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Abstract

Across the diverse family of flavoenzymes, the isoalloxazine cofactor was found to display
extremely diverse redox properties, both with respect to the absolute value of the potential
regime wherein it operates and to its redox cooperativity, that is, the relative positioning
of its individual 1-electron transitions. Taking together electrochemical data and 3D struc-
tural information reported for selected representatives of the flavoenzyme family, we as-
sessed the contribution of pK value modifications at the three protonatable nitrogens of
the isoalloxazine moiety. While the absolute value of the redox regime appears only
weakly dependent on such pK modifications, the diversity of redox cooperativity is read-
ily rationalized by (protein-induced) stabilization/destabilization of the proton primarily
on N5 and to lesser degrees on N1 and N3. The mathematical formalism underlying the
interdependence of pK values and redox midpoint potentials is subsequently extended to
representatives of the family featuring extremely positive redox cooperativity (i.e., the
electron bi/confurcating flavoenzymes). Observed structural idiosyncrasies of these cases
were found to rationalize the extremely strong inversion (AE « -800 mV) of 1-electron
midpoint potentials in the framework of this formalism.

Keywords: flavoenzymes; redox cooperativity; hydrogen bond; flavodoxin; ETF; FNR;
Ndh-2; SQR; electron bi/confurcation; pK values

1. Introduction

Flavoenzymes represent an extraordinarily vast and diverse group of redox proteins
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age potential of their two redox transitions) extends from about 0 mV (vs. the standard
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hydrogen electrode) in electron-transferring flavoproteins (ETFs) [13] to —400 mV in cer-
tain flavodoxins [14], that is, 200 mV above and below, respectively, the value determined
for flavins in aqueous solutions [15].

A novel functional subclass of flavoenzymes standing out by their exceptional redox
reactivities was discovered in Wolfgang Buckel’s and Rolf Thauer’s groups in 2008 [16,17].
The particularity of this subclass consists in their ability to perform the process of electron
bifurcation [18-22], a mechanism previously considered to occur only in mitochondrial
complex III (and its homologs) [19,23-25] and to depend on the presence of quinones. In
electron bifurcation, the two reducing equivalents harboured by 2-electron redox com-
pounds (such as quinones or flavins) are transferred to two distinct 1-electron acceptors
with dissimilar reduction potentials. In most biological electron bifurcating systems in-
vestigated so far, one of these 1-electron acceptors was reported to feature a lower redox
midpoint potential than the 2-electron donor [17,26,27]. The reverse reaction is called elec-
tron confurcation and allows a 2-electron acceptor to oxidize two 1-electron donors, one
of which may be at a higher potential than the acceptor.

Electron bifurcation and confurcation therefore expand the range accessible to bio-
logical redox reactions beyond the extent offered by the environmental redox substrates
[18,28] and can be considered a biological counterpart of electronic DC-to-DC converters
[29]. Electron bifurcation and confurcation have been shown to be evolutionarily ancient
processes and may well have been part of the free energy converting mechanisms that
thermodynamically drove the emergence of life on our planet [19,22,30-33].

The functional mechanism underlying flavin-based electron bifurcation is still not
fully settled. Hypotheses relying on the electrochemical properties of the 2-electron redox
compound [19,22], on conformational gating [34], on kinetic constraints [35] or on a com-
bination of all these [36,37] have been proposed. For the case of the quinone-based electron
bifurcation process, a very strongly positive so-called “redox cooperativity” between the
individual electrons (corresponding to quasi-exclusive 2-electron redox transitions) has
been recognized as crucial to the mechanism, and a detailed rationalization of this process
has been put forward [24]. Negative redox cooperativity in 2-electron compounds refers
to situations where the second reduction step occurs at a more negative ambient potential
than the first one, resulting in a regime of ambient potentials where the 1-electron- (also
called semi-) reduced state is stabilized. Positive cooperativity, by contrast, inverts the
individual 1-electron potentials and results in destabilization of the semireduced state and
in seemingly concomitant 2-electron transitions of the compound [19,38]. The term “redox
cooperativity” has therefore historically been coined to account for the apparent hindering
or favouring of the second reduction step by the presence of the first electron on the redox
centre.

The strength of redox cooperativity forms a continuum, and a multitude of strongly
differing cooperativity parameters have indeed been measured both in flavoenzymes and
in quinone-based redox enzymes [22]. Just as for the case of quinone-based electron
bi/confurcation, the flavin cofactor of electron bi/confurcating flavoenzymes has also been
found to feature strong positive redox cooperativity [13,27,39,40]. We therefore consider
(as we have suggested in the past [19,22]) that strong positive 2-electron redox coopera-
tivity is a necessary condition for electron bi/confurcation to occur.

While quinones in aqueous solutions and at physiological pH values always feature
very strong positive redox cooperativity and hence strict 2-electron redox transitions [41],
the cooperativity of flavins under the same conditions is much weaker, and semireduced
intermediates are readily observed [42—44]. This raises the question of how the protein
environment in electron bifurcating flavoenzymes coaxes the cofactor into undergoing
strongly cooperative 2-electron transitions. Case-by-case analyses of 3D structures of
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individual electron bifurcation flavoenzymes have addressed this question [27,39,45] but
failed to discern common structural features [46].

As mentioned above, protein-harboured flavin cofactors occur with extremely varia-
ble degrees of redox cooperativity (both positive and negative) in different members of
the entire family of flavoenzymes [22]. The redox properties of the flavin in many of these
representatives have been characterized in great detail [17,27,47-54] (although the pH de-
pendence of the respective redox midpoint potentials unfortunately was determined only
in a few cases, see below).

In this work, we set out to use this large inventory of examples to elucidate a single
overarching principle for tuning the redox properties of the flavin cofactors in these en-
zymes. Our approach represents an extension of the working hypothesis suggested by
Schopfer et al. [55] using a larger sample of examples and applying a mathematically more
rigorous treatment. In short, while Schopfer et al. approximated the experimental E-vs-
pH curves of flavins in aqueous solutions and of the flavin cofactor in flavodoxins by
straight lines featuring 0, =30 and -60 mV/pH dependencies, mostly using a single (the
most obvious) pK, our analytical treatment takes into account the full set of nine pK values
and allows for a generalization of Schopfer et al.’s working hypothesis towards the entire
family of flavoenzymes. The analytical approach furthermore allows us to visualize how
variations in pK straightforwardly move the cofactor’s redox behaviour back and forth
between negative and positive redox cooperativity. Last but not least, evaluating the full
formula for pH-dependent redox midpoint potentials permits the deduction of the poten-
tial values for the individual transitions even for cases of highly positive redox coopera-
tivity. Our results demonstrate that redox cooperativity is much more about dissimilar
electron-proton couplings of the two redox transitions than about interactions between
the two individual electrons.

2. Materials and Methods

The theoretical pK- and pH-dependent E1 and E2 potentials were calculated via a
C++ routine that wrote the respective pH, pKs, E1 and E2 values to a file, which ultimately
served to generate 3D plots using Gnuplot (version 5.4., copyright 2007 Thomas Williams,
Colin Kelley). Briefly, the C++ routine iterated pK(N1), pK(N3), and pK(N5) for all three
redox states in nested loops, followed by sorting of the respective pK values into pK1 to
pKS3, again for all three redox states. The sorted pK1-3 values for the oxidized/semire-
duced states and the semireduced/reduced states were used to calculate E1 and E2, re-
spectively, using Formula (3). C++ routines and Gnuplot were executed under Linux.
Source codes of the C++ routines are provided in the Supplementary Materials.

3. Results and Discussion

3.1. A Brief Summary of Relevant Electrochemical Principles in Proton-Coupled
Redox Transitions

If a redox compound is in proximity to a protonatable group, its redox potential will
depend on the protonation state. The protonated compound will obviously be easier to
reduce (due to the presence of the positive partial charge afforded by the proton) and its
Em therefore will be higher than when it is in the deprotonated state. Conversely, the com-
pound will be easier to protonate when it is in its reduced state, and the pK of the reduced
state, pK., therefore commonly is higher than that of the oxidized state, pKo. Figure 1 sche-
matically depicts the Em/pH dependence of a hypothetical protonatable redox centre and
indicates the relevant redox and protonation states, as well as the pK values characterizing
the transitions between the protonation states of the oxidized and reduced redox centres.
The En/pH dependence of a 1-electron redox centre [56] is described by Formula (1)
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wherein an corresponds to the activity of the protons (an = 10-"H) and K to the acid-disso-
ciation constant of protonatable sites (R, T and F stand for the universal gas constant, am-
bient temperature and the Faraday constant, respectively).

The layout of Formula (1) differs from its version found in most textbooks (e.g., [57])

EP™® (e.g. [58]) as the scaling constant rather than E2'=°. Whereas pH = 0

by using
corresponds to standard conditions in chemical nomenclature, it is an arbitrary parameter
(rather inspired by mathematical considerations than by a deeper chemical meaning). By
contrast, EL"'~® represents a meaningful chemical property, i.e., the reduction potential
in the absence of solvated protons, a value that may be empirically approximated in apro-
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Figure 1. Schematic representation of the theoretical dependence of a protonatable 1-electron com-
pound’s redox midpoint potential on pH value according to Formula (1). The significance of the

relevant parameters is indicated in this scheme.

The magnitude of the difference in redox midpoint potential between the protonated
and the deprotonated compound, Edeprot— Eprot (and correspondingly pKo — pK: for the dif-
ference in pK between the oxidized and the reduced state) depends on the strength of the
interaction energy (electrostatic, conformational etc) between the proton and the redox
centre. For strongly proton-coupled redox reactions, the theoretical relationship [59] be-
tween AE and ApK is provided by the simplified Formula (2).

1.37 * [pK, — pK,] = 23.06 * [Edeprot — EPTot] o)

Empirical data are nicely in line with this theoretical prediction. For example, for the
case of the [2Fe-25] centre of the Rieske protein with protonatable sites on the nitrogen
atoms of the two histidine ligands coordinating one of the irons of the redox centre, the
empirical values for the proton with the lower pK have been determined to be pKo— pK
=5 and Edeprot — Eprot = 280 mV [58,60]. Similarly, the proton residing on the hydroxyl group
of benzoquinone-type moieties in aqueous solutions features values in the range of pKo —
pK:e=5-6 and Edeprot — Eprot= 300-350 mV [41]). The interdependence of redox and protona-
tion reactions is a general electrochemical principle, not restricted to biological entities,
and has, for example, also been observed in inorganic (mineral-based) redox systems [61].
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3.2. Free Flavin in Aqueous Solution

While the above-described formalism applies to single-electron transitions, flavins
feature three reduction states, hereafter denoted as the oxidized (0), semireduced (sr) and
fully reduced (r) states, and therefore belong to the class of 2-electron compounds (also
encompassing, for example, quinones and molybdopterins). Depending on the mutual
positioning in redox potential of the o/sr- and sr/r-transitions, flavins can undergo two
consecutive 1-electron redox transitions involving the sr-state, 2-electron transitions di-
rectly between the o- and the r-state, or intermediate situations where samples become
heterogeneous, with populations performing either consecutive 1-electron or concerted 2-
electron transitions (see [22]). For 2-electron compounds such as flavins, quinones and
molybdopterins, the formalism described in Section 3.1 applies to each redox transition
(i.e., o/sr and sr/r) independently.

As depicted in Figure 2, the isoalloxazine moiety, i.e., the core structure of all flavin
pigments from riboflavin to flavin mononucleotide (FMN) and flavin-adenine dinucleo-
tide (FAD) features three protonatable sites at the nitrogen atoms N1, N3 and N5. In the
oxidized state and at neutral pH, only N3 is protonated, while N5 takes up a proton upon
reduction of the flavin to the semireduced state and N1 becomes partially protonated
upon 2-electron reduction (the attribution of the three successive protonations to positions
on the isoalloxazine moiety is based on NMR measurements [62-64]). This basic observa-
tion already indicates substantially different and redox-dependent pK values for the three
protonatable sites. This empirical rationale for the specific pK values indicated in Figure
2 will be elaborated below.

pK, =-6
pK, =1.2
pK, =6.7

pK, =-0.5
pK =85
pK, = 18.7

Figure 2. Chemical structure of the isoalloxazine moiety, i.e., the electrochemically relevant part of
flavin-molecules (riboflavin, FMN, FAD, etc.). The pK values for the three protonatable nitrogens in
each of the three redox states indicated in black print represent those experimentally obtained for
flavin in aqueous solution. The values in grey print are deduced from measurements in aprotic me-
dia, assuming EgP™%" = ERI™e using Formula (3) as detailed in the text. Green stands for nitro-
gen atoms, red for oxygens and blue for protons in this and the following figures featuring

3D structures.

The first exhaustive characterization of a flavin’s redox properties over a wide range
of pH values dates back to a study by Michaelis and collaborators in the first half of the
20th century [42,65]. Several of the redox parameters determined by Michaelis were later
refined by Draper et al. [66]. These studies were performed by monitoring the optical
spectrum of flavin as a function of ambient potential and pH for the oxidized, semi- (i.e.,
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1-electron-) reduced and fully (2-electron-) reduced states of the pigment. Only a small
population of the semireduced state was observed over virtually the entire pH range ex-
amined [67,68], rendering the determination of the individual redox waves of the 1-elec-
tron transitions less accurate than that of the 2-electron transition. With the advent of elec-
tron paramagnetic resonance spectroscopy in the 1940s [69,70] specific monitoring of the
radical-type semireduced state of the flavin became possible [43,44,71]. A synthesis of re-
sults from both the optical and the EPR approaches was reported in 1999 and is presently
considered our best estimate of the free flavin’s redox potentials and the pH dependence
thereof [15]. Figure 3 represents the Em/pH dependencies for the oxidized/semireduced
(o/st, blue line), for the semireduced/fully reduced (sr/r, red line) and for the 2-electron
transition (o/r, dotted black line) based on the parameters reported in [15]. For represen-
tations showing both the theoretical curves and the experimental data points, see [15,65].
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Figure 3. E12-vs-pH dependences in the range of pH -2 to pH 13 as determined for flavins in aqueous
solution according to a synthesis of the relevant literature as discussed in the text. The main relevant
pK values are indicated. The curves were generated using Formula (3), the depicted pK values and
an offset to account for the out-of-range, i.e., unknown, pK values. Assuming that Ef;lH_)w = E;,lemt
these remaining values were derived via adjusting Formula (3) simultaneously to the empirical

aprot
Em

curve below pH 13 and (as depicted in the inset).

In the following, we will denote Em(o/sr) as E1 and Em(sr/r) as Ez. It is noteworthy that
this convention is inverted from that introduced by Michaelis [42] but corresponds to that
frequently used for other 2-electron compounds such as quinones [72] or molybdopterins
[73]. The red and blue curves shown in Figure 3 were calculated using the empirical Em
and pK values and the theoretical Formula (3) relating Em to pH for three redox-linked
protonatable groups [57]. For the o/sr- transition, Ko and K: correspond to the empirical
Ko and Ksr values while for the sr/r transition they correspond to K« and K, respectively.

(1+E4 SH g 7
_RT « [ Koz  Ko2*Koz  Ko1*Ko2 * Koz ] (3)
F In 1+ ay a? ay

Kr3 Ky * K3 Ky1 * Kr2 * Ky3
As also indicated in Figures 2 and 3, only part of the total subset of pK values can be
determined via the above-discussed experiments due to stability issues at very high (pH >
12) and very low (pH < -2) pH values. For protein-bound flavins (as will be discussed in
Sections 3.3-3.8), the stability range is even more restricted than for flavins in solution and
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rarely exceeds pH 4 to 10. Therefore, at first glance, the missing pK values may seem in-
significant since they are not required for fitting the data points in the observable range of
pHs (at least if the fitting procedure includes an adjustable constant shifting the curves to
the actually measured potentials, see Section 3.9). Stabilization or destabilization of pro-
tons on N1, N3 and N5, induced by the polypeptide chain forming the binding pocket,
however, is found to bring some of the “out-of-range” pKs into the observable pH region
or, vice versa, moving pKs measured on free flavin out of this window. To assess the strat-
egies of the protein environment in tuning the flavin cofactors” redox behaviour, an at
least approximate estimation of the out-of-range pKs for flavin in aqueous solutions
would therefore be helpful. A rough estimation can be obtained if experimentally deter-
mined redox potentials of flavins in aprotic solvents are taken into account [74-77]. Ten-
tatively equating these values to the EL'~® constant in Formula (3) for both the o/sr and
the sr/r transitions strongly constrains pK«(N3) and indicates approximate values (+2 pH-
units) for pK«(N5) and pK+(N3) as indicated in the inset to Figure 3. The out-of-range pK
on the acidic side, pKo(N1), has been approximated by assuming a ApK with respect to
pK«(N1) of about 8 pH-units in line with several other ApKs seen in the scheme of Figure
2. It is noteworthy that the value of this acidic pK has no impact on the redox midpoint
potentials simulated via Formula (3) in the physiologically relevant pH range and there-
fore does not affect the conclusions arrived at in this work.

3.3. Protein-Induced Stabilization of the Semireduced State
3.3.1. The Flavodoxin Way

The Flavin-Binding Site in Flavodoxins Substantially Increases the pK Values of
the N5-Proton

The flavin in flavodoxins conspicuously differs from its free form in aqueous solu-
tions (in the following denoted flavinag) by undergoing two well-separated redox transi-
tions. Flavodoxins are small electron transfer proteins and arguably are the most thor-
oughly studied flavoproteins both with respect to 3D structure and to physico-chemical
characteristics [14,78-89]. The pH dependence of both flavin redox transitions has been
measured in several flavodoxins in the range of pH 5 to about pH 9. Apart from very
minor variations in pK values, all flavodoxins studied show similar behaviour as exem-
plified by the pH dependence of the Desulfovibrio vulgaris (DesVu) protein [83] depicted in
Figure 4a (while this species has since been renamed Nitratidesulfovibrio vulgaris, we will
refer to it by its original name used by all the relevant literature on flavodoxins). We se-
lected the DesVu case from the plethora of characterized flavodoxins due to the fact that
high-resolution 3D structures at all three redox states have been reported for this protein,
allowing straightforward correlation of redox properties to structural idiosyncrasies.

The pattern found for the DesVu protein (reproduced in Figure 4a) is characteristic of
the electrochemical behaviour of all studied flavodoxin-type proteins: (a) The o/sr-transi-
tion (shown in blue in Figure 4a) features a 60 mV/pH dependence and no pK value has
been discerned in the analyzed range of pHs. (b) The sr/r-transition (indicated in red) dis-
plays a pK on the reduced state at around pH 7. (c) In the entire examined range, the sr-
state corresponds to the neutral radical (as evidenced by the spectral features measured
in UV/Vis- and EPR spectroscopy [82,90-92]), that is, the semireduced flavin is protonated
at N5 (as identified by NMR, see above and [86]).

Taking together (a) and (c) indicates that the -60 mV/pH dependence reflects reduc-
tion-linked protonation of N5 and that N5 therefore is never protonated in the oxidized
state of the flavin in the examined pH range. This implies that pKo(IN5) must be lower than
pH 5, as is also the case for flavinag (see Figures 2 and 3). By contrast, pKs:(N5) lies above
pH 10, meaning that the N5-proton of the semireduced flavin is substantially stabilized
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with respect to the free flavin (see Figures 2 and 3). Taking furthermore observation (b)
into account and considering the values for free flavinag suggests that pK:(N1) of the fla-
vodoxin-bound cofactor essentially stays put (in the vicinity of 7) as compared to its free

form.
H
5 6 7 P 8 9 10
120 3
. (a) flavodoxins
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-240
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a-360 w
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Figure 4. Schematic representation of the Ei.2-vs-pH curves reported for (a) flavodoxins and (b) ETFs.
Absence or presence of a proton on the protonatable nitrogen atoms of the isoalloxazine molecule

is shown for all three redox states. Observed pKs or limiting values thereof are indicated.

The upshift of pKs: of the N5-proton therefore is the only clearly discernible differ-
ence in the patterns of pK values between free flavin and the flavodoxin-bound version.
The protonation states of the isoalloxazine moiety are indicated in the Pourbaix-style Fig-
ure 4a.

Structural Idiosyncrasies of Flavodoxins Underlying the Observed pK Changes of
the N5-Proton

High-resolution X-ray structures have been determined for the flavodoxin from
DesVu in all three redox states [93]. As emphasized in the respective articles, the above-
described increase in pKsr of the N5-proton results from the presence of a hydrogen bond
between the backbone oxygen of a glycine residue (at position 61 in the DesVu protein)
and the proton on N5 (the H-bonding distance is indicated by a black arrow in Figure 5)
of the semireduced flavin, stabilizing the protonated state of the N5-nitrogen. Since a com-
parable H-bond interaction is visible in the fully reduced state of the flavin (Figure 5, red
arrow), the pK: of N5 likely is also upshifted (although this effect cannot be observed ex-
perimentally since the pKrvalues of both the free flavin and the flavodoxin-bound one are
far above pH 10). By contrast, in the oxidized state of the DesVu flavodoxin, the Gly61
residue features a slightly different conformation turning its backbone oxygen away from
the flavin moiety (Figure 5, blue arrow). In the oxidized state, the stabilizing H-bond in-
teraction therefore is absent in line with the observation that no pKo(N5) is observed above
PH 5 on the o/sr-transition (blue line) shown in Figure 4a.

The structural positioning of the loop containing Gly61 is highly conserved among
flavodoxins for which 3D information is available [82,93], indicating that the above-

https://doi.org/10.3390/life16081277
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mentioned stabilization of the N5-proton likely is a general feature of this family of pro-
teins. The glycine itself is conserved in the overwhelming majority of cases [94].

gly61 (DesVu)

Figure 5. Redox state-dependent conformations of the glycine residue (Gly61) in the flavodoxin
from DesVu and the resulting potential for a stabilizing effect of the residue’s backbone oxygen on
the proton on N5 via formation of a proton-accepting hydrogen bridge. The depicted structures are
based on the pdb-entries 3fx2, 4fx2 and 5fx2 for the oxidized, semireduced and fully reduced states
of the flavin. 3D-rendering of these pdb-files was performed using DeepView (version 4.1.0)
(http://www.expasy.org/spdbv/) (accessed on 16 October 2024).

The observed pattern of pK values in flavodoxins is therefore straightforwardly ra-
tionalized by structural features of the protein environment in the vicinity of the N5-po-
sition of the flavin. Do the above-discussed modifications in the pK of the N5-proton on
their own explain the spectacular alteration in global redox behaviour, i.e., the transition
from crossed-over midpoint potentials (entailing low stabilization of the sr-state) to
strongly negative cooperativity (that is, uncrossed midpoint potentials and a highly sta-
bilized sr-state) or do we have to look for additional parameters? To address this question,
we have used Formula (3) to simulate the dependence of Ei2-vs-pH curves on the pK val-
ues of the N5-proton while maintaining all other pK values as found for flavina.

For High Values of pK(N5), the Flavin Cofactor Can Switch to Negative Cooperativity

The theoretical pH dependences of the o/sr- and the sr/r-transitions were calculated
as a function of the relevant pK values of the N5-proton using Formula (3) and as outlined
in Section 3.2. Guided by the 3D information summarized above, pKo(N5) was kept at the
same value as for free flavin while pK«(N5) and pK«(N5) were allowed to vary with the
gap between them fixed to ApK = 10 as suggested to be the case in flavinaq (Sections 3.4
and 3.7 deal with examples where ApKs may vary). The result of this simulation is shown
in Figure 6a. The intersection between the two planes corresponding to the o/sr- (blue)
and sr/r- (red) transitions defines the boundary between formally positive and negative
redox cooperativity. The value of pKs«(N5) where the two planes intersect varies
(smoothly) with pH and increases from 11.7 at pH 4 to 14.9 at pH 10. Above these bound-
ary pKs:(N5) values the o/sr-transition becomes less reducing than the sr/r-transition and
the flavin therefore enters the regime wherein the sr-state is increasingly stabilized. Fur-
thermore, for all these pK«(N5) values, the Ei-vs-pH dependence features a slope of —60
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mV/pH and that of Ez goes from —-60 mV/pH to pH-independence above pH 7 (imposed
by pK:(N1)). These simulated dependences perfectly mirror those obtained on flavodoxins
as shown in Figure 4a and furthermore reproduce the empirical span between E:i and E:
(as shown in Figures 4a and 6b) within +5 mV for all pH values at pKs(N5) = 17.2. The
very satisfying correspondence between empirical pH dependences and those obtained
using Formula (3) demonstrates that the general layout of the Em-vs-pH curves measured
on flavodoxins and, in particular, the strong stabilization of the sr-form can be rationalized
solely via the protein-mediated stabilization of the N5-proton.

(b)

o/sr Em (mV)
= 400
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3202224
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Figure 6. Panel (a) shows the Ei2-vs-[pH,pKs:(N5)]-surfaces spread out by the family of Ei2-vs-pH
curves calculated according to Formula (3) and parametrized using pK«(N5). To calculate the de-
picted surfaces, pKo(N5) was kept fixed at 0.5 as in flavinag (guided by the observation that in the
oxidized state of the flavin, no protein residue is close enough to modify the pK, see Figure 5), while
pKs:(N5) and pKr(IN5) were allowed to vary. The interval between pKs(IN5) and pKr(N5) was main-
tained at 10.2 as in flavinag. pK(N1) and pK(N3) were kept fixed to the values as in flavinag. The
regions of negative (E1 — E2 > 0) and positive (E1 — E2 < 0) cooperativity are indicated. Panel (b) ex-
tracts the individual Ei2-vs-pH curves corresponding to the redox cooperativity of flavinag (with a
pKsr(N5) of 8.5) and to that of flavodoxins (at pKs(N5) of 17.2) from the family of curves depicted

in (a).

However, as indicated by Figure 6b, the Em value of the full 2-electron transition, i.e.,
the average of E1 and Ez is predicted by the simulation to increase (that is, to go towards
more oxidizing values) while it is found to be slightly more negative in flavodoxins than
it is in flavinag (cf. Figures 3 and 4). The protein environment therefore obviously pushes
the overall redox midpoint potentials to more negative values. Such an effect likely arises
from an increasing destabilization of the cofactor-protein interaction linked to progressive
reduction of the cofactor [57,95]. Indeed, in flavodoxins (as in many other flavoproteins
featuring very negative midpoint potentials), the flavin cofactor shows a strong tendency
to dissociate from its protein host upon full (2-electron) reduction [49,96-100]. The recip-
rocal role of pK-related and binding-affinity-induced modifications of redox midpoint po-
tentials will be discussed in Section 3.9.

It is furthermore noteworthy that the above indicated (deduced) pK values for the
transition between the regimes of positive and negative cooperativity have been obtained
by approximating the measured Ei2-vs-pH curves by Formula (3) for a specific flavodoxin.
The experimental curves, however, carry their own experimental errors, vary somewhat
between flavodoxins from different species and even vary between different articles on
the same species. We therefore do not claim any precision higher than +1 unit for the
boundaries between different regimes of redox cooperativity. This disclaimer also applies
to all further cases analyzed below.
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3.3.2. The Electron-Transfer-Flavoprotein (ETF) Way

In Contrast to Flavodoxins, the Binding Site in ETFs Decreases the pKs of N5 and N1 of
the Non-Bifurcating Flavin

The sample of characterized ETF-proteins is unfortunately much smaller than for fla-
vodoxins and the case for generalizing the below outlined arguments to the entire family
is therefore weaker than for the flavodoxin family. Nevertheless, all cases studied so far
appear homogeneous with respect to 3D structures and electrochemical properties.

The ETF-family falls into two distinct classes, that is, the so-called bifurcating and the
non-bifurcating enzymes [101]. Both subgroups globally feature similar 3D structures. The
bifurcating representatives contain two flavin cofactors in the form of FAD, one of which
displays negative 2-electron cooperativity and hence a stabilized semireduced redox state
whereas the other one, the bifurcating centre, is characterized by strongly crossed-over 1-
electron redox midpoint potentials and a resulting 2-electron redox transition [13]. In the
non-bifurcating group, the bifurcating cofactor is replaced by an AMP molecule, the ade-
nine-group of which occupies the same position as the corresponding moiety of FAD in
the bifurcating representative [39,101]. In this section, only the non-bifurcating flavin will
be considered.

As mentioned, the non-bifurcating flavin cofactor in ETFs differs from flavins in
aqueous solutions by displaying strongly negative 2-electron cooperativity resulting in
well-separated 1-electron redox transitions and a stabilized semireduced state of the co-
factor, just as described for flavodoxins above. In stark contrast to the situation in fla-
vodoxins, however, the semireduced state has been identified as the anionic radical
[13,39,102], indicating that the FAD’s N5 remains unprotonated after 1-electron reduction.
Although the redox midpoint potentials of the non-bifurcating flavin have been deter-
mined in a number of cases [48,102], to the best of our knowledge only the study by Sato
et al. [13] reported the pH dependence of E: and Ez. Even in this work, the Ei2-vs-pH de-
pendences were only measured between pH 6 and 7, limiting the estimation of potential
pK values more severely than for the case of flavodoxins discussed above. Sato et al. found
a pH-independent E1 and a -60 mV/pH dependence for E: over the covered range of pH
values (schematically represented in Figure 4b), i.e., E12-vs-pH curves substantially differ-
ing from those of flavodoxins (cf. Figure 4a). These dependences together with the finding
(via UV/Vis-spectroscopy) that the semireduced state is anionic [13] show that the o/sr-
transition is not accompanied by protonation of N5, requiring that for ETFs, pKs(N5) must
be below 5. Rather than stabilizing the proton on N5 as in flavodoxins, the protein envi-
ronment of ETFs therefore appears to impede protonation of N5 as compared to flavinag.

The -60 mV/pH slope of the sr/r-transition can be rationalized by two different sce-
narios:

(i) It arises from protonation of N5 upon reduction of the cofactor from its sr- to the
r-state. This implies that pK:(N5) must be above 8 and that furthermore pK:(N1) needs to
be below 6 (to avoid protonation of N1 during the sr/r-transition, which would increase
the slope of the curve).

(ii) It arises from protonation of N1, requiring reverse shifts in the pK values of N1
and N5, that is, pK:(N5) < 6 and pK:(N1) > 8.

Scenario (ii) entails a substantially more pronounced downshift of the pK values of
NS5 than scenario (i). To decide between these two possibilities, we took advantage of the
availability of high-resolution (1.45 A) 3D information concerning the environment of the
flavin in ETF [[39], pdb-entry 4L2I].

https://doi.org/10.3390/life16081277
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Structural Parameters Impacting the pK Values of the Non-Bifurcating Flavin in ETFs

Figure 7 depicts features in the binding site of the flavin potentially influencing pK
values of all three protonatable nitrogen atoms for ETF from Acidaminococcus fermentans
(AciFe) [39]. This structure shows that the OH-group of serine 270’s side chain is turned
towards N5 with an oxygen-to-N5 distance of 3A.

"

N
Ser270 éC Val267

Figure 7. The FAD cofactor of ETF from AciFe and the close environment of its three protonatable
nitrogens. The side-chain OH of serine 270 is likely to hamper protonation of N5 while the backbone
oxygen of valine 267 will favour protonation of N3. The representation is based on pdb-entry 4L.21
and is rendered using DeepView.

Unfortunately, due to their low electron density, protons are not straightforwardly
detectable in X-ray crystal structures, which therefore do not inform on whether the pro-
ton on the serine’s side-chain oxygen is turned towards or away from the N5-position of
the isoalloxazine moiety. However, due to the extremely high pK of this oxygen as com-
pared to the pK values of the N5-proton in all redox states of the flavin, we consider it
very likely that the serine OH-group forms a hydrogen bridge with N5 and as a result
hampers the protonation of the latter (a similar conclusion was reached by Yang and
Swenson for the ETF enzyme from Methylophilus methylotrophus W3A1 [103]). The same
reasoning applies to the likely formation of a hydrogen bridge between the proton (with
an extremely high pK) on the oxygen of the FAD ribityl-group and N1 (with a hydrogen
bond length of 2.9 A, see Figure 7). By contrast, the short distance (2.8 A) between N3 and
the (necessarily deprotonated) backbone oxygen of valine 267 (Figure 7) implies that this
interaction further stabilizes the proton on N3 (which already in free flavin features pK
values above 10 for all three redox states). The described hydrogen-bond interactions ra-
tionalize the pK shifts assumed in scenario (i) but are at odds with a strongly increased
PK:(N1) as required by scenario (ii).

Taken together, the above-discussed electrochemical and structural arguments sup-
port destabilizing effects on both the N1 and the N5 protons and hence a decrease in
PK:(N1), pKr(N5) and pKs(N5) in Acidaminococcus fermentans. Similar effects of the iso-
alloxazine’s environment on the cofactor’s pK values are likely for the whole group. The
position of the amino acid interacting with N5 is occupied either by a serine (as in the case
of AciFe) or by a threonine [104]. 3D structures of Thr-containing representatives of the
enzyme family show that the O atom of the Thr (e.g., as in Geobacter metallireducens, pdb-
entry 50WO0) is positioned exactly as that of Ser (with an O-N-distance of 3 A). The ribityl
group is also positioned in similar ways in all non-bifurcating flavins of ETFs, i.e., suitable
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for engaging in proton-donating hydrogen bonding with N1. The structural pattern de-
stabilizing both the N1 and the N5 protons therefore appears to be conserved for all non-
bifurcating flavins within the ETF-family.

Following the strategy applied to the case of the flavodoxins (see Section 3.3.1) we
have simulated the theoretical redox properties and pH dependences thereof for the non-
bifurcating flavin in ETFs by introducing the above deduced pK shifts into Formula (3).

Lowering Rather than Increasing pKs(N5) Also Pushes the Flavin Cofactor’s Redox
Behaviour into the Uncrossed Regime

Figure 8 shows the dependence of the Ei2-vs-pH curves for the o/sr- and the sr/r-
transitions as a function of pKs:(N5). The dependences were again simulated via Formula
(3) and by maintaining the spacings between the three pK values of the N5-proton as
found for flavinag (Figures 2 and 3). In a first attempt (Figure 8a) at reproducing the ETF
case, the absolute pK values of N1 and N3 were furthermore kept as in flavinag (however,
see below for subsequent fine-tuning of pKx(N1)). Since in ETFs, the N5-proton is destabi-
lized rather than stabilized as in flavodoxins, Figure 8a shows the respective dependences
only for pKsr (N5)-values below 8.7 (i.e., that of the free flavin). Below a certain value of
pKs:(N5) (depending on pH), the two individual redox transitions switch from positive
(for higher pKsr) to negative (for lower pKsr) cooperativity. For low values of pKs(N5), the
semireduced state therefore becomes stabilized as indeed observed for the non-bifurcat-
ing FAD in ETFs. Furthermore, the o/sr-transition (blue surface) becomes pH-independent,
again mirroring the experimental data in ETFs. By contrast, for most pKs:(N5)-values be-
low ~5, the sr/r-transition (red surface) shows a pH dependence steeper than 60 mV/pH,
as is to be expected due to the fact that pKr(N1) was kept at 6.7 (as in flavinag), increasing
the slope below pH 7 due to the redox-coupled protonation of N1 when the FAD goes
from the sr- to the r-state. Figure 8b,c show the E12-vs-pH dependences for two different
degrees of destabilization of the N1-proton, that is, taking pK:(N1) down to 4 (Figure 8b)
and to 2 (Figure 8c). In both cases, the E2-vs-pH slopes for pKs: (N5) <5 and between pH
4 and 8 now amount to -60 mV/pH, in line with the values observed by Sato et al. [13]. By
contrast, these modifications of pKr(IN1) do not influence the overall layout of the E: and
E: surfaces.

Using Formula (3) again, the pksr (N5)- and pKr(N1)-values for which the simulated
dependence most closely matches the observed situation (Figure 4b, [13]) was determined
yielding pKsr (N5) =-1.5 and pKr(IN1) =2 as indicated in Figure 8c,d. For these values, the
experimental span between E:1 and E: is reproduced by the simulation within £5 mV for
all pH values and the theoretical cross-over point is found at pH 3.4, just as predicted from
the empirical titration curves shown in Figure 4b. It is noteworthy that the simulated curve
shows a pK: at a pH of 8.5 corresponding to pK«(N5), outside the range covered by the
experimental data on the AciFe-ETF.

In summary, as for the case of flavodoxins, the empirically observed Eiz-vs-pH
curves can thus be rationalized principally by a substantial alteration of the stabilization
of the proton on N5. While in flavodoxins, this proton is stabilized with respect to the
situation in flavinag, it is destabilized in the non-bifurcating FAD of ETFs. To account for
minor details of the E>-vs-pH curve, a destabilization of the N1-proton must additionally
be taken into account. The changes in pKs of both the N5- and the N1-proton are corrob-
orated by structural details of the cofactor’s environment (see above).
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Figure 8. (a—c): E12-vs-[pH,pKsr (N5)] surfaces for pKsr (N5) values below that of flavinag. While in
(a) the pKs of N1 and N3 were maintained as in flavinag, (b,c) illustrate the effect of lowering the pK
of N1 (pKo and pKsr of N1 were allowed to vary in parallel to pK: by keeping the interval as in
flavinag). The family of curves shown in (c) contains the case matching the observed cooperativity
of the non-bifurcating flavin of ETF at pK:(N1) = 2. This specific case is compared to that of flavinag
in panel (d). The theoretical cross-over pH for the simulated curves furthermore is in good agree-

ment with that suggested by the empirical data depicted in Figure 4b.

However, again as for the case of flavodoxins, the absolute values of E: and E: are not
correctly predicted by Formula (3) arguing for selective stabilization of the more reduced
redox states of the cofactor by the binding pocket in ETF, opposite to what is required to
rationalize the absolute Em values in flavodoxins.

A Contrasting Scenario Proposes an Alternative Rationalization for the Stabilized
sr-State in AciFe-ETF

In 2024, Das & Miller [105] reported that site-directed variants of AciFe-ETF, wherein
His209 was exchanged for a range of amino acids unsuited for forming proton-donating
hydrogen bonds, feature strongly modified electrochemical properties and most notably
a substantially destabilized sr-state of the non-bifurcating flavin. His290 engages in a
strong hydrogen-bridge interaction with the Oz2-oxygen of the isoalloxazine moiety (Fig-
ure 9).

These effects prompted the authors to deduce that it is the presence or absence of a
hydrogen bond with O: that toggles the cofactor from positive to negative redox cooper-
ativity. However, an inspection of the AciFe-structure shows that the backbone oxygen of
glutamine 289, that is, the residue directly preceding His290, forms a hydrogen bridge
with the backbone nitrogen of GIn269, i.e., the residue just upstream of Ser270 (Figure 9).
Ser270 is precisely the residue we argue destabilizes the N5-proton and hence decreases
its pK (see above). We therefore strongly suspect that mutating His290 (together with a
Tyr179 fixing His290 in its specific conformation [105]) may have had an effect on the po-
sitioning of Ser270 and may hence have modified the strength of the hydrogen-bond in-
teraction with the deprotonated N5. Unfortunately, no 3D structures of the variants re-
ported by Das & Miller are presently available. Moreover, no pH dependences of either
the wild-type or the variants have been reported so far. As mentioned above, the
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simulated Ei2-vs-pH curves feature a pK: slightly above 8 due to pK+(N5). The determina-
tion of the pH dependences for the wild-type and the mutant may help to decide between
Das & Miller’s proposal and our scenario. However, the most direct empirical tool to map

the position of Ser270’s O atom would be via 3D structure determination of the above-

\

discussed mutants.

His290

Figure 9. Surroundings of the flavin cofactor in ETF from AciFe highlighting the strong interaction
between the residues proposed in [105] as influencing the flavin’s redox cooperativity and the se-

quence stretch harbouring serine 270, that is, the residue modulating the pK of N5 (pdb-entry 4L2I).

3.4. Ferredoxin—-NADP-Reductase: At the Boundary Between Negative and Positive
Redox Cooperativity

As emphasized previously [22], the regimes of negative and positive redox coopera-
tivity form a continuum. Figure 10 shows that tuning pKs(IN5) through the range of -5 to
20 steers the flavin cofactor from negative cooperativity (with an anionic sr-state) through
a regime of positive cooperativity (with a destabilized sr-state) and then back again into
negative one (now featuring a neutral sr-state).

Em (mV)

__\___\‘Rme ]

. 10 15 20 2

Figure 10. Synthesis of the situations illustrated in Figures 6 and 8, encompassing pKs:(N5) values
from -10 to +25. As demonstrated by the intersections of the Ei (blue) and Ez (red) surfaces, the
cofactor passes from negative cooperativity at low pKs(N5) into an intermediate regime of positive
cooperativity and then back into negative cooperativity at high pKs(N5). The respective spreads of

these differing regimes are obtained by projecting the intersection curves onto the base plane of the
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coordinate system. All three pKs of N5 were allowed to vary in the simulation shown with intervals

as observed for flavinag.

In biological examples, this allows flavoenzymes to catalyze 1-electron reactions as
discussed above for flavodoxins and non-bifurcating ETFs, exclusive 2-electron transfer
reactions as in the enzymes Ndh-2 or SQR (see below, Section 3.5), but also to serve as
gating agents mediating between 1-electron and 2-electron redox partners (see Figure 1 in
[22]). Empirically, such “gating flavin cofactors” are seen to tune their individual 1-elec-
tron transitions to feature roughly similar redox midpoint potentials [22]. Incidentally,
this also appears to be true for quinone-based systems [106].

The increasing difficulties in detecting the (substoichiometrically populated) sr-state
entails an unfortunate paucity of available data sets on the redox behaviour of gating fla-
voenzymes. A notable exception is provided by the enzyme Ferredoxin-NADP-Reductase
(FNR). Corrado et al. [107] have succeeded in measuring the pH dependence (in the range
of pH 6 to pH 9) of the individual 1-electron transitions of FNR via detection of the char-
acteristic spectral bands of the neutral semireduced flavin in UV/Vis spectroscopy. Figure
11a represents these E1.2-vs-pH curves (middle panel) in comparison to those of flavodox-
ins (top panel) as well as to those of flavinaq (bottom panel) in the same pH-window. E:
and E: are indeed found to occur at almost the same potential in FNR resulting in the
presence of the neutral sr-state at this potential in only roughly 1/3 of the centres (see
Figure 4b as well as the Supplementary Materials in [38]). While the stabilization of the sr-
state obviously differs substantially between the three systems represented in Figure 11a,
the overall shapes of the Ei2-vs-pH dependences are strikingly close. A pK on the r-state
in the vicinity of 7 (attributed to the N1-proton) is a common feature of all three Ez-vs-pH
curves. As mentioned above, the UV/Vis spectra demonstrate that the sr-state in FNR is
neutral suggesting that pKo(IN5) must be below 5. In contrast to free flavin but similar to
the situation observed in flavodoxins, neither the Ei-vs-pH nor the E>-vs-pH curve in FNR
show the pK of 8.5 attributed to the N5-proton in the semireduced state, suggesting that,
just as in flavodoxins, this pK is upshifted to values above 9.

The observed features of the Ei12-vs-pH curves together with the neutrality of the sr-
state therefore indicate that modification of pK(N5) is the dominant parameter distin-
guishing the redox pattern of FNR from those of free flavin and flavodoxin. Hence, the
family of curves resulting from the variation of pK«(N5), as depicted in Figures 6a and 10,
can be expected to encompass the redox pattern displayed by FNR. Indeed, using a
PKsr(N5) of 11.8 in Formula (3) nicely reproduces FNR'’s redox behaviour (Figure 11b). As
for flavodoxins, the absolute values of E1 and E2 are more negative than the simulated
curves, again arguing for stronger affinity of the flavin to its binding pocket in the oxidized
state as compared to the more reduced redox states (see Section 3.9).

Conveniently, 1.7 A X-ray structure of this enzyme (pdb-entry 1FNB) is available
[108]. The protein residues close to the protonatable nitrogens of the flavin are represented
in Figure 11c. While N3 engages in a proton-donating H-bridge with the backbone oxygen
of Cys114 (at a distance of 2.93 A), no potentially interacting residues or water molecules
are present closer than 3.4 A from N1. As mentioned above, the further stabilization of the
N3-proton does not influence the redox behaviour in the relevant pH-window due to the
high value of N3’s pK values at all redox states of the flavin.

A conserved serine residue (Ser96) in the vicinity of N5 is frequently discussed as
being crucial for FNR’s functional properties [51,109,110]. The side-chain oxygen of this
residue is never closer than 3.5 A to N5 in all reported 3D structures, that is, unlikely to
engage in hydrogen-bond interactions with N5. Furthermore, the proton on Ser96 likely
faces away from the flavin to form a strong (2.65 A) H-bridge with Glu312 (Figure 11c)
[111]. We therefore consider Ser96’s side-chain OH-group as unsuited for influencing the
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pK values of N5. By contrast, the a-amino nitrogen of the same serine residue is positioned
at 3.2 A from N5 and the stereochemistry of the a-amino nitrogen imposed by the back-
bone trajectory results in its lone-pair orbital pointing almost directly towards N5. The pK
value of the proton on the backbone a-amino nitrogen in peptides has been determined
to be in the range of 7 to 8 [112]. Considering that the pK of the N5-proton in oxidized,
semireduced and reduced flavinag is at —0.5, 8.5 and around 18, respectively, it is likely
that in the o-state of FNR's flavin cofactor electrostatic and steric interactions between the
a-amino protonation site and that on N5 will result in further destabilization of the proton
on N5 (hence inducing a lower pK value) and a stabilization of the a-amino proton (en-
tailing an increase in its pK value). By contrast, in the sr- and the r-state, the reverse pattern
will prevail, that is, the N5-proton will become slightly stabilized by the deprotonated a-
amino nitrogen. This scheme will persist through the entire range of circumneutral pH
values covered by Corrado et al.’s redox titrations. Similar patterns have been observed
in other redox enzymes [113-115] and are referred to as “rocking-proton” situations [113].
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Figure 11. (a) Comparison of the empirical Ei2-vs-pH curves of flavinaq (bottom panel), flavodoxin
(top panel) and FNR (middle panel) highlighting the fact that FNR shows redox behaviour close to

the transition from negative (e.g., in flavodoxins) to positive cooperativity (as in flavinag). (b) This
plot conveys the fact that solely varying N5’s pK values allows the reproduction of the experimental
signs and degrees of redox cooperativity for cases as different as ETF, FNR and flavodoxin (and, of
course, flavinag as shown in Figures 6 and 8, which, however, was omitted in this figure for the sake
of clarity). For a satisfying representation of the flavodoxin case, pKo(N5) was fixed as in Figure 6,
which has a negligible impact on the shape of the surfaces for pKs:(N5) below 15. All other pK values
are as determined for flavinag. The dotted line denotes the intersection between the E1and Ez planes.

(c) 3D structure of the surroundings of the flavin’s protonatable nitrogens in FNR (pdb entry 1FNB).

As explained above, the rocking-proton situation in FNR will result in a lowering of
PKo(N5) and an increase in pKs(N5) and pK«(N5) implying a widening of the ApK-gap
between the oxidized state on one side and the sr- and r-states on the other side as com-
pared to flavinag. Since the pKo(N5) therefore is expected to be far below zero, it does not
influence the Ei2-vs-pH curves in the empirically accessible region of pH values. From
Formula (3), a pKs(N5) of 11.8 (corresponding to a weak stabilization of the N5-proton)
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and a ApK(N5) = pK«(N5) — pKs(N5) similar to that in flavinag are predicted (Figure 11b)
to yield the type of redox cooperativity as observed in FNR (Figure 11a, middle panel).

3.5. Onwards to Flavoenzymes Featuring Destabilized sr-States: The Cases of Ndh-2 and Sulfide
Quinone Reductase

Further destabilizing sr-states in flavoenzymes obviously compounds the experi-
mental difficulties in determining the redox midpoint potentials of the individual 1-elec-
tron redox transitions, let alone their pH dependences. While positive cooperativity grows,
progressively more pronounced 2-electron Nernst curves together with decreasing spec-
tral contributions of the sr-state are observed [42,65]. The above developed analytical ap-
proach will in the following be extended to the cases for which the required redox and
structural information is available.

More pronounced positive cooperativity (that is, increasingly negative AE) will fur-
ther destabilize the semireduced state of the flavin and thus progressively favour direct
2-electron transfer. Such low to moderate positive cooperativities roughly correspond to
the redox properties exhibited by flavinag. Indeed, in available 3D structures of such en-
zymes, the protein environment of the cofactor does not engage in interactions with the
protonatable nitrogens of the flavin moieties and therefore is unlikely to modify the fla-
vin’s pK values and thus the relative position of the two 1-electron transitions. In Ndh-2,
for example, no protein-derived atom is closer than 3.8 A to the N5-proton, the N3 proton
is in proximity only to a water molecule (just as is the solvent exposed free flavin) while
the N1 proton might be very slightly destabilized by the presence of a backbone nitrogen.
These patterns are observed in the two analyzed representatives of the Ndh-2 family (i.e.,
the enzyme from Mycolicibacterium smegmatis, pdb-entry 9MQY, and that from Caldalkali-
bacillus thermarum, pdb-entry 5KMS) and a similar pattern is present in sulfide-quinone-
oxidoreductase, where both N3 and N5 protons are only in proximity of water molecules
and the N1 proton appears slightly destabilized by a ribityl-OH proton (pdb-entry 3SHYW
from Aquifex aeolicus).

3.6. The pK-Dependent Redox Landscape of the Flavin Cofactor

As evidenced by the cases of flavodoxins, ETFs and FNR, the protein environment
modifies the pK values of the three protonatable nitrogens of the isoalloxazine moiety
inducing substantial alterations of the E12-vs-pH curves of the o/sr- and the sr/r-transitions.
As is obvious from Formula (3), the characteristics of the o/sr-transition are affected by the
pKo and pKsr values of the protonatable nitrogens while the sr/r-transition is controlled by
their pKsr and pK: values. The two individual 1-electron redox transitions thus can vary
in largely independent ways allowing to steer the cofactor into redox regimes featuring
either positive or negative redox cooperativity resulting in more or less stabilized sr-states.
This phenomenon is illustrated in Figure 10 with respect to the impact of pK(N5)-modifi-
cations and in Figure S1 additionally depicting for example the effect of pK(N1).

These figures therefore illustrate that the pKs of all three protonatable nitrogens po-
tentially influence the redox cooperativity of the flavin’s full 2-electron reduction, result-
ing in a complicated, multifactorial, relationship between the set of relevant pK values
and the sign and strength of redox cooperativity of the flavin cofactor. To provide a more
synoptic and comprehensive picture of this relationship, we will in the following try and
represent the influence of all three protonatable sites on the sign and extent of redox co-
operativity. To this end, we will use a 3D-coordinate system with pK:(N1), pK«(N5) and
PKo(N3) as x, y and z axes. In a first approximation (however, see Section 3.7), we assume
the same interval between pKs in the three redox states as in flavinaq for calculating E1 and
E: via Formula (3). A pH of 7 is used for these evaluations of Formula (3) since the vast
majority of flavoproteins are intracellular and will therefore experience pH values in close
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vicinity of neutrality. Each point in the [pK:(N1),pKs:(N5),pKo(N3)]-space is identified (via
heatmap-type colour-coding) by its (E1 — E2) value, that is, its specific redox cooperativity.

Figure 12 shows voxelized representations of the volumes in this
[pPK(N1),pK(N5),pK(N3)]-space where the flavin undergoes either 2-electron transitions
with negative cooperativity (Figure 12a,c, colours from orange to dark blue denoting in-
creasing stabilizisation of the sr-state) or positive one (right side of Figure 12b,d, with or-
ange to yellow standing for increasingly destabilized sr-states). The plot in the centre of
Figure 12 features the surfaces delimiting volumes of positive and negative cooperativity
(i.e., corresponding to AE = E1 — E2 = 0). The positions of flavinaq (magenta) as well as of
the cofactors in flavodoxin (cyan), ETF (dark blue) and FNR (green) are also specified in
all 3D plots shown in Figure 12.
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Figure 12. Voxelized 3D representation of the volumes in [pK:(N1),pKs(N5),pKo(N3)]-space of re-
gions of negative (E1 — E2 > 450 mV, (a)) and positive (E1 — E2 < =400 mV, (b)) redox cooperativity.
Extents of negative and positive cooperativity are colour-coded in blue-to-violet or red-to-yellow),
respectively (see heatmaps below the 3D plots). The lower panels (c,d) represent top views onto the
3D-coordinate systems (i.e., collapsing the pKo(N3)-axis). Panel (e) (in the centre of the figure) rep-
resents the boundary between negative and positive redox cooperativity (E1 — E2 = 0 mV). The re-
spective positions of the empirically analyzed cases (flavinag, flavodoxin, ETF and FNR) are indi-
cated as coloured dots. For a better 3D apprehension of the volume characterizing positive cooper-

ativity, see the animated Figure S2 in the Supplementary Materials.

Figure 12 illustrates that negative cooperativity is brought about by sets of points in
the [pK(N1),pK(N5),pK(N3)]-space mapping to discontinuous volumes. This rationalizes
the observation that quite similar AE = E: - E2 values are found (for a given pH) in fla-
vodoxins and the non-bifurcating flavin in ETFs despite their strongly dissimilar set of pK
values positioning the two cases into topologically disconnected volumes of negative co-
operativity (Figure 12a,c). By contrast, the volume in [pK(N1),pK(N5),pK(N3)]-space de-
fining positive cooperativity (Figure 12b,d) corresponds to a topologically continuous 3-
dimensional manifold. In the “core” of this topological manifold, that is, at pKr(N1) = 12.5,
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PKa(N5) = 7 and pKo(N3) = -3, AE values slightly lower than -800 mV are predicted by
Formula (3) (orange voxels). Under the parameters (ApK values) used to generate Figure
12, such low values are only attained in this “core”-region but not in the “arms” of the
topological volume representing positive cooperativity.

3.7. Electron Bifurcation in Specific Bi/Confurcating Flavoenzymes Goes Hand in Hand with a
Structural Motif Inducing Extreme Positive Redox Cooperativity

By analogy with the better studied quinone-based enzymes [22,24,25] and in contrast
to the enzymes mediating 1-to-2-electron gating or exclusive 2-electron transfer reactions,
substantially more extremely positive cooperativities are likely to also be needed for sol-
idly coupling the exergonic and the endergonic half-reactions in bi/confurcating flavoen-
zymes. Estimations guided by results obtained on quinone-based bi/confurcation call for
AE values lower than -800 mV [25]. Correspondingly, the AE for the bifurcating flavin in
the ETF enzyme from Clostridium difficile has been proposed to be close to “900 mV [116].
As mentioned above, truly empirical values for AE = E1 - Ez values are notoriously hard to
come by. To our knowledge, only a single semi-direct measurement of AE was performed
on bi/confurcating flavoenzymes via monitoring electron transfer kinetics in the enzyme
Nfn [27]. These latter data suggest AE values in the range of ~1200 to -1300 mV. However,
in the simulations shown in Figure 12, no AE values below -850 mV were observed. Fur-
thermore, these very low AE values are only reached in the core region of the volume
depicted in Figure 12b,c. To move the redox behaviour of flavinaq into this core region, the
proton on N1 must be stabilized corresponding to an increase in pK(N1) by 5 units while
that on N3, by contrast, needs to be substantially destabilized yielding pK(N3) downshifts
of more than 10 units (see Figure 12). In particular with respect to the protonatable site on
N3, the vast majority of 3D structures of enzymes containing bifurcating flavins indicate
stabilization rather than strong destabilization of the N3 proton. How then may those fla-
voenzymes which perform strongly coupled bi/confurcating reactions attain the required
low values?

The two most extensively studied bi/confurcating flavoenzymes arguably are Nfn
[27,36,53,117] and ETF [13,39,48,101,102,116,118-120]. These two systems are structurally
only very distantly related [22] and in particular the binding pockets of their respective
bi/confurcating flavins bear little to no similarities. It therefore is striking that in both en-
zymes an arginine residue is positioned with one of the NH-groups of the guanidino side
chain in hydrogen bonding distance to N5 (Figure 13). These arginines are situated in
completely unrelated (both with respect to sequence and to structure) polypeptide loops
(Figure 13) and their presence in both enzyme families must therefore be assumed to result
from convergent (i.e., function- rather than heredity-driven) evolution. Considering the
pK values of the guanidino side chain as measured in peptides (pK around 12 [Thurkill])
and of the N5-proton in flavinag (as indicated in Figure 14, left side), an intriguing pattern
of redox-dependent hydrogen bondings emerges. In both the oxidized and the semire-
duced states of the flavin, the pK values of the N5-proton are likely to be lower than that
of the guanidino side chain. Under these conditions, the respective guanidino-nitrogen
will be protonated which will sterically (and electrochemically) destabilize the proton on
N5 (thatis, further lower its pK values in the o- and the sr-states). By contrast, upon double
reduction of the flavin, the reverse situation will prevail with N5 protonated and a down-
shift of the pK value of the guanidino-NH. This pattern of pK values therefore will lead
to a rocking-proton phenomenon increasing the interval between pK: on one and pKs:/pKo
on the other side, reminiscent of the situation in FNR where, however, the increase in ApK
concerns pKo with respect to pKs/pK:.
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Figure 13. Structural superposition of the isoalloxazine moieties of the bifurcating flavin in ETF
(bonds and secondary structures in blue) and of the bifurcating flavin in Nfn (bonds and secondary
structures in orange) together with the close environments of their protonatable nitrogens.
DeepView rendering used the pdb-entries 4L2I for ETF and 5]CA for Nfn.

Intrigued by this astonishing analogy between the bifurcating flavins in ETF and Nfn,
we explored the effect of increasing the interval between pKo/pKsr and pK: of the N5-pro-
ton on the redox properties of the flavin. Figure 14 (right-hand side) shows the result of
increasing this ApK(N5) by 10 units in simulations of Formula (3). Not only does this
modification substantially inflate the volume of positive redox cooperativity in
[PK(N1),pK(N3),pK(N5)]-space (cf. Figure 12), it also drastically lowers the absolute at-
tainable values of AE = E1 - Ez, now largely exceeding —1300 mV both in the above-men-
tioned (Section 3.6) core region of the inverted-potential manifold and in the centre of the
arms (see top view in Figure 12d). Such pK values for N1 and N3 are in line with the
structural idiosyncrasies of the two considered bifurcating enzymes.

The at first sight peculiar feature of an arginine residue in close proximity to N5 com-
mon to both Nfn and bifurcating ETF therefore finds its straightforward rationalization in
the ability of this structural pattern to induce extremely strong positive redox cooperativ-
ity, indispensable to the proper functioning of bi/confurcating flavoenzymes.

Interestingly, in the 3D structure (pdb-entry 50DC) of the heterodisulfide (Hdr) en-
zyme from Methanothermococcus thermolithotrophicus [121], a lysine residue (Lys409) occu-
pies the space close to the flavin’s N5 nitrogen (with a distance in the range of 3.2 A from
N5 to the nitrogen atom of the lysine’s side chain). Considering that the pK value of lysine
is in the region of 10 [112], this residue might also engage in rocking-proton phenomena
very similar to what is described above and in Figure 13. The Hdr of Methanothermococcus
indeed is an enzyme considered to bifurcate pairs of electrons at its flavin cofactor towards
the reduction of the CoB-CoM heterodisulfide (exergonically) and towards CO: reduction
(endergonically). However, neither the degree of coupling of the two 1-electron transfers
nor the redox behaviour of this enzyme’s flavin moiety are sufficiently well characterized
to firmly integrate the enzyme into the analytical framework of this article. Nevertheless,
the fact that unrelated folds and diverse residues (with comparable pK values) may in-
duce rocking-proton behaviour leading to the extreme redox cooperativity required for
strongly coupled electron bi/confurcation is tantalizing and merits empirical testing, e.g.,
via replacement of the respective residues.
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Figure 14. The left side shows the swivelling of the hydrogen bond between N5 and the closeby
arginine residue as a function of the isoalloxazine’s redox state. While in the o- and sr-states, N5 will
engage in a proton-accepting interaction (hampering its own protonation); it will serve as the pro-
ton-donor in the r-state (pushing its pK: to higher values). The right side voxel representation (as in
Figure 11) shows the effect of increasing the interval between pKo(N5) and pKs:(N5) on one side and
PKr(N5) on the other. The volume of the regime of positive redox cooperativity (E1 — E2 <-400 mV)
is drastically inflated and AE values significantly exceeding ~1000 mV are attained.

3.8. Minor Conformational Changes During Enzyme Turnover May Substantially Alter
Redox Behaviour

In the majority of flavoproteins studied so far, redox behaviour (that is, the sign and
degree of redox cooperativity) appears to be a distinctive and rigid property of each en-
zyme. A corollary of the impact of pK variations of the flavin’s protonatable nitrogens on
its redox properties consists in the possibility that in a given flavoprotein, redox behaviour
may be altered, and even shifted back and forth between negative and positive coopera-
tivity, by relatively minor conformational changes. These changes may be caused by struc-
tural modifications, potentially induced by the presence/absence of a substrate or by its
redox state, altering pK values of one or of several of the three protonatable nitrogens in
appropriate ways.

In a subgroup of electron bi/confurcating flavoenzymes, i.e., the NAD-dependent de-
hydrogenases [122], the existence of such flexible redox properties has indeed been pro-
posed to play a role in their catalytic reaction schemes. The observation that in this sub-
group, one of the two redox compounds donating/accepting electrons to/from the electron
bi/confurcating enzyme is an obligatory 2-electron redox substrate (NAD*/NADH or
NADP+/NADPH) is at odds with traditional notions of the mechanism of electron bi/con-
furcation since a single flavin cannot handle three electrons at a time. It therefore was
proposed that the cofactor’s redox cooperativity may be altered during enzyme turnover
[122] although there still is no convincing model for how the enzyme may function even
assuming malleable redox cooperativity. Intriguingly, however, heterogenous redox be-
haviour was indeed observed for one member of the family of NADH-dependent dehy-
drogenases, that is, the NADH-dependent [FeFe]-hydrogenases [54]. Whereas in a sub-
complex of the enzyme, the flavin was found to display strongly negative cooperativity
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and hence a highly stabilized sr-state, the entire enzyme does not appear to promote sta-
bilization of such an sr-state. By contrast, addition of NAD or NADH induced the appear-
ance of the EPR signatures of the semireduced flavin even in the entire enzyme (Zuchan,
unpublished results). We therefore hypothesize that relatively localized and minor con-
formational changes may be able to substantially alter redox properties and that the re-
sulting swap of redox cooperativity may be a crucial element of the reaction cycle of cer-
tain flavoenzymes (e.g., see [52]).

3.9. Adjusting the Absolute Value of the Average 2-Electron Redox Potential (E = (E1 - E2)/2) to
the Specific Redox Regime of Each Case of Enzyme

Obviously, and as mentioned in several places above, differential binding affinities
(the molecular roots of which potentially but not necessarily overlap with the described
pK modifications, see below) also potentially modify apparent redox midpoint potentials
of the cofactors [57,95]. Lower binding affinities for the more reduced forms will push the
redox midpoint potentials to more negative values (with a decrease of 2*RT/F, i.e., roughly
59 mV at room temperatures, per order of magnitude of decrease in affinity) and vice
versa. While redox-dependent binding affinities are frequently encountered with flavoen-
zymes (often manifesting as loss of the flavin cofactor during isolation procedures in cer-
tain redox states and hence imposing addition of excess exogenous flavin during purifi-
cation steps [49,96-100]), the molecular bases of differential binding are not well under-
stood. In addition to redox-dependent free energies of binding entailed by the pres-
ence/absence of H-bonds (a corollary of the phenomena discussed in this work), overall
electrostatic attraction/repulsion exerted by the binding pocket [123], nt-stacking interac-
tions between aromatic side chains and the isoalloxazine moiety [80] or differential steric
matches between the binding pocket and redox-dependent conformers of the flavin (e.g.,
resulting from bending or puckering [124,125]) may participate in this effect. In principle,
electrostatic or steric effects might therefore also be means to influence redox properties
of flavins in binding pockets.

However, in the large sample of flavoenzymes analyzed and described in this work,
modifications of pK values (as supported by 3D-structural information) alone suffice to
rationalize the empirically observed redox cooperativity of their flavin cofactors. This
strongly indicates that tuning pK values is molecular evolution’s preferred tool for coax-
ing these cofactors into the specific regimes of redox cooperativity required for optimal
functioning of each enzyme. Differential binding affinities, by contrast, appear to serve for
shifting the resulting Ei2-vs-pH curves into the desired range of absolute redox potentials.

4. Discussion

As illustrated in this work, flavoenzymes display a bewildering variability of their
redox properties, not only with respect to the absolute value of the range of electrochem-
ical potentials they operate in but also concerning the relative position of their 1-electron
transitions, i.e., their redox cooperativity. While the absolute value of their redox range
needs to adapt to the reducing/oxidizing power of their respective redox substrates, the
degree of cooperativity is tuned to optimize their specific mode of redox catalysis, that is,
from single-electron transfer through gating and 2-electron reactions to electron bifurca-
tion.

The impact of pK values of protonatable sites of the flavin cofactor on the redox mid-
point potentials of the individual 1-electron transitions (as described by Formula (3)) is
not a hypothesis but an ineluctable electrochemical fact. The cases of flavoenzymes dealt
with in this work strongly suggest that it is this very influence of pKs on Ei2 which is
exploited by natural selection to tune redox properties of a given flavoenzyme into the
desirable regime of redox cooperativity. Formula (3) in principle allows for all three
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protonatable sites to shift the flavin cofactor around in pK space, back and forth between
negative and positive cooperativity. Empirically (i.e., as suggested by real-world flavoen-
zymes), however, evolution mainly appears to tinker with the pK values of the N5-proton
to achieve its electrochemical goals (with further minor adjustments based on the pKs of
the N1 proton). The hydrogen-bonding interactions with the N3 proton were found to
mainly serve for anchoring the isoalloxazine in its binding site [85] and to induce shifts in
E1 and E2 much smaller than those arising from pK modifications of the N5-proton [87].

As becomes apparent from several of the cases discussed in this work, specific mod-
ifications of pKs (and of the interval between the pKs pertaining to the three redox states)
are produced in the real-world flavoenzymes by interactions with different amino acid
residues and using strongly dissimilar secondary structural arrangements. It therefore ap-
pears futile to search for unique structural motifs in trying to rationalize specific regimes
of redox cooperativity. It furthermore does not seem far-fetched to us to assume corre-
sponding phenomena to play a role in other enzyme families relying on 2-electron com-
pounds such as on quinones or on molybdopterins [38].
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