ray crystallography to a resolution of 2.0 A or better [24]. A low or a negative value of the
G-factor indicates that the protein chain has some residues in a low-probability conformation. From
this analysis, the H21(Ne)-H78(No) model appears to have the best structural parameters.

Table 4. Structural analysis of the models of SyInrS binding nickel in square planar coordination
geometry (see Table 3, see Tables S2 and S3 for the same analysis on all the models).

Holo-SyInrS Ni(II) Bound Model

Ramachandran Plot Region

H21(N$)-H78(Ne) H21(Ne)-H78(N¢)
Most favoured 94.2% 90.7%
Additionally allowed 5.8% 9.3%
Generously allowed - -
Disallowed - -
G-factor 0.09 0.00

Taken together, the analysis of the nickel coordination geometry and of the structural parameters
suggests that the best model is that obtained starting from holo-SyInrS and including H21(Ne)
and H78(Nb) as nickel ligands (Figure 5). This results suggest that, as observed for FrmR [12],
a conformational transition is necessary to achieve the correct Ni(Il)-induced crosslink between two
SyIrnS monomers at the interface between the C-terminal of x-helix «1 of one monomer and Cys53
located at the N-terminal of «-helix «3 of the interacting monomer.

Figure 5. Results for the H21(N¢)-H78(Nbd) modelling of Ni(II) bound SyInrS starting from the protein
in the holo conformation. The SyInrS backbone is reported as ribbons coloured by polypeptide chains,
with chain o in orange and chain {3 in green. Putative metal binding residues are reported as sticks
coloured according to atom types. The Ni(II) ion is shown as a green sphere.

216



Inorganics 2019, 7, 76

3. Materials and Methods

The three missing residues (His19, Val20 and His21) at the N-terminal in chain « and «’ of
apo-SyInrS crystal structure (PDB id: 5FMN [17]) were modelled using Modeller v9.18 [32] and chains
3 and B’ of the same structure as template. The model structure of tetrameric apo-SyInrS in the putative
Ni(II)-bound conformation was generated using the same procedure and considering the available
crystal structures of Cu(I)-bound CsoR from Geobacillus thermodenitrificans NG80-2 and Mycobacterium
tuberculosis as templates (Figure S1, PDB id: 4M1P [8] and 2HHY [7], respectively). See Figure 1 for the
PROMALS3D [19] multiple sequence alignment used in the latter modelling. In both cases, 100 models
were generated [32]. Symmetry restraints were also applied in the calculation in order to obtain four
symmetrically identical monomers. The best model was selected on the basis of the lowest value
of the DOPE score in Modeller v9.18 [33] and the analysis performed with PROCHECK [24] and
QMEAN [25].

The Ni(II) bound form of both models was generated in a subsequent modelling stage by including
four Ni(II) ions in the model (one per subunit), in agreement with the metal content analyses carried out
in previous studies [6]. The van der Waals parameters for Ni(II) were derived from the Zn(II) parameters
included in the CHARMM22 force field [34] implemented in the Modeller v9.18 package by applying
a scale factor of 1.12 calculated on the basis of the Ni(II) ionic radius. In all modelling calculations
that included Ni(II) ions, constraints were imposed using a Gaussian-shaped energy potential for
distances, angles, and dihedrals in order to correctly position the Ni(Il) ions with respect to the
experimentally identified ligated residues (see Table 2). As in the previous modelling stage, symmetry
restraints were applied, and the best model was selected on the basis of the lowest value of the DOPE
score. A loop optimization routine was used to refine the regions that showed higher than average
energy as calculated using the DOPE score. The molecular surfaces and graphics of SyInrS structures,
together with analysis of the Ni(Il) sites, were performed using the UCSF Chimera package [31]
(see Supplementary Material for additional details). The study of the inter-chain interactions was
performed by using PDBsum [27,28].

4. Conclusions

The results obtained in this study indicate that is it possible to successfully model a SyInrS
structure able to bind Ni(II) ions in a square planar geometry, and that the structure of apo-SyInrS
is not sufficient for such modelling. Thus, a quaternary structure rearrangement is necessary for
metal binding upon shifting from the apo- to the holo-form of the protein. This result agrees with
what has been proposed for other members of the RenR/CsoR family [8,9,12,20,22,35]. The cross-link
between two monomer chains occurring at the dimer interface appears to stabilize a specific protein
conformation, interfering with the capability of SyInrS to bind the DNA. In particular, a rearrangement
of surface charges upon metal binding appears to disfavour the DNA binding conformer in the case of
CsoR [20,22] and FrmR [12]. It could be envisaged that also nickel sensors belonging to the RenR/CsoR
family are able to adopt an analogue strategy. The mechanism by which the Ni(II) ion interacts with
SyInrS, which in principle can occur through an induced fit mechanism, a conformation selection in
solution, or a combination of both, is far from being fully understood. To this aim, InrS and the other
members of the RenR/CsoR family can be interesting targets for further computational studies aimed to
the exploration of the conformational space of these proteins through molecular dynamics techniques,
as recently proposed by some of us [36]. On the other hand, the study of the Ni(II) bound form of
SyInrS requires the development of specific force field parameters able to model a Ni(II) ion in the
square planar coordination. In recent years the improvement of the computational capabilities and
the development of accelerated sampling techniques for molecular simulations [37,38] have made
available the tools for the exploration of large conformational changes at the atomistic level [39-41].
In the case of metalloproteins, the use of accelerated sampling techniques requires the use of ad hoc
designed force field parameters for the metal ions, able to reproduce structural, thermodynamic, and
kinetic observables [42].
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Finally, the modelling of the apo-SyInrS/DNA complex and the characterization of the
sensor-nucleic acid interface can also be useful for the development of new molecules able to
interfere with the formation of the protein/DNA complex. This requires the identification of the
nrsD operator region and can be done for instance through the use of hydroxyl radical foot-printing
essays and opportune knowledge-based docking protocols [43-45]. Some of us already applied this
technique in the case of two other metal-dependent transcriptional regulators from the human pathogen
H. pylori: Fur, a sensor able to repress the transcription of both Fe(II)-repressible and Fe(II)-inducible
promoters [46], and NikR, a Ni(II)-responsive sensor repressing or activating genes that code for Ni(II)
enzymes and for proteins involved in nickel homeostasis [47].

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-6740/7/6/76/s1.
Figure S1: RenR/CsoR family solved structures. Figure S2: Ribbon diagram and inertia ellipsoid of SyInrS in the
apo and holo conformations. Figure S3: Detail of the a-helices a1 and «2 rotation occurring during the apo to
holo conformational transition. Figures S4 and S5: Results for the modelling of Ni(II) bound SyInrS starting from
the protein in the apo and holo conformation, respectively. Table S1: CsoR/RenR family representative sequences.
Tables S2 and S3: Structural analysis of the models of Ni(I) bound SyInrS generated starting from the protein in
the apo and holo conformation, respectively.
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Abstract: [NiFe]-carbon monoxide dehydrogenase reversibly catalyzes the oxidation of CO to
CO,. Its active site is a unique NiFeySy cluster, known as C-cluster. In Rhodospirillum rubrum,
three nickel-dependent proteins, CooC, CooT and Coo] are required for Ni insertion into the active
site. Among them, Coo] is a histidine-rich protein, containing two distinct and spatially separated
Ni(II)-binding sites: a strictly conserved N-terminal site and a variable histidine tail at the C-terminus.
Here, using biophysical techniques, we study the behavior of the protein upon Ni(Il) addition.
Using circular dichroism and chemical denaturation, we show that the binding of Ni(II) to the protein
increases its stability. Moreover, high-order oligomers are formed through nickel-histidine tail
interactions, both in vitro and in cellulo, via a dynamical and reversible process.

Keywords: histidine-rich protein; carbon monoxide dehydrogenase; nickel chaperone; nickel-induced
oligomerization

1. Introduction

Monofunctional nickel-dependent carbon monoxide dehydrogenases (CODH) reversibly catalyzes
the oxidation of CO to CO; [1]. CODH'’s active site, called C-cluster, is a NiFe4Sy cluster, unique in
biology, whose atypical nature was revealed by X-ray crystallography [2,3]. In the hydrogenogenic
carboxydotroph Rhodospirillum rubrum, CODH plays an essential role in the energy metabolism when
CO is the sole energy source [4]. In this bacterium, the structural gene of CODH, called coo0S, is found
in the cooF SCT] operon [5]. Three of the proteins encoded by the coo operon, namely CooC, CooT and
CooJ, are nickel chaperones dedicated to nickel insertion into CODH, while CooF is a ferredoxin [6].
In vivo studies have shown that the ATPase CooC and the Ni(II)-binding proteins CooT and Coo] play
a significant role in the maturation pathway leading to a fully active enzyme. Moreover, Ni insertion
is a key step in the enzyme activation process [5,7]. Among these chaperones, Coo] from R. rubrum
(RrCoo0]) is a histidine-rich protein, with a histidine tail comprising 16 histidines and 2 cysteines
at its C-terminus [8]. Initially thought to be only present in R. rubrum, our recent study revealed
the existence of at least 46 Coo] homologues in bacteria [9]. In solution, RrCoo] forms a 25-kDa
homodimer with a central coiled coil and two independent C-terminal his-tails and possesses several
Ni(II) binding sites. The first one is present in the N-terminal region and binds one Ni(II) per dimer
via a “H-X3-H-X3-H” motif, strictly conserved in the CooJ family. In addition, the two Histidine-rich
regions bind at least 2 Ni(II) ions each (Figure 1), via both histidine and cysteine residues, as shown by
site-directed mutagenesis of cysteines 109 and 111 that led to decreased stoichiometry [9].
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Figure 1. Schematic representation of RrCoo] and its amino acid sequence. Ni(II) ions are depicted as
green spheres. Histidine residues are depicted in magenta and cysteines 109 and 111 are in blue.

Histidine-rich proteins, such as histatin 5 or a8 peptides [10], are predicted to be intrinsically
disordered with a tendency to form oligomers driven either by self-association or through interaction
with multivalent ions. In nickel chaperones, the presence of histidine-rich regions is often proposed
to be related to nickel storage, and/or detoxification, due to their ability to quickly bind and release
nickel ions. Among them, one remarkable example is Hpn from Helicobacter pylori, a small protein of
7 kDa composed of histidines for about half of the total amino-acid sequence, which is expected to
form high-order oligomers, with 20-mers as predominant species, even in the absence of metal [11].

Here, we report the behavior of RrCoo] towards nickel in vitro and in cellulo, using a combination
of biophysical techniques. RrCoo] exists as an equilibrium of oligomeric states in solution in the
presence of Ni(II) ions, while the apo-protein forms a stable dimer. We reveal that the His-rich region
is responsible for the oligomeric process.

2. Results

Recently, we showed that the two histidine tails present in RrCoo] are highly flexible and
predicted to be partly disordered [9]. Moreover, Ni addition to the apo-dimer led to its conformational
change, as observed by size-exclusion chromatography coupled to multi-angle laser light scattering
(SEC-MALLS) experiments. Here we used circular dichroism (CD) in the far UV region (190-250 nm)
and chemical denaturation of RrCoo], either in its apo- or holo-form (Ni-RrCoo]), to get more
information about the impact of Ni(II) ions on RrCoo] conformation. The CD spectrum of apo-RrCoo]
is characterized by a positive peak at 193 nm and two negative peaks at 220 nm and 208 nm, attributed
to the presence of a high a-helix content in its secondary structures. Upon the addition of Ni(II) ions
to the apo-protein solution, the negative peaks increased gradually, as an index of a conformational
change (Figure 2a). Quantitative analysis, performed using the web server BeStSel [12], showed
that the increase in ellipticity was correlated to a slight increase in the helical content (from 83% for
apo-RrCoo] to 85% for Ni-RrCooJ) and a decrease in the turns content (from 6% for apo-RrCoo] to
0.4% for Ni-RrCoo]). Interestingly, the CD signal at 208 nm saturated when the Ni(II) concentration
reached 20 uM, corresponding to 5 molar eq. of Ni(Il) per dimer, the same stoichiometry as the
one previously determined by ITC (Figure 2b). Considering the predominance of x-helices in the
protein, the ©2508 ratio, which increases if the protein gains in stability [13], can be used to get
information about RrCoo]’s behavior towards nickel. For a Ni(Il) concentration greater than 12 pM
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(corresponding to 3 molar eq. of Ni(Il)), the ratio is >1, reflecting an increase in the «-helix content and
likely the stabilization of the protein. To further investigate the difference in stability between the apo-
and the holo-forms, chemical denaturation using guanidine hydrochloride (GuCl) was performed.
Their stability was compared by monitoring the variation of the 222 nm CD ellipticity signal after
the addition of increasing concentrations of GuCl. Interestingly, at 1.2 M of GuCl, Ni-RrCoo] was
still perfectly folded, whereas apo-RrCoo] started to denaturate, as shown by an ellipticity fractional
change of 0.09 vs. 0.4, respectively. The midpoint GuCl concentration was determined to be 1.6 M for
apo-RrCoo] and 2.0 M for Ni-RrCoo]. This result reveals a higher stability induced by Ni(II)-binding to
the protein (Figure 2c).

(a) (b)
~ 159 —— RrCooJ Apo
‘© ——RrCooJ 1 eq Ni(ll) £ 1,04 - .
3 RrCooJ 2 eq Ni(ll) E .
@ 104 RrCooJ 3 eq Ni(ll) @
2 RrCooJ 4 eq Ni(ll) & 08
‘l—) ——RrCooJ 5 eq Ni(ll) ®
£ 54 —— RrCoolJ 6 eq Ni(ll) 2> 064 .
£ —— RrCooJ 7 eq Ni(ll) s
e a2
o =
] 0+ o 044
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Figure 2. Far-UV circular dichroism (CD) and chemical denaturation of RrCoo] at 4 uM of dimer upon
Ni(II) addition. (a) Evolution of far-UV signal upon the addition of increasing Ni(II) concentrations.
(b) Fractional values of the ellipticity registered at 208 nm plotted versus Ni(II) molar equivalents.
(c) Chemical denaturation of apo-RrCoo] (blue) and Ni-RrCoo]J (red) using different concentrations of
GuCl at room temperature.

SEC-MALLS experiments were conducted to investigate the oligomeric state of RrCoo] in the
presence of Ni(II). We previously showed that a truncated version of RrCooJ (RrCooJ-A), lacking the
histidine tail (Figure 1), is a stable dimer even in the presence of an excess of nickel [9]. Here, the column
was equilibrated with a buffer supplemented with 10 uM of NiSOy, corresponding to a concentration
about six times higher than the affinity of the His tails for Ni(I) (Kd = 1.6 uM). The injection of 50 uM of
RrCoo] dimer pre-incubated with 5 molar eq. of Ni(II) led to the appearance of a mixture of oligomeric
forms ranging from dimers to high-order oligomers (Figure 3a).

To characterize these high-order oligomers, single particle analysis was performed using
Transmission Electron Microscopy (TEM). In order to separate the different oligomeric states,
size exclusion chromatography was used. Apo-RrCoo] dimer pre-incubated with 5 molar eq. of Ni(II)
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was injected onto the column and a series of fractions was selected, based on the SEC-MALLS results.
Four samples were collected at different elution volumes (9, 10.5, 13 and 14.5 mL) and subsequently
analyzed, revealing the existence of high-order oligomers with sizes ranging from 11 + 2 nm to
28 + 5 nm in the three first peaks. In the latter one, corresponding to the elution of RrCoo] tetramers as
shown by SEC-MALLS, high-order oligomers could not be detected as expected. Neither aggregation
nor fibrils were observed under any of the tested conditions (Figure 3b). The size of high-order
oligomers decreased along the elution with an optimum distribution of particles at an elution peak of
13 mL corresponding to a homogenous particle size of about 11 nm.

The oligomerization process is both protein and Ni(ll) concentration dependent. Indeed,
for a protein concentration of 50 uM of dimer, RrCoo] started to form insoluble aggregates when the
Ni(II) concentration reached 500 M. Moreover, the incubation of 100 uM RrCoo] dimer with 10 molar
eq. of NiSO4 (1.0 mM) led to its complete precipitation. However, the addition of 10 mM EDTA
can fully redissolve the precipitate within seconds (as shown by protein assay) revealing the easy
reversibility of the metal-dependent oligomerization process.

7
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Figure 3. Nickel-dependent oligomerization of RrCooJ by Size Exclusion Chromatography and Multi
Angle Laser Light Scattering (SEC-MALLS) and TEM. (a) 50 uM of apo-RrCoo]J (red) were injected
onto a column equilibrated with buffer A (96% of dimer); The injection of 50 uM of RrCooJ dimer
preincubated with 250 uM of NiSOy (blue) in buffer A supplement with 10 uM of NiSO4 shows multiple
peaks corresponding to a mixture of oligomers: dimer (35%), tetramer (16%), hexamer (10%), octamer
(6.2%) and high-order oligomers (32.8%). (b) Nickel-dependent oligomerization analysis of RrCoo] by
negative stain after size exclusion chromatography. Image of negatively stained particles (23,000x and
30,000x of magnification) of high-order oligomers of Ni-RrCoo] with highlights of particles measured
for the following elution volumes: 9 mL (28 + 3 nm), 10.5 mL (15 + 2 nm), 13 mL (11 + 2 nm) and
14.5 mL (below 5 nm). Oligomer size was determined after merging 20 independents particles by
“Image] v 1.51” software. Vol: Elution volume.

In order to study their in-cell Ni(II)-binding capability and behavior, RrCoo] and its truncated
version RrCooJ-A were overproduced in E. coli in growth medium supplemented with a range of Ni(II)
concentrations from 0 to 2.5 mM NiSOy. As a control, the impact of nickel was evaluated on a strain of
E. coli transformed with an empty vector. The growth of the control culture was strongly affected by
nickel, decreasing remarkably between 0.5 mM and 1.5 mM, and stopping for concentrations higher
than 1.5 mM. The presence of RrCoo] or RrCooJ-A increases the nickel resistance of E. coli, resulting in
a constant growth even at high concentration of metal (Figure 4a). Although RrCooJ and RrCoo]-A
are both able to bind Ni(II) in-cell, we observed that RrCoo] tends to form insoluble oligomers upon
addition of increasing concentrations of Ni(Il) in the growth medium. At 1.0 mM of NiSOy, despite
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a bacterial growth rate similar to the one in the absence of nickel, the overproduced RrCoo] was mainly
found in the insoluble fraction, as shown by SDS gel (Figure 4b). This behavior was not observed
with the overproduced RrCoo]J-A, mainly found in the soluble fractions independently on the nickel
concentration (Figure 4b). This is a strong indication that the His-tail triggers the oligomerization
process of RrCoo] in the presence of nickel, in agreement with the in vitro studies, without drastically
affecting the bacterial growth.
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Figure 4. Growth response to nickel content in E. coli strains overproducing RrCooJ or RrCooJ-A.
(a) The resistance towards nickel for the control (orange), RrCoo] (yellow) and RrCooJ-A (green) cultures
is plotted for each different nickel concentration after 16 h from the induction. The resistance is reported
as percentile deviation of the ODggp measured at 16 h considering as maximum value the ODgpp-16h
measured for the cultures at 0 mM NiSOy versus the ones measured for the culures at different nickel

3
concentrations. The deviation is calculated using the formula Y, (
n=1
using the ODggp-16n measured for each different nickel concentration (x mM = 0.5, 1.0, 1.5, 2.0, 2.5 mM

NiSOy). (b) SDS-PAGE of soluble and insoluble extracts of E. coli cultures overproducing RrCoo] or
RrCooJ-A in the presence of Ni(Il) in the growth media (0 to 1.0 mM NiSOy).
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3. Materials and Methods

Recombinant RrCoo] and RrCoo]-A were overproduced in E. Coli and purified as previously
described [9]. Protein concentration was determined either by SEC-MALLS or by Rose Bengal protein
assay to determine the protein concentration for the EDTA solubilization experiment.

3.1. Circular Dichroism (CD) Spectroscopy

CD spectra were recorded using a J-1500 circular dichroism spectrometer (JASCO Analytical
Instruments, Easton, PA, USA). A stock solution of 10 mM NiSO,4 was used to monitor metal-dependent
secondary structure content upon Ni(II) titration (from 0 to 7 molar equivalents of NiSO4). Spectra were
recorded from 190 to 250 nm using a 1 mm cuvette, with ten accumulations to increase the signal-to-noise
ratio. Proteins were thawed and diluted to 4 uM dimer in CD buffer (5 mM potassium phosphate pH
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7.0, containing 0.5 mM TCEP). For the determination of the secondary structure elements, the spectra
were analyzed using the BeStSel online software [12]. The guanidine hydrochloride denaturation
experiments were performed via additions of different concentrations of GuCl on 4 uM dimer samples
(apo- and Ni-RrCoo]), followed by 2 h of incubation. The Ni-RrCoo] sample was prepared by adding
5 molar equivalents of Ni(I) per protein dimer (20 uM final concentration) and incubated for 30 min
prior to its denaturation. The fractional change in ellipticity at 222 nm was used to determine the
variation of the secondary structure elements due to the denaturation of the protein. Empiric fit was
done via a sigmoidal equation.

3.2. Size Exclusion Chromatography and Multi Angle Laser Light Scattering (SEC-MALLS)

Purified and frozen RrCooJ was thawed and diluted to 50 uM of dimer in 50 mM HEPES pH 7.5,
150 mM NaCl, 1 mM TCEP (buffer A). Ni-RrCoo] was incubated in the presence of 250 M NiSOy for
30 min at room temperature prior to injection onto the SEC-MALLS system (Wyatt Dawn HELEOS-IL
18-angle light scattering detector and Wyatt Optilab rEX refractive index monitor linked to a Shimadzu
HPLC system comprising a LC-20AD pump, a SPD20A UV/Vis detector, and a Superdex 200 10/300
increase column (GE Healthcare Life Sciences, Pittsburg, KS, USA). Injections were carried out using
a 20 pL loop. The size exclusion column was equilibrated using buffer A + 10 uM NiSOy. Protein
concentration in all samples was determined by integration of the differential refractive index (dRI)
peak (dn/dc = 0.185). It is important to note that all used samples came from the same stock protein.
The data were analyzed using the ASTRA software (version 6) (WYATT Technology Corporation,
Santa Barbara, CA, USA).

3.3. Electron Microscopy

100 pL of Ni-RrCoo] dimer at 50 uM were injected onto a Superdex 200 10/300 column (GE
Healthcare) equilibrated with buffer A + 10 uM NiSOy. 200 pL-fractions were collected and 4 fractions
corresponding to elution volumes of 9, 10.5, 13 and 14.5 mL were selected. The negative stain
Mica-carbon Flotation Technique (MFT) was used to prepare the samples. Briefly, 3-5 uL of protein
sample (0.1 to 0.01 mg/mL) were applied to a clean side of a carbon layer (between a carbon and a mica
layer). The carbon was then floated on stain (2% w/v uranyl acetate (AcU) pH 4.5) and covered by
a copper grid. The images were captured under low-dose conditions (<10 e~ A~2) at a magnification of
23Kx and 30Kx with defocus values between 1.2 and 2.5 um on a Tecnai 12 LaB6 electron microscope at
120 kV accelerating voltage using a CCD Camera Gatan Orius 1000 (Gatan, Inc., Pleasanton, CA, USA).

3.4. Growth Response to Nickel in E. coli Strains Overproducing RrCoo] or RrCooJ-A

E. coli BL21 (DE3) strain was transformed with pET15b, pET15b-RrCoo] or pET15b-RrCoo]-A.
The three different cultures (100 mL each) were grown in LB medium, with the appropriate antibiotic,
at 25 °C and 180 rpm to an ODgq of ~0.6 and induced with 0.25 mM IPTG. At this point, each culture
was divided into five 50 mL-Falcon tubes (10 mL-culture each) and a range of NiSO, concentrations
was added to the culture medium (0, 0.5, 1.0, 1.5, 2.0 and 2.5 mM). The cells were grown overnight
at 25 °C and 180 rpm, and the ODgyy was measured after 16 h for all the cultures. The cultures
were done in triplicate for each different condition. The effect of the overproduction of RrCoo] or
RrCoo]J-A according to the amount of Ni(Il) was evaluated by normalizing the culture optical densities,
measured at the different nickel concentrations, with the values obtained from the control. To study
the solubility of RrCoo] in the presence of Ni(Il) in-cell, E. coli BL21 (DE3) strain transformed with
either pET15b-RrCoo] or pET15b-RrCoo]-A were grown as described above, except that 25 mL-cultures
were grown in 50 mL-flasks with 0, 0.2, 0.5 and 1.0 mM NiSOy4 concentration. After overnight
growth, the ODgpp was measured (5.5 + 0.2 for BL21(DE3)/pET15b-RrCo0J-A cultures and 5.8 + 0.3
for BL21(DE3)/pET15b-RrCoo] cultures). The cell pellets were collected by centrifugation and then
resuspended in 4 mL of 50 mM Tris-HCI, pH 8.0 containing a complete Protease Inhibitor cocktail tablet
(Roche Life Science, Indianapolis, IN, USA). After three freeze-thaw cycles, the cultures were sonicated
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and centrifuged at 14,000 rpm for 20 min. The 16 pellets were resuspended in 50 mM Tris-HCl pH 8.0,
containing 4 M urea and 0.1% SDS. Ten microliters of each sample were examined using SDS-PAGE
(Bio-Rad Corporate, Hercules, CA, USA).

4. Conclusions

Recently, structural studies of apo-RrCoo] revealed its atypical topology with two independent
histidine tails flanking a central coiled coil region. Here, we focused our attention on the histidine-rich
region behavior. Two phenomena were observed upon nickel addition. Firstly, Ni(Il)-binding directly
impacts the secondary structure content of the protein, with a gain in «-helices related to higher
stability. Secondly, nickel induces a dynamic and reversible oligomerization process in vitro, leading to
the protein precipitation observed both in vitro and in cellulo, in the presence of elevated Ni(II) levels.
Further studies are necessary to investigate the functional role of RrCoo] oligomerisation in nickel
homeostasis under physiological conditions.
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