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ABSTRACT: We have investigated the role of redox cooper-
ativity in defining the functional relationship among the three
membrane-associated prosthetic groups of Escherichia coli nitrate
reductase A: the two hemes (bp and bp) of the membrane
anchor subunit (Narl) and the [3Fe-4S] cluster (FS4) of the
electron-transfer subunit (NarH). Previously published analyses
of potentiometric titrations have exhibited the following

anomalous behaviors: (i) fits of titration data for heme b, and
the [3Fe-4S] cluster exhibited two apparent components; (ii) heme by, titrated with an apparent electron stoichiometry (1) of
<1.0; and (iii) the binding of quinol oxidation inhibitors shifted the reduction potentials of both hemes despite there being only a
single quinol oxidation site (Qsite) in close juxtaposition with heme bp,. Furthermore, both hemes appeared to be affected
despite the absence of major structural shifts upon inhibitor binding, as judged by X-ray crystallography, or evidence of a second
Q:site in the vicinity of heme bp. In a re-examination of the redox behavior of hemes by, and b, and FS4, we have developed a
cooperative redox model of cofactor interaction. We show that anticooperative interactions provide an explanation for the
anomalous behavior. We propose that the role of such anticooperative redox behavior in vivo is to facilitate transmembrane
electron transfer across an energy-conserving membrane against an electrochemical potential.

Escherichia coli nitrate reductase A (NarGHI) is a membrane-
bound quinol:nitrate oxidoreductase that is expressed under
anaerobic conditions in the presence of nitrate." The enzyme
functions as a terminal reductase where quinol oxidation is
coupled to nitrate reduction, resulting in a net deposition of
protons into the periplasm, which contributes to the trans-
membrane electrochemical gradient.” NarGHI comprises a
nitrate-reducing subunit (NarG, 140 kDa), an electron-transfer
subunit (NarH, 58 kDa), and a quinol oxidase subunit (Narl,
26 kDa). Overall, the subunits form an electron-transfer relay
connecting the quinol oxidation activity of Narl to the nitrate
reductase activity of NarG. Narl anchors NarGH to the
cytoplasmic side of the inner membrane and binds two b-type
hemes, one proximal (b,) to NarGH and the other distal (bp,)
from it. Electron transfer commences at the Q-site and
proceeds through the two hemes (b then bp) of Narl, a
[3Fe-4S] cluster (FS4), three [4Fe-4S] clusters (FS1—FS3)
located in NarH, and a final [4Fe-4S] cluster (FSO) and a
molybdo-bis(pyranopterin guanine dinucleotide) (Mo-
bisPGD) cofactor located in NarG that forms the site of
nitrate reduction.>* Each cofactor in the electron-transfer relay
has been demonstrated to be critical for electron transfer and
catalysis.*~” As a model system for studying biological electron
transfer, NarGHI presents the advantages of robustness and
being readily overexpressed in E. coli®™ "

The redox properties and reduction potentials of the
NarGHI cofactors have been extensively studied using a
combination of spectroscopy'® and redox potentiometry.' "'
EPR spectra of the hemes, FSO, FS4, and the Mo-bisPGD are
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well-resolved from each other, whereas those of the remaining
[Fe-S] centers in NarH are complicated by spin—spin
interactions.”® EPR spectra of hemes by and bp exhibit g,
values of approximately 3.35 and 3.75, respectively (see Figure
1). Analysis via potentiometric titrations indicates that heme by,
has an E,,; (reduction potential at pH 7) of 14 # 12 mV and
heme bp has an apparent E, , of approximately 118 + 8 mV
(see Table 1 of the Supporting Information and the references
therein). However, the redox properties of hemes bp and by,
and the adjacent [3Fe-4S] cluster (FS4), herein termed the
transmembrane electron-transfer relay, display several abnor-
malities, which can be seen in Table 1 (NC rows). First, the fits
to the titration data of FS4 exhibit two components, the origin
of which remains unknown.” Second, fits to the redox titration
of heme by are optimal with reduction occurring with a
physically impossible substoichiometric number of electrons (n
often approaching 0.6)."> Finally, the binding of Q-site
inhibitors, such as the menasemiquinone analogue 2-n-heptyl-
4-hydroxyquinoline-N-oxide (HOQNO), pentachlorophenol
(PCP), and stigmatellin, perturbs the local environment of
heme by, as manifested by altered g, values (3.35, 3.50, 3.45, and
3.31 for unbound, HOQNO-bound, PCP-bound, and stigma-
tellin-bound enzymes, respectively).”>~"> The g, value of heme
bp, however, is unaltered in each case, and a crystal structure of
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the PCP-bound form and a model of the HOQNO-bound
enzyme reveal no significant structural perturbations around
heme bp."® Furthermore, enzyme kinetics, EPR, and binding
assays are consistent with the presence of a single Q-site in
close juxtaposition with heme bp.”"*~>* Interestingly though,
HOQNO binding influences the apparent reduction potentials
of both hemes, with that of heme by increasing from ~20 to
~120 mV and that of heme b, decreasing from ~120 to ~60
mV.” The anomalies described above indicate that our
understanding of transmembrane electron flow through
NarGHI is substantially incomplete.

In this paper, we demonstrate a model describing electronic
interactions among the three prosthetic groups of the
transmembrane electron-transfer relay of NarGHI that explains
their apparently anomalous behaviors. This model also
describes a mechanism for enhanced electron transfer against
a transmembrane electrochemical potential and possibly a
mechanism for gated electron flow into NarGHL

B METHODS

Bacterial Strains, Plasmids, and Membrane Vesicle
Preparation. Wild-type NarGHI was overexpressed in E. coli
strain LCB79 [araD139 A(lacl-POZYA-argF) rpsL, thi,
®79(nar-lac)].>> pVA700 (tacP, rmB, lacl, amp’, narGHJI)
was used as the expression vector.® Vector pCD?7 (tacP, rmB,
lacI%, amp, narl) was used to express NarI(AGH).'® Growth in
flasks and vesicle preparation methods were conducted as
previously described, and the inner membrane fraction was
obtained via differential ultracentrifugation (40000 rpm, 1.5 h)
using a 55% (w/v) sucrose step gradient as previously
described."”® The buffer system used for vesicle preparation
consisted of 100 mM MOPS and § mM EDTA (pH 7.0).

Redox Potentiometry and EPR Spectroscopy. Redox
titrations were conducted under argon at 25 °C in 100 mM
MOPS and 5 mM EDTA (pH 7.0) as previously described.'**°
The titrations were conducted in the reducing direction, and
often several points were taken in the oxidizing direction, as
well. We did not find any appreciable hysteresis in the
titrations. Titrations in the presence of HOQNO, PCP, and
stigmatellin were conducted using inhibitor concentrations of
0.5, 1, and 0.3 mM, respectively. All samples were prepared in 3
mm inner diameter quartz EPR tubes, rapidly frozen using
liquid nitrogen-chilled ethanol, and stored under liquid
nitrogen prior to use. EPR spectra were acquired as previously
described"? using a Bruker ESP300 spectrometer (9.47 GHz)
with ESR-900 flowing helium cryostat, a temperature of 12 K,
and a 19 G,, modulation amplitude at 100 kHz at 20 mW
microwave power for the stigmatellin and 100 mW microwave
power for the HOQNO titrations. The wild-type and PCP-
bound spectra were recorded using a Bruker Elexsys ES00
series X-band EPR spectrometer (9.38 GHz) with an ESR-900
flowing helium cryostat, a temperature of 12 K, a 10 G,y
modulation amplitude at 100 kHz, and a 20 mW microwave
power. All potentials mentioned are relative to the standard
hydrogen electrode. All FS4 data were acquired at 10 dB, with
signal intensity taken from g = 1.997 minus the trough intensity
at g = 1.973.

Fitting and Modeling of Redox Titration Data. To
model the redox interactions in the system comprising hemes
bp and bp and FS4, we used a model diagrammatically depicted
in Figure 2A and mathematically outlined in Figure 1 of the
Supporting Information.””*® To apply the model to the data,
we assigned center A as heme bp, center B as heme bp, and
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center C as FS4. To model the system comprising just the two
hemes, a simplified model was used in which just E_A, E_B,
and eAB were used (Figure 2B).

In applying this model to the data, we assume there are no
interactions between the hemes or FS4 and the other centers in
NarGH]I, including bound quinone species, and only
interactions between adjacent centers are considered. Matlab
(version R2013b, The MathWorks Inc., Natick, MA) was used
to conduct nonlinear least-squares fitting of the model to the
data by reducing the sum of squares between theoretical fits
and experimental data points, where the reduction and
interaction potentials, baseline and scale, were allowed to
vary. The maximum and baseline of the titration curves were
limited to =+5% variation. The qualities of the fits were
calculated in MatLab to yield the correlation coefficients, as
well as 95% confidence intervals and standard errors in the
modeled parameters. In each case, fits achieved a correlation
coefficient of >98%. The raw data for the K864, stigmatellin,
HOQNO, and NarI(AGH) titrations used in this study were
previously published but reprocessed and reanalyzed."

B RESULTS AND DISCUSSION

Sample and Data Considerations. EPR is an excellent
technique for the study of electron-transfer relays containing
cofactors with well-resolved spectral features. The oxidized
hemes of the NarGHI transmembrane electron-transfer relay
are readily resolved, with heme b}, having a g, of approximately
3.75 and heme bp having a g, of approximately 3.35. The
spectrum of oxidized FS4 is also well resolved from those of the
other centers of the enzyme and comprises a peak (g,) at g =
2.02 and a peak to trough (g,,) immediately upfield at g = 1.99.
However, before their behavior in the potential domain can be
thoroughly analyzed, the homogeneity of these signals needs to
be established. The g = 3.75 peak of heme by, is clearly resolved
from signals of other moieties that might impact our analyses
(Figure 1), as there are no signals in this region in membranes
lacking NarGHL''#?%% ES4 is more complicated, because
FS1 can interfere with the signal interpretation as can the
presence of extraneous background iron—sulfur clusters. It has
previously been shown, however, that the NarH—FS4 species is
by far the predominant species and that only at low potentials
does ES1 begin to interfere.*”'>'3 The nearest signal due to
FS1 appears at g = 2.013, and the background signal exhibits a
peak at 2.02, which overlaps with the dominant signal of FS4 at
2.021. These examples of signal interference can be mitigated
by measuring the FS4 signal intensity at ¢ = 1.997 minus the
trough intensity at 1.973, as depicted by the inverted black
triangles in Figure 1.

Interpretation of the heme by EPR signal poses the most
significant challenge. Heme by, often manifests as having two
subpopulations with g, values of ~3.35 and ~3.2, which we
propose are due to differential Q-site occupancies,®® whereas
others have suggested the subpopulations arise from differential
cardiolipin occupancies.” Under anaerobic or microaerobic
conditions, the g, feature of the heme by, spectrum manifests as
a single peak at g = 3.35 (Figure 1).">'%** When present, these
two subpopulations do exhibit different apparent reduction
potentials, and thus, simple signal integration is not feasible.”
However, the two subpopulations collapse into one signal,
albeit with a shifted g, upon inhibitor binding. In the case of
HOQNO, PCP, and stigmatellin binding, the g, value for heme
by shifts from 3.35 to 3.50, 3.45, and 3.31, respectively.13_15
Likewise, the NarGHI®*** Qsite variant not only exhibits a
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Figure 1. Transmembrane electron-transfer relay of NarGHI
comprising hemes by and bp and FS4 and their representative EPR
spectral features. The distances between cofactors are given as edge-to-
edge (italics) and center-to-center (bold) values. Representative pH
7.0 EPR spectra (9.47 GHz) at 12 K of FS4 (10 dB) and hemes by, (g,
=3.35) and b, (g, = 3.75) (17 dB) fully oxidized (286 mV) and fully
reduced (—67 mV for hemes and —8 mV for FeS). The inverted
triangles denote the intensity measurement for the FS4 signal at g
values of 1.997 and 1.973. This image was generated using PyMol"
and Protein Data Bank entry 1Q16.*

homogeneous heme by, EPR signal at ~3.3 but also exhibits
reduced quinol oxidase activity and is unable to bind HOQNO
or stabilize a semiquinone radical.">'*?*° Using the inhibitor-
bound states also addresses the possibility, and likely
inevitability, of interactions of the adjacent heme (bp) with
the bound quinone species, particularly the stable anionic
semiquinone.'*** For the reasons described above, we focus
our analyses herein on the more homogeneous inhibitor-bound
states and the NarGHI®®** Q-site variant.

Redox Titrations of FS4 and Hemes bp and bp. The
basic Nernst equation is normally applied in analyzing redox
titration data (Figure 3A, dashed lines).”® However, close
examination of previous titrations reveals a couple of redox
titration anomalies for components of the NarGHI trans-
membrane electron-transfer relay. (i) To adequately fit the
titration data for FS4, two components of E,, (186 and 83 mV)
are required (Table 1), essentially in agreement with published
values.”'>"* Compare the fits in Figure 3 for FS4, where the
broadly dashed lines represent idealized Nernstian fits (n = 1
and one component) and the finely dashed lines are fits where
two n = 1 components are utilized. The residuals (Figure 3 of
the Supporting Information) clearly show that FS4 is better fit
by the two components rather than a single component. (ii)
While previously published titration data for heme by utilized n
= 1 fits,"® the curves can be better modeled with an apparent
electron stoichiometry significantly below unity. Again, this can
be seen in Figure 3 (and Table 1) where the broadly dashed
lines represent idealized Nernstian fits (n = 1) and the more
finely dashed lines are modified models in which the apparent n

Table 1. Cooperative (C) and Noncooperative (NC) Fitting Parameters” for Redox Titrations of Nitrate Reductase

Preparations As Seen in Figure 3

Ema,c Ema,l: Ema,b ed ed
Heme bp Heme be [3Fe-4S] bo-bp br-[3Fe-48]
mv) (mV) mv) mv) (mv)
NC1 +2+5 +128 +5 +163 5 0 0
Wild Tyjpe NC2  +2+5 &E%;f) I;gi’jg gng;; 0 0
e o e S
NC1 *12+8  +88t2 #1824 O 0
K86A NC2 +1248  +88+2 Iggsﬁg E?g‘;//‘si 0 0
i SO
NC1 +109+t6 +51+5 +174 £ 5 0 0
cosmu o iomes e i ss i S
HOQNO (n=06) (1=08) +105 19 (26%)
g s oy S e s
NC1 #35%2 #1156 #1677 . L
0,
s§g°,fa$'|‘ﬂn C2  +35+2 (21 150%52) foanio ((é%f};)) 0 0
e
NC1 38+3  +73%2 +178£3 0 0
+1mMPCP NC2 3833 +73x2 0 fZO0R o 0
i SO o
NC +40t3 1805 NA 0 NA
pCD7 ............................................................................................................................................
+30+3  180+4 NA 0 NA

“MatLab-modeled fits are represented as means = the standard error. “E,, values correspond to reduction potentials at pH 7. “The noncooperative
. g . . . d

values represent macroscopic E,, values, where the percentage denotes the contribution of the single component in multicomponent fits. “Unless

specified, fits were generated using electron stoichiometries of n = 1. “e is the cooperative component of the system and quantifies the interactions

between the two specified adjacent cofactors. Not applicable.
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is <1 (see the residuals in Figure 3 of the Supporting
Information). Critically, this behavior is dependent upon the
variant studied, the presence of Q-site inhibitors, and the
subunit composition of the preparation studied. For example,
data obtained from the NarGHI®*** variant, the wild-type
enzyme in the presence of PCP, and the Narl subunit expressed
by itself [NarI(AGH)] can be fit to n = 1 Nernstian curves (see
Table 1 and Figure 3B, D, F).'*!8 In contrast to the behavior of
heme by, reduction of heme by, is described well by n = 1 fits.
The heme by, titrations depicted in panels A, B, and D of Figure
3 do have a minor extraneous component modeled at 157 + 2
mV, which has been attributed to the overlapping spectrum of
heme bggq of cytochrome bd.'%*"3%33

A further peculiarity of the NarGHI transmembrane
electron-transfer relay is that the Q-site inhibitor HOQNO
elicits an apparent inversion of the reduction potentials of the
two hemes and has a modest effect on the lower-potential
component of FS4 [shifting it from approximately 83 to 105
mV (Figure 3C and Table 1)]. Interestingly, this is
accompanied by the titration of heme b, taking on a more
ideal n = 1 behavior while heme by, exhibits an apparent n = 0.6
fit (Table 1).

Together, these observations could be explained by Narl
containing multiple quinone binding sites or the fact that
HOQNO binding induces structural changes in the enzyme
and consequently shifts the E_ values for both hemes.
However, we and others have shown by HOQNO fluorescence
quench titrations, EPR spectroscopy, and X-ray crystallography
that there is only a single quinol binding site in the enzyme,
found adjacent to heme by, which binds both menaquinone and
ubiquinone as well as Q-site inhibitors PCP, HOQNO, and
stigmatellin."*'>'*72° Furthermore, a crystal structure with
PCP bound to Narl has been determined,' and modeling
HOQNO into the position taken by PCP reveals that there are
no significant actual or predicted conformational changes in the
vicinity of heme by elicited by inhibitor binding. It is thus
unlikely that the redox behavior of heme b, and FS4 in the
HOQNO-bound state is due to a second Q-site or inhibitor
binding-induced changes in conformation. There is also no
published evidence of appreciable redox-dependent conforma-
tional changes in NarGHI. Thus, the nonideal redox behavior
of NarGHI is unlikely to be due to redox-dependent
conformational changes. We therefore posit that the underlying
cause is the existence of anticooperative redox interactions
between the cofactors.

Modeling Redox Cooperativity. It is known that surface
charges as well as charged residues and dipole moments within
proteins influence the reduction potentials of embedded
cofactors, which are analogous to the factors that influence
the pK, values of amino acid residues.**** Because reduction of
a cofactor can readily change its overall charge, it can also elicit
electrostatic effects on adjacent cofactors, thereby modulating
their reduction potentials.***” This is manifested in the
observation of positive (n > 1) or negative (n < 1)
cooperativity. For a system exhibiting positive cooperativity,
reduction of a cofactor increases the reducibility (increases E,,)
of adjacent cofactors. Conversely, negative cooperativity
(anticooperativity) is such that reduction of one cofactor
decreases the reducibility (reduces E,) of the others. Thus,
cooperativity is a plausible explanation for the observation of
non-Nernstian redox chemistry within the transmembrane
electron-transfer relay of NarGHI. A notable example of an
anticooperative redox interaction is that between hemes b
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and bsys of E. coli cytochrome bd, wherein apparent n values of
0.7-0.9 were required for satisfactory fits using standard
Nernstian models. Similar quality fits were obtained by
modeling an anticooperative interaction of —32 mV between

these two cofactors.”’
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Figure 2. Thermodynamic model for NarGHI hemes by, and b, and
FS4 depicted schematically. E,, is the given reduction potential of the
given cofactor A, B, or C, and the interaction potentials are depicted as
variables enp, epc, and eyc for interactions between the specified
cofactors. Lowercase letters (a—c) indicate an oxidized state, whereas
uppercase letters denote reduction by a single electron, where A = bp,
B = by, and C = FS4. See the text for a full description of the model;
the specific equations used can be found in Figure 1 of the Supporting
Information.

To explain the anomalous behavior of the NarGHI
transmembrane electron-transfer relay, we applied a three-
center model with pairwise interactions between adjacent
centers. The thermodynamic model for the transmembrane
electron-transfer relay, consisting of hemes by, and bp and FS4,
is depicted schematically in Figure 2A (see Figure 1 of the
Supporting Information for mathematical details). In the
scheme, E,, is the reduction potential of the given center (A)
bp, (B) bp, or (C) FS4, and the interaction potentials are
depicted as variables eng, egc, and ey, denoting an interaction
between the specified centers. Lowercase letters (a—c) indicate
an oxidized state, whereas uppercase letters (A—C) denote
reduction by a single electron. To prevent overparametrization
of the fittings, we looked only at pairwise interactions;
therefore, e, was fixed at 0 mV. This is reasonable if the
cooperativity is purely electrostatic, because the inverse distance
dependence of the electrostatic interaction energy would
ensure the long-range interaction between centers FS4 and
bp (edge-to-edge distance of ~25 A) would be negligible in
comparison to the much more proximal pairwise interactions
(bp—FS4 distance of 8.9 A; bp—bp distance of 5.4 A) (see
Figure 1).* As a reminder, the heme by, titrations depicted in
panels A, B, and D of Figure 3 do have a minor extraneous
component modeled at 157 + 2 mV, which is due to heme by
of cytochrome bd, and consequently, this high-potential
component of the titrations of by was not included in the
cooperativity model.'**”333

Applying the Model to the Redox Titrations of Hemes
by and by and FS4. Table 1 summarizes the fitting parameters
used for the noncooperative and cooperative models for the
inhibitor-free, HOQNO-bound, PCP-bound, and stigmatellin-
bound states of NarGHI, and the corresponding redox
titrations are depicted in Figure 3. Broadly dashed lines
represent single-component standard Nernstian fits where n =
1. The finely dashed lines represent multicomponent Nernstian
fits or fits where the apparent n value is <1. The solid lines

dx.doi.org/10.1021/bi500394m | Biochemistry 2014, 53, 4549—4556
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Figure 3. Fits for the redox titrations of hemes by, (M) and b, (#) and
FS4 (V). Broadly dashed lines (———) denote “standard” Nernstian
fits in which a single #n = 1 component is modeled. Finely dashed lines
(--) denote modified Nernstian fits in which either two components
or apparent n values of <1 are used as the model. Solid lines (—)
denote fits by the cooperative models depicted in Figure 2. See Table 1
for the respective fitting parameters used. The applied potential (E;,) is
relative to the standard hydrogen electrode, and the signal intensities
are normalized to 100%. Titrations A, B, and D include fits of 160,
156, and 155 mV, respectively, to account for the contaminating bssg of
cytochrome bd in the membrane preparations. The redox titrations
correspond to vesicle preparations of (A) wild-type NarGHI, (B)
NarGHI®*®, (C) NarGHI supplemented with 0.5 mM HOQNO, (D)
NarGHI in the presence of 1 mM PCP, (E) NarGHI supplemented
with 0.3 mM stigmatellin, and (F) NarI(ANarGH) membranes.

represent fits derived from the cooperative model depicted in
Figure 2A (see the Supporting Information for additional
details). The residuals are plotted in Figure 3 of the Supporting
Information.

We favor the cooperative model over those invoking multiple
components and apparent n values of <1 because similar quality
fits are obtained using fewer parameters. For example, the
multiple-component fit for the wild-type inhibitor-free bound
enzyme has seven degrees of freedom, whereas the cooperative
fit has only five. However, it does appear that certain sections of
the titrations, particularly the low-potential end of FS4
titrations, are better fit with the modified Nernstian models
than the cooperative model. Our model utilizes only pairwise
interactions and does not take into account interactions with
other cofactors within the protein, including the bound
quinone. We have found that modeling the interaction between
heme by, and FS4 gave slightly better fits (data not shown);
however, the increased number of parameters resulted in a
greatly diminished level of confidence in the fits, and as a
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consequence, we decided to look at only adjacent pairwise
interactions. Therefore, the model has the ability to account for
multiple components for FS4 and shallower titration slopes for
by (and b, in the HOQNO-bound state) but is not
sophisticated enough to account for all the more subtle effects
we observe in the redox titrations of the transmembrane
electron-transfer relay.

The most evident pairwise interaction is between heme b;
and FS4, with an average between all samples of —50 + 7 mV.
This interaction manifests as substoichiometric apparent n
values for heme by and multiple apparent redox components for
FS4 titrations, and it has previously been suggested that a
mutual redox interaction is responsible for this behavior.”
However, there is a weaker apparent interaction between the
two hemes despite the distances between by and by being
similar to the separation of FS4 and b, (see Figure 1). One
reasonable explanation for this would be that the charge density
is higher in iron—sulfur clusters than in hemes, because the
electron density of reduced hemes is known to extend over the
entire porphyrin macrocycle.’®* To eliminate the supposed
effects of the FS4—b;, interaction on heme the by, line shape, we
re-examined the published EPR spectra of Narl expressed in the
absence of NarGH where heme b, undergoes a shift in its §
value from 3.75 to 2.92 and a decrease in E,,; of >100 mV.!
With the large divergence in reduction potentials between the
two hemes, no obvious redox interaction was discerned and the
bp—bp, interaction was therefore set to zero. In agreement with
the hypothesis that the nonideal redox titration curve of heme
bp is due to redox interactions with heme by and FS4, we
observe only ideal n = 1 single-component Nernstian redox
titrations of the two hemes (Figure 3F).

In the case of bp—bp interaction, there is a dependence of
interaction energy on the apparent difference in reduction
potentials. In most cases, the E, values for hemes by, and by, are
divergent enough that the titration curve effects indicative of
redox cooperativity, such as slope shallowing or multiple
apparent components, are not present, and therefore, an
interaction potential was not measurable. The two instances in
which this was not the case are the titrations of the HOQNO-
and stigmatellin-bound states. In the stigmatellin titration, a
bp—bp interaction potential of =27 mV was determined and the
corresponding divergence in E,, values of the two hemes was
~100 mV. Contrast this with the wild-type inhibitor-free heme
E,, difference of 160 mV. In the HOQNO titration, the heme
E,, difference is a mere 20 mV and the magnitude of the
interheme interaction (—49 mV) approaches that of the heme
bp—FS4 interaction (—50 mV).

Fitting redox titrations of the transmembrane electron-
transfer relay to the model presented also gives us an alternative
perspective on the effects of HOQNO binding. Previously,
HOQNO was thought to modify the E values of hemes by
and by such that heme by, exhibits an E,, higher than that of bp,.
This is concurrent with HOQNO eliciting a significant
shallowing of the titration curve of bp.'"> Utilizing the
cooperative model, heme b, does experience an increase in
its E.,; however, it remains lower than that of heme bp,. This is
expected because HOQNO binds adjacent to, and therefore
changes the g, value of, heme by and not heme by, and models
based on the PCP-bound structure indicate a lack of HOQNO-
induced conformational changes in NarL.'>™'* In the context of
cooperativity, the E of heme by is only diminished by 20 mV;
however, the heme bp reduction potential and bp—bp
interaction are modulated upon HOQNO binding. The
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interaction potential between the two hemes varies significantly
between the inhibited states of the enzyme, but as the E,, of
heme by and FS4 remains largely unchanged, so too does the
interaction energy between these two centers. Similar
phenomena are observed in the PCP and stigmatellin titrations
where principally the E,, of heme by, is influenced. Again, this is
consistent with a single Q-site and the conformational integrity
of Narl regardless of whether inhibitors are bound or absent.
Modulation of the bp—b, interaction may be due to the effects
of inhibitor binding on the electrostatic environment around
and between these two hemes and/or simply the fact that as the
E,, values of the hemes become more divergent, it becomes
more difficult to determine the magnitude of their interaction.

Functional Consequences of Redox Anticooperativity
in NarGHI. The phenomenon of redox anticooperativity in
NarGHI would explain the two-phase reoxidation kinetics
previously observed for NarGHI, particularly in the presence of
HOQNO, where the slower reoxidation phase becomes
significantly more pronounced (see ref 7 for details). That is,
HOQNO predominantly modulates the heme by E,, and bp—
bp interaction, such that the macroscopic E,, of by appears to be
lower than that of bp. It is the anticooperative bp—bp
interaction and the increased by reduction potential that slow
electron transfer through Narl.

Redox interactions within NarGHI may actually have
implications in the broader context of bacterial respiration.
Because of the orientation of NarGHI in the membrane,
electron flow through Narl is from the P-side of the membrane
(heme bp) to the N-side (heme bp) and therefore is against the
transmembrane potential, AW, which is approximately —130
mV in nitrate-respiring E. coli.** Considering the previously
reported values of 14 and 118 mV for hemes by and by,
respectively, the AE of 104 mV is insufficient to overcome the
transmembrane potential (see Figure 4A). However, Figure 4B
demonstrates that when considering the values modeled herein
of 3 mV for by and 163 mV for by, the resultant AE of 160 mV
is sufficiently compensatory for the transmembrane potential.
Similarly, the presence of a membrane potential has been
shown to have large effects on electron transfer and the
distﬂlﬁtion between hemes bsys and bgg, of cytochrome
be,

It is also possible that the major functional consequence of
electrostatic interactions in the transmembrane electron-
transfer relay may be to gate electron flow through Narl
Figure 4B shows the energetics of transmembrane electron
transfer when the system is fully oxidized (top) or when FS4
(and byp) is reduced (bottom). The reduction of FS4 brings the
inter-heme electron-transfer potential, that is from by to by,
from 160 to 110 mV, due to the lowering of the E, of b, by
bp—FS4 anticooperativity (—S0 mV). When AW is taken into
account, the AE for transmembrane electron transfer decreases
from 30 mV when FS4 is oxidized to —20 mV when FS4 is
reduced. Consequently, during steady-state turnover of the
enzyme and upon reduction of FS4, by has a stronger
propensity to remain reduced. It has been previously shown
that reduction of Narl decreases the K, for HOQNO from 0.34
to 0.07 uM, thus ensuring tighter binding of HOQNO, and
supposedly the semiquinone intermediate.” Such an effect has
been observed for cytochrome bc;, where Q, semiquinone
stability is directly coupled to bsg, reduction (the adjacent
heme) and semiquinone stability increases further when by is
reduced.*' By more tightly binding and stabilizing the
semiquinone, the enzyme may physically prevent entry of
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Figure 4. Electron-transfer across the plasma membrane from by to
FS4 using the old and new paradigm for the transmembrane electron-
transfer relay of NarGHI. The equilibrium arrows between by, and by
indicate the direction of favorable electron transfer when AW, —130
mV, is considered.** Panel A depicts the current paradigm of electron
transfer through the transmembrane electron-transfer relay using the
average published E,, ; values for bp, by, and FS4 of 14, 118, and 180
mV, respectively, as mentioned in the text. Panel B depicts the
thermodynamics of electron transfer through the transmembrane
electron-transfer relay where the revised potentials and interactions are
considered where the potentials used for by, by, FS4, eby—bp, and ebp—
FS4 are 3, 163, 181, 0, and —50 mV, respectively. Three states are
considered: the first in which the system is fully oxidized and the
second and third in which FS4 is reduced and FS4 and by, are reduced,
respectively. When FS4 is reduced, the apparent E of b, decreases to
113 mV (a loss of S0 mV). This results in mildly unfavorable electron
flow across the membrane and increased electron residence on heme
bp, the effects of which may include tighter binding of the
semiquinone and thus blocked entrance of further reducing
equivalents into NarGHL

further reducing equivalents. Therefore, by decreasing the
potential for transmembrane electron transfer under nitrate-
limiting conditions, the anticooperativity within Narl may
facilitate more effective usage of the Q-pool by diverting quinol
to the other terminal reductases, such as those for DMSO,
TMAQ, and fumarate reductase.

A further consideration is that the model addresses only part
of the entire NarGHI electron-transfer relay that comprises
eight cofactors (two hemes, five [Fe-S] clusters, and a
molybdenum cofactor) and the reactants. The span of
reduction potentials in NarGHI is rather large (from —400 to
200 mV), but with the number of cofactors present, the
midpoint potential overlap is considerable.* Also, redox
cooperativity would have significant implications for quinol
binding and oxidation as well as semiquinone stabilization.
Therefore, to have a complete thermodynamic picture of
NarGHI, it would be insightful to extend the current model to
include all other redox cofactors, including quinone and nitrate
binding and redox transitions. One example is the very low
potential [4Fe-4S] cluster FS2 in NarH that has a measured
E,; of =420 mV; it may be that the measured E,, is so low
because of electrostatic interactions with adjacent reduced
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cofactors and that the microscopic midpoint potential is
actually higher.®

In summary, we have shown that the nonideal Nernstian
redox titration curves for hemes by, and b, and FS4 in the Q-
site inhibitor-bound state can be modeled as arising from
anticooperative electrostatic interactions among these cofactors.
We were able to satisfactorily fit the redox titrations with a
model that includes E_ values and pairwise interactions
between adjacent cofactors. Importantly, by modeling NarGHI
redox cofactor thermodynamics in the frame of redox
cooperativity, we obtain values significantly different from
those previously reported, particularly for heme by, providing
an alternative perspective on electron-transfer thermodynamics
in the NarGHI system and shedding light on inhibitor binding
effects and a functional role for these electrostatic interactions
in electron transfer through Narl in the presence of an
electrochemical gradient.
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