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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 x-helix «2 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 a-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.
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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).
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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
1.0x10 L=t

— RrCooj Apo
=— RrCooj Ni 5eq

s
1.0x10

s
1.0x10

4
L.0x10

Molar Mass (g/mol)
(1un Areangay) 1y

1000.0

100.0
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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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