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ABSTRACT: The membrane subunit (Narl) of Escherichia coli nitrate
reductase A (NarGHI) contains two b-type hemes, both of which are
the highly anisotropic low-spin type. Heme by, is distal to NarGH and
constitutes part of the quinone binding and oxidation site (Q-site)
through the axially coordinating histidine-66 residue and one of the
heme by, propionate groups. Bound quinone participates in hydrogen
bonds with both the imidazole of His66 and the heme propionate,
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rendering the EPR spectrum of the heme by sensitive to Q-site

occupancy. As such, we hypothesize that the heterogeneity in the heme by, EPR signal arises from the differential occupancy of
the Q-site. In agreement with this, the heterogeneity is dependent upon growth conditions but is still apparent when NarGHI is
expressed in a strain lacking cardiolipin. Furthermore, this heterogeneity is sensitive to Q-site variants, NarI-G6SA and Narl-
K86A, and is collapsible by the binding of inhibitors. We found that the two main g, components of heme by, exhibit differences
in reduction potential and pH dependence, which we posit is due to differential Q-site occupancy. Specifically, in a quinone-
bound state, heme by, exhibits an E,, s of —35 mV and a pH dependence of —40 mV pH™". In the quinone-free state, however,
heme by, titrates with an E, 5 of +25 mV and a pH dependence of —S9 mV pH ™. We hypothesize that quinone binding
modulates the electrochemical properties of heme by, as well as its EPR properties.

Nitrate reductase A (NarGHI) from Escherichia coli is a
membrane-bound quinol:nitrate oxidoreductase that is
expressed under anaerobic conditions in the presence of
nitrate." It functions as a terminal reductase, coupling quinol
oxidation to nitrate reduction, and contributes to the
generation of a proton electrochemical potential across the
cytoplasmic membrane.” NarGHI comprises a catalytic subunit
(NarG, 140 kDa), an electron-transfer subunit (NarH, 58 kDa),
and a membrane anchor subunit (Narl, 26 kDa). NarG
contains a molybdo-bis(pyranopterin guanine dinucleotide)
(Mo-bisPGD) cofactor that is the site of nitrate reduction as
well as a single tetranuclear iron—sulfur ([4Fe—4S]) cluster
known as FSO. NarH contains three [4Fe—4S] clusters (FS1—
FS3) and one trinuclear iron—sulfur cluster ([3Fe—4S], FS4).
Narl anchors the NarGH subunits to the inside of the
cytoplasmic membrane and contains two hemes b that are
proximal (bp) and distal (bp) to the NarGH subunits,
respectively. Overall, these subunits provide a molecular
scaffold for an electron-transfer relay connecting the site of
quinol oxidation adjacent to heme by, in Narl (the Q-site) with
the Mo-bisPGD of NarG.>* NarGHI is a robust enzyme that is
readily expressed to levels approaching spectroscopic purity in
E. coli cytoplasmic membrane preparations, rendering it an
excellent system for studying redox cofactor spectroscopy and
electrochemistry.” ' Although the overall architecture of the
enzyme has been defined by X-ray crystallography, the factors
controlling reactivity at the Mo-bisPGD and Q-sites are far
from being fully understood.
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The redox properties and reduction potentials of the
NarGHI cofactors have been extensively studied using a
combination of spectroscopic’ and potentiometric methods.>"°
In general, electrons flow in the overall thermodynamically
downhill direction from menaquinol (MQ) or ubiquinol (UQ)
through the two hemes of Narl, the four [Fe—S] clusters of
NarH, and then through the single [4Fe—4S] cluster of NarG
to the Mo-bisPGD cofactor, where nitrate is reduced to nitrite.
One of the hemes of Narl, heme by, is in close juxtaposition to
the Q-site identified by protein crystallography.'" Elements of
the heme, including one of this propionate groups and one of
its iron-coordinating His residues (His66), directly participate
in hydrogen-bonding interactions with the bound Q-site
inhibitor pentachlorophenol (PCP) observed in one of the
available structures (PBD 1Y4Z) (Figure 1). This results in the
EPR spectrum and reduction potential of heme by being
exquisitely sensitive to the presence of quinol analogue
inhibitors in the Q-site. NarGHI is able to oxidize both
major quinol species found in the E. coli cytoplasmic
membrane:'* ubiquinol dominates under oxidizing and oxic
conditions, whereas menaquinol dominates under reducing and
anoxic conditions. This raises the question of how the
composition of the quinol pool impacts the spectroscopic
and functional properties of heme by,
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Figure 1. Q-site of Narl with pentachlorophenol bound. Coordinating
heme by are His187 and His66, which also hydrogen bonds with
bound PCP and semiquinones." Image generated using PyMol and
PDB 1Y4Z.'"%*

The two hemes of Narl exhibit highly anisoptropic low-spin
(HALS) spectra with reported g, values of approximately 3.76
and 3.36 for heme by and by, respectively.'” Heterogeneity of
heme b has been reported in a mutant unable to synthesize
Mo-bisPGD,"? resulting in the appearance of two components
with g, values of approximately 3.35 and 3.21. Arias-Cartin et
al.'* also reported that heme by, can exist in two forms, one
with a g, of approximately 3.20 and the other with a g, of
approximately 3.3S. Extraction of hydrophobic components
using dodecylmaltoside (DDM) resulted in diminution of the g
= 3.20 component and retention of the g = 3.35 component.
These effects were interpreted to arise from the DDM-induced
leaching of a tightly bound cardiolipin molecule from the
membrane intrinsic region of NarGHI. In this article, we test
the alternative hypothesis that quinone composition and
binding are the determinants of heme bp heterogeneity. We
present evidence that the two components arise from specific
quinone-bound and quinone-free populations of NarGHI
within the E. coli inner membrane.

B MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Membrane Vesicle
Preparation. Wild-type NarGHI was overexpressed in E. coli
strains LCB79 (araD139 A(lacl-POZYA-argF) rpsL, thi,
®79(nar-lac))," the cardiolipin-deficient strain $330 (W3110
ksgBI Ipp-2 pgsA30::kan),'® the napthoquinone (menaquinone,
demethylmenaquinone)-deficient strain JCB4111 (JCB4011
AmenBC),"” the ubiquinone-deficient JCB4211 (JCB4011
AubiCA),"”” and the cytochrome-deficient strains JW0723
(W3110 AcydB) and JWO0421 (W3110 AcyoB)."® The
expression vector used was pVA700 (tacP, rrnB, lacld, amp’,
narGHJI)."> Growth of LCB79, JCB4111, and JCB4211 was
supplemented with 100 mg L™' of streptomycin; for S330,
JW0723, and JW0421, 50 mg L™ of kanamycin was used, and
for all strains bearing the pVA700 expression vector, 100 mg
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L™" of ampicillin was added to the cultures. Cell growth in 2 L
batches of Terrific Broth®® was performed as previously
described.'® Fermenter growths were conducted in 5 or 10 L
batches in either fermenter broth or glycerol-peptone-fumarate
(GPF) (anaerobic growth)21 at pH 7.0 using 2 M NaOH and 1
M HCl for pH adjustments.'' The GPF was supplemented with
4 mM KNO; 0.003% (w/v) leucine, and 0.003% (w/v)
threonine. Fermenter broth contains 12 g L™" of tryptone, 24 g
L' of yeast extract, 5 g L' of NaCl, 0.56% (v/v) glycerol, and
200 mg L™ of thiamine hydrochloride; note that overnight
precultures of fermenter broth use 0.4% (v/v) glycerol.
Inoculation was accomplished with 10% (v/v) overnight
cultures grown at 37 °C, 225 rpm in flasks containing Terrific
or fermenter Broth.'' When the ODy, reached 0.5 (Anaerobic,
GPF culture) or 2.0 (Semianaerobic, FB cultures), 1 mM
isopropyl-1-thio-f-p-galactopyranoside (IPTG) was added to
induce NarGHI expression from pVA700."' Stir speed,
postinduction incubation temperature, and aeration rates are
detailed in the legend of Figure 2. The buffer system used for
vesicle preparations contained S mM EDTA as well as either
100 mM 2-(N-morpholino)ethanesulfonic acid (MES), 100
mM 3-(N-morpholino)propanesulfonic acid (MOPS), 100 mM
Tricine, or 100 mM N-cyclohexyl-2-aminoethanesulfonic acid
(CHES) for pH 6.0, 7.0, 8.0, and 9.0, respectively. The
processing of the cells has been previously outlined'’ and
included the addition of 0.2 mM phenylmethylsulfonyl fluoride
prior to emulsiflexing three to five times. Throughout the
processing procedure, 100 mM MOPS and 5 mM EDTA buffer
(pH 7.0) was used until the final two resuspensions, where the
appropriate buffer for pH poising was used. All samples were
resuspended to ~30 mg mL ™", flash frozen as aliquots in liquid
nitrogen, and stored at —80 °C.

Redox Potentiometry and EPR Spectroscopy. Redox
titrations were conducted under argon at 25 °C in the pH-
specific buffers mentioned earlier, as previously de-
scribed.'®**?*® Redox titrations require the inclusion of 25
UM each of the following redox mediators (dyes) prepared as
50 mM aqueous stock solutions: quinhydrone (+287 mV), 2,6-
dichlorophenolindolphenol (+217 mV), 1,2-naphthoquinone
(+125 mV), toluylene blue (+115 mV), phenazine methosulfate
(+80 mV), thionine (+60 mV), methylene blue (—11 mV),
resorufin (=50 mV), indigo trisulfonate (—80 mV), indigo
carmine (—125 mV), anthraquinone-2-sulfonic acid (—225
mV), phenosafranine (—255 mV), and neutral red (—329
mV).** All samples were taken in 3 mm i.d. quartz EPR tubes,
rapidly frozen using liquid-nitrogen-chilled ethanol, and stored
at —70 °C prior to use. EPR spectra were acquired as previously
described'’ using a Bruker Elexsys ES00 series X-band EPR
spectrometer (9.38 GHz) with an ESR-900 flowing helium
cryostat, a temperature of 10—12 K, and a 10 Gpp modulation
amplitude at 100 kHz. All potentials are relative to the standard
hydrogen electrode, and, unless otherwise mentioned, the
depicted spectra are poised at approximately +280 mV. See
figure legends for microwave power (MWP) levels used.
Baseline correction for Gaussian deconvolution analysis was
conducted by using a derivative Lorentzian line shape, which
gave superior fits to third—fifth-order polynomial baselines as
well as derivative Gaussian line shapes.”* The area-normalized
equation used for derivative Lorentzian baseline correction is

|
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Figure 2. Effects of growth conditions and quinones on heme by EPR
line shape are apparent in redox-poised oxidized heme spectra of
NarGHI hemes b, (g = 3.75) and by, (g = 3.0—3.4). The g-value labels
indicate the average maximum g value over the range of applied
potentials. (A) Effects of growth conditions (oxygenation) on heme by,
heterogeneity. Spectrum (i) is of pH 7 membranes obtained from 2 L
batches of cells grown overnight at 30 °C at very low agitation in 6 L
nonbaffled Erlenmeyer flasks. Spectra (ii—iv) depict the effect of
aerobic to increasingly more anaerobic growth conditions: (i) 10 L
vessel, 2 L min~" aeration, and 500 rpm impeller stir rate, pH 7
membranes; (i) 5 L vessel, S00 rpm stirring, <1 L min~! aeration, pH
8 membranes; and (iv) 10 L vessel, 200 rpm stirring, no aeration, pH 8
membranes. Spectrum (v) is of NarGHI expressed in a cardiolipin-
deficient strain ($330), flask grown, pH 7 membranes. The sample
spectra (i—v) were respectively poised at: +266, +279, +292, +274, and
+278 mV. (B) Effects of MQ and UQ_on the heme b, EPR signal: (i)
10 L vessel, 2 L min™" aeration, and 500 rpm impeller stir rate, pH 7
LCB79/pVA700 membranes poised at +279 mV; (ii) NarGHI
expressed in a menaquinone-deficient strain (JCB4111/pVA700)
grown in a S L vessel, S00 rpm stirring, <1 L min~! aeration, pH 8
membranes poised at +280 mV; and (iii) NarGHI expressed in a
ubiquinone-deficient strain (JCB4211/pVA700) grown in a 10 L
vessel, 200 rpm stirring, no aeration, pH 8 membranes poised at +281
mV. Spectra were collected at 10 K and 4 mW (17 dB) MWP except
for (i), which was collected at 10 dB MWP.

where S is a scale factor and is equal to half of the peak-to-peak
amplitude, L is the line width at half-peak height, x, is the x
intercept of the derivative, D is the linear slope, and A is the
linear y intercept. This satisfactorily simulates the interfering
portion of the junk iron signal at g = 4.3 that causes the extreme
extent of the baseline at low field (g < 3.75).>° Baseline
correction and Gaussian deconvolution was conducted by
nonlinear least-squares fitting via the Levenberg—Marquadt
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method using Matlab (version R2013b, The MathWorks Inc.,
Natick, MA).

Enzyme Assays. The Lowry procedure for protein
concentration determination was modified to include 1% (w/
v) SDS for solubilization of membrane proteins.**?”
Quinol:nitrate oxidoreductase assays were conducted using
the quinol analogue plumbagin (PB).*® Stock solutions were
prepared with 100% anhydrous ethanol at concentrations of 20
mM PB and then stored at —20 °C. Zinc powder was used as a
reductant, where ~70 mg of Zn® and 1.7 mL of PB solution
were added to a 2 mL HPLC vial followed by addition of 60 uL
S M HCl(aq). The vials were then sealed with a rubber septum
and shielded from light with aluminum foil. The assay buffer
consisted of 100 mM MOPS, 5 mM EDTA, 4 mM KNO;, and
30 mM glucose at pH 7.0 and was degassed on a vacuum line
for >1 h prior to use. Individual assays were conducted in 1.0
cm two-sided acryl cuvettes fitted with two-holed tight-fitting
Teflon stoppers and a stir bar. To ensure anaerobic conditions,
S uL of >200 U mg ™' low catalase activity (<0.1 U mg™')
glucose oxidase solution (Sigma-Aldrich G0543) was added to
the cuvette; it was topped up with reaction buffer, and then the
stopper was inserted such that no air bubbles remained in the
cuvette (this volume was determined to be 2.98 + 0.04 mL).
Typically, 10—20 uL of a 1:1 to 1:S dilution of protein sample
(~30 mg mL™") was added via Hamilton syringe, and then the
blank measurement was taken. The reaction was initiated by
addition via Hamilton syringe of 50 #L of plumbagin to give a
final concentration of 0.33 mM. The Q-site independent
(nonspecific) reductant benzyl viologen (BV) was used to
monitor nitrate reduction activity independent of quinol
oxidation activity. The assay was conducted similar to the
PB:NO; assay; however, an aqueous stock solution of 6.1 mM
BV was prepared, and a 20 mM solution (1 M Tris, pH 9.0) of
sodium dithionite was used to reduce the BV. To a stoppered
cuvette filled with buffer, vesicles, and 50—100 uL of dithionite
was added 100 yL BV. Assays were conducted on an HP8453
diode array spectrophotometer equipped with a HP 89090A
Peltier temperature controller/cuvette stirrer set to a stir rate of
200 rpm, 25 °C. Baseline correction of A, 9 minus the average
(Agos — Argp) Was used for rate calculation of the PB:NOj assay.
The relevant chemical parameters for plumbagin are A, = 419
nm and &,;9 = 3.95 mM ™ cm™!, and for BV, A, = 570 nm and
€0 = 7.8 mM ' ecm™!®

B RESULTS

Growth Conditions Influence Heme b, Heterogeneity.
Figure 2A(i) shows a representative EPR spectrum of the
NarGHI hemes in redox-poised oxidized membranes derived
from cells grown on rich media with essentially no aeration.'’
This spectrum exhibits a sharp peak at approximately g = 3.75
arising from heme b, and a broad peak centered at
approximately 3.34 that arises from heme bp. A minor peak
at g = 2.97 can be assigned to the cytochrome bo,
ubiquinol:oxygen oxidoreductase (see Supporting Information
Figure 1). (For the sake of clarity, g values observed in this
work will be quoted throughout. Minor differences in g values
between contributions likely arise from subtle differences in
preparations and instrument calibrations.) We investigated the
effect of growth-culture aeration by recording heme EPR
spectra of NarGHI-containing membranes from cells grown at
high (Figure 2A(ii)), intermediate (Figure 2A(jii)), and low
(Figure 2A(iv)) levels of culture aeration. These three spectra
exhibit heterogeneity comprising two peaks centered at g = 3.34
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and 3.18, with diminishing intensity of the latter feature with
decreasing aeration.

It has been suggested that heme by, heterogeneity is due to a
mixture of enzyme with and without a tightly bound
cardiolipin.'* In this context, the heme by EPR signal
heterogeneity has been interpreted such that the g = 3.18
signal is due to cardiolipin-bound enzyme, and the g = 3.34
signal is due to cardiolipin-free enzyme."* To test if cardiolipin
does indeed contribute to the heterogeneity, nitrate reductase
was expressed semiaerobically in an E. coli strain deficient in its
biosynthesis as well as for phosphatidylglycerol (E. coli $330).'¢
As shown the Figure 2A(v), both heme by, components are still
observed in membranes from the cardiolipin-deficient strain. It
is therefore unlikely that cardiolipin plays a role in heme by,
heterogeneity in NarGHI.

Influence of Q-Site Structure and Occupancy on
Heme by EPR Spectra. E. coli synthesizes two major types
of lipophilic quinones that shuttle electrons from dehydro-
genases to reductases within the cytoplasmic membrane. These
comprise UQ-8 and MQ-8 and predominate under oxidizing
and reducing conditions, respectively.'>**~>! NarGHI is able to
bind and oxidize both major quinol species at its Q-site.”>>>
Given that the heme by, heterogeneity appears to decrease with
decreasing aeration during cell growth and is not eliminated in
the absence of cardiolipin we speculated that it may be related
to the composition of quinones within the E. coli cytoplasmic
membrane. Alternative binding modes for the two quinones,
which have already been shown to bind to the same Q-site in
Narl,""** may account for the two different conformations seen
in the EPR spectra of heme by,

To test whether heme b heterogeneity reflects the
differential binding of MQ_and UQ, NarGHI was expressed
in a strain incapable of producing napthoquinones MQ/DMQ
(MQ'UQY), JCB4111 (AmenBC), and a strain incapable of
producing UQ (MQ'UQ”), JCB4211 (AubiCA). E. coli
JCB4211 (AubiCA) can grow only under semiaerobic/
anaerobic conditions, and E. coli JCB4111 (AmenBC) is unable
to grow under anaerobic conditions. The heterogeneity
observed in the EPR spectra of heme bp in Figure 2B is
similar to that in Figure 2A; however, in the MQ'UQ strain,
the heterogeneity is greatly reduced, with a much lower
contribution from the g = 3.18 component. There is no
significant effect on signal position of either component, and
the difference in heterogeneity can be explained by the differing
growth conditions necessary for cultivating membranes from
the two strains. The most aerobically grown cultures
(MQ UQ") exhibit the greatest heterogeneity, whereas the
most anaerobically grown cultures (MQ*UQ”) exhibit the least
heterogeneity. The MQ'UQ”" culture, being grown less aerobic
than MQ UQ, exhibited intermediate heterogeneity. In
general, there is a correlation between a lack of UQ/anaerobic
growth conditions and a decreased intensity of the g = 3.18
component.

Quinone Site Variants and Their Effects on Heme bp,.
To probe the potential involvement of quinone binding in
determining heme bp heterogeneity further, we investigated
several Q-site variants of two conserved residues, Lys86 and
Gly6S, and the effect of the Q-site inhibitor HOQNO on their
heme by, EPR spectra.'"*> HOQNO is a menasemiquinone
analogue and Q-site inhibitor, which, when added to
membranes containing wild-type NarGHI, elicits a collapse of
the ¢ = 3.18 and 3.33 components into a single HOQNO-
bound form with a peak at g = 3.52 (Figure 3A). Narl-Lys86 is
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Figure 3. (A) HOQNO binding to Qsite variants K86A and G6SA.
Black lines represent spectra of oxidized membranes, and gray lines
represent spectra of DCPIP-oxidized membranes treated with 0.5 mM
HOQNO. (B) HOQNO titration of the heme by, EPR signal. The
spectra obtained are pH 8 membranes redox-poised to about +280
mV. All of the membranes were prepared from flask-grown cultures
under standard growth conditions (see Materials and Methods) and
contain an approximate concentration of 60—70 uM of NarGHL
Spectra were collected at 10 K and 4 mW (17 dB) MWP.

a highly conserved residue, and it has previously been shown
that mutation of this residue to an alanine significantly
diminishes quinol:nitrate oxidoreductase activity and semi-
menaquinone  stability.'*® Furthermore, the redox-poised
heme bp EPR spectrum manifests as a single peak centered
at g = 327-3.28 (Figure 3A).*° Addition of HOQNO to
membranes containing the K86A variant elicits a minor shift of
the heme by, peak from g = 3.27 to 3.33. The K86A variant does
not support growth and has diminished quinol:nitrate
oxidoreductase activity (Table 1). NarI-Gly6S is another highly
conserved residue lining the Q-site of NarGHL'' and we
generated a G6SA variant. This retains two heme by
components in its EPR spectrum at g = 3.23 and 3.52, which
collapse into a single g = 3.53 peak of greater intensity upon
treatment with HOQNO (Figure 3A). It is notable that the
G6SA is able to support growth and retains significant
quinol:nitrate oxidoreductase activity (Table 1).

Effect of HOQNO on the Heme b, Spectrum Is
Concentration-Dependent. What is unclear from the
HOQNO-binding experiments outlined earlier is whether
both components are equally sensitive to inhibitor binding.
Figure 3B shows the effects of titrating HOQNO into oxidized
wild-type NarGHI membranes. First, the g = 3.18 component
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Table 1. NarI Variant Plumbagin:Nitrate Oxidoreductase
Activities”

pmol benzyl pmol growth
Narl viologen plumbagin on
variant (mg_1 min~t) (mg_1 min~t) PB/BV nitrate
wild-type 63.6 3.37 53 (100%) o
G65A 21.5 0.79 38 (69%) ++
K86A 303 025 8 (16%) -

“The activities of the plumbagin and benzyl viologen oxidation and
nitrate reduction for the Narl variants tested are represented as mean
values of at least triplicate experiments with standard errors less than
10%. Anaerobic growth on glycerol:nitrate is depicted in Supporting
Information Figure 2.

collapses concomitant with a rise in the g = 3.50 component. In
the presence of higher concentrations of HOQNO, the signal at
g = 3.34 begins to shift to g = 3.50. This, therefore, indicates
that the g = 3.18 conformation of Narl has a greater ability to
bind HOQNO compared to the g = 3.34 conformation.

Redox Potentiometry of the g 3.34 and 3.18
Components of Narl Heme bp. The biophysical character-
istics of hemes are known to be influenced by the surrounding
protein environment. In the case of heme by, there appears to
be two distinct environments that are resolvable by EPR
spectroscopy. Given the link between quinone pool composi-
tion/growth conditions and the intensity of the g = 3.18
component (Figure 2B), we speculated that investigating the
pH dependence of the reduction potentials of the two
components may shed light on their origins. The g = 3.18
and 3.34 components titrate with reduction potentials of +25
and —35 mV at pH 8.0, respectively (Figure 4A). The
integrated intensity of the spectrum encompassing both peaks
titrates with reduction potentials of +25 (25%) and —35 mV
(75%). When titrations are carried out at a range of pH values
between 6.0 and 9.0, the g = 3.18 and 3.34 components exhibit
dependencies of —59 and —40 mV pH™', respectively (Figure
4B). These observations suggest that the form of Narl giving
rise to the g = 3.18 peak has an ionizable group in the vicinity of
heme by, that is tightly coupled to the pH of the aqueous milieu
(reduction results in the uptake of one proton per electron),
whereas the g = 3.34 form is more weakly coupled.

Examination of redox-poised EPR spectra at either end of the
pH range in Figure 4C reveals that the g = 3.18 component is
favored under acidic conditions, collapsing to the g = 3.34
conformation at higher pH. The single integration of the entire
heme by EPR signal shows interconversion of the two forms
with no significant difference, with the pH 6 signal having an
area of 181 and the pH 9 signal, an area of 195. Heme by,
however, decreases in intensity upon alkalinization: 29 at pH 6
to 19 at pH 9. This is concomitant with an increase in the g =
2.94 component under more alkaline conditions.

B DISCUSSION

Although the two hemes of Narl have EPR spectra well-
resolved from each other, interpretation of the heme b, EPR
properties is complicated by the presence of components
appearing at g = 3.34 and 3.18 (Figure 2B). Furthermore, we
observed that these two components are dependent upon
growth conditions, the composition of the quinone pool, and
ambient pH (Figures 2 and 4). Membranes from cells grown at
high aeration exhibit more heme by, heterogeneity, and we
established that this can be attributed to multiple subpopula-
tions of NarGHI by recording EPR spectra of membrane
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Figure 4. Redox titrations and pH dependence of the components of
heme by,. (A) Redox titration at pH 8 of AcydB/pVA700 membranes.
The g = 3.18 titration (M) was fit with E,, s components of +25 (81%)
and —35 mV (15%). The g = 3.34 titration (#) was fit with a single
E, of =35 mV. Inverted triangles (W) represent the data obtained by
single integration of the heme by signal with baseline correction fit
with E, s components of —35 (75%) and +25 mV (25%) integrated
intensity values, and baseline subtraction was done with the software
Xepr. The single-component titrations were obtained by doing three-
point dropline subtraction at g = 3.81 and 3.0S. Fits are modeled with
the Nernst equation scaled for average maximum intensity and with an
electron stoichiometry of n = 1. The EPR spectra for the titration were
obtained at 12 K and 4 mW (17 dB) MWP. (B) Reduction potential
pH dependence of heme by, for the two heme by, components. The pH
dependence of the g = 3.18 component (M) is approximately —59 mV
pH ™!, whereas the g = 3.34 component (#) is approximately —40 mV
pH™". (C) Two spectra from a single membrane preparation split into
two redox titrations at pH 6.0 and 9.0 poised at +289 and +292 mV,
respectively. The increase in pH is concomitant with a decrease in the
g = 3.18 component and the g = 3.75 heme by, signal and an increase in
the g = 3.34 and the appearance of a g = 2.94. Using the software Xepr,
a fifth-order polynomial baseline correction and integration was
conducted on the signals. For g = 3.75, pH 6 = 29 and pH 9 = 19. For
g=33+g=3.18,pH6=195and pH 9 = 181. Forg=2.94,pH 6 =2
and pH 9 = 42. The EPR spectra were acquired at 4 mW (17 dB)
MWP 10 K.

samples lacking the two well-characterized E. coli quinol:oxygen
oxidoreductases that also contain low-spin b-type hemes
(Supporting Information Figure 1).

Recently, it has been proposed that the two components of
heme by arise from cardiolipin-bound versus cardiolipin-free
states, corresponding to the g = 3.18 and 3.34 peaks,
respectively.'* The cardiolipin headgroup binds to a region
within the complex where all three subunits converge and is
stabilized by the conserved residues NarG-Tyr9, NarG-Arg6,
NarH-Arg218, and Narl-Tyr28. Given that maturation of
NarGHI is highly coordinated and involves a redox enzyme
maturation protein (NarJ) and sequential insertion of its
prosthetic groups,'>*” it is unlikely that a significant proportion
of the mature enzyme would be assembled without the
structurally important cardiolipin. It is also unlikely that
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another anionic phospholipid (phosphatidylglycerol) binds in
its place because the S330 strain is defective in phosphatidyl-
glycerol and cardiolipin biosynthesis (pgsA null).'® In either
case, the protein structure indicates a fatty acyl chain of
cardiolipin is located within 4 A of His66. It has been proposed
that this interacts with and ensures the proper orientation of
His66 to ensure effective quinone binding.'* However, the
contact surface is small because the cardiolipin acyl chain lies
perpendicular to the His66 imidazole plane and would have a
weak van der Waals interaction with it at best. Critically, when
NarGHI is expressed in cells deficient in cardiolipin biosyn-
thesis, the EPR spectrum of heme b still shows a clear
heterogeneity, as seen in Figure 2A(v). As reported by us'' and
Arias-Cartin et al,'* the presence of increasing concentrations
of detergent clearly decreases the observed heterogeneity of the
heme by, EPR signal. Preparation in Thesit (Cp,Eg)'" and high
concentrations of dodecylmaltoside (DDM) collapse the g =
3.18 signal.14 However, it is known that detergent binding can
have effects on the structure and function of membrane
proteins.** ™ Furthermore, even at high concentrations of
DDM (0.15%), a 1:1 molar amount of cardiolipin was found to
remain bound to NarGH]I, likely the tightly bound cardiolipin
molecule implicated in modulating heme by, conformation.'*
So, interpretation of data obtained for detergent-solubilized
NarGHI is complicated at best and may result in physiologically
irrelevant results.

As an alternative explanation for the heme by, heterogeneity,
we focused on the role of Q-site occupancy and quinone
binding for several reasons. First, it has been previously shown
that the EPR spectrum of heme by, is exquisitely sensitive to the
binding of the Q-site inhibitors 2-n-heptyl 4-hydroxyquinoline-
N-oxide (HOQNO), pentachlorophenol (PCP), and stigma-
tellin.'®*' Herein, we show that binding of HOQNO collapses
the heterogeneity in the heme b, EPR signal (Figure 3).
Second, the heterogeneity is dependent upon growth
conditions (Figure 2A), as are the membrane concentrations
of menaquinone and ubiquinone.”***** Third, the extent of
heterogeneity is quinone-dependent, with the g = 3.18
component inversely correlated with the availability of UQ
and aerobicity of growth condtions (Figure 2B). Finally, we
observed that the heterogeneity is sensitive to Q-site variants of
Lys86 and Gly65 (Figure 3A). Collectively, these observations
clearly indicate a role for Q-site occupancy/structure in heme
bp heterogeneity.

The first possibility is that each component corresponds to
the binding of either of the two major types of quinone. This
would be logical given that the unique binding characteristics of
each inhibitor (HOQNO, PCP, or stigmatellin) elicit specific
shifts in position of the heme b, g,. However, because the two
components are present when either MQ_or UQ are present
(Figure 2B), the heterogeneity is not due to the binding of one
quinone versus the other. Therefore, these two components
may be due to alternative binding modes of quinones such as
has been proposed for E. coli succinate:quinone oxidoreductase
(SdhCDAB)™ or one component corresponds to a Q-site free
of quinone and the other to quinone-bound. We have
previously observed that binding of the Q-site inhibitor PCP
modulates the g, value of heme by, as well as the dihedral angle
observed in crystal structures,"" whereas HOQNO has an even
larger effect on the spectrum. The correlation between g, value
and bis-His coordination dihedral angle is well-documented,
with a larger, more strained g, value (more anisotropic)
resulting from a more perpendicular bis-His interplanar angle,
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and a more parallel, relaxed orientation giving a lower g, value
(less anisotropic).** Because NarGHI preferentially uses MQ,
which binds to it with a higher affinity over ubiquinone, and
better stabilizes menasemiquinone over ubisemiquinone, one
therefore expects the component corresponding to the
occupied Q-site conformation to correlate most closely with
the presence of MQ.""*** In the case where MQ is absent
(Figure 2B), we observe the most heterogeneity and greatest
contribution from the g = 3.18 component. When both MQ_
and UQ are present, the heterogeneity is reduced, and the g =
3.34 component becomes more prominent. Finally, when
ubiCA is knocked out, as in JCB4211, the MQ content was
found to be actually enhanced by 30% compared to wild-type E.
coli (MQUQ)* and consequently the heme heterogeneity is
at its lowest extent, with the g = 3.34 component being greatly
dominant. Therefore, we propose that the g = 3.34 component
is due to an occupied Q-site, especially by MQ, which
modulates the His66 coordination geometry of heme by, via a
previously characterized hydrogen bond.*”*® Ipso facto, the g =
3.18 component is due to a unoccupied Q-site conformation of
Narl. This is supported by experiments such as that depicted in
Figure 3B, wherein increasing concentrations of HOQNO
collapse the g = 3.18 component prior to the g = 3.34
component. The collapse of the g = 3.18 component occurs at
concentrations less than 2 yuM HOQNO (~1:35 mols of
HOQNO to NarGHI), whereas the shift in g = 3.34 to 3.50
begins occurring at about a molar ratio of 2:7, with complete
conversion accomplished with addition of excess HOQNO
(20:7). This is interpreted such that empty Q-sites are occupied
by the inhibitor prior to displacement of quinone from
occupied sites.

To probe the involvement of the Q-site in defining heme by
properties further, we looked at the effects of variants of the Q-
site residues Gly65 and Lys86. Gly6S is a highly conserved
residue in Narl and has a role in defining Q-site functionality."'
The G6SA variant retains substantial quinol:nitrate oxidor-
eductase activity and is able to support respiratory growth on
nitrate, whereas the K86A variant has diminished activity and is
unable to support growth (Table 1 and Supporting Information
Figure 2). The G6SA variant exhibits an EPR spectrum where
the g, values for the two components of the heme by, signal are
more divergent than in the wild-type enzyme (Figure 3A). The
g = 3.18 component exhibits a minor shift to g = 3.23; however,
the g = 3.34 component shifts to g = 3.52. In the presence of
HOQNO, the G6SA variant exhibits similar behavior to the
wild-type: diminution of the relaxed g = 3.23 component and a
shift of the g = 3.52 strained component to g = 3.53 with a
concomitant increase in intensity (Figure 3A). The K86A
variant has decreased quinol:nitrate oxidoreductase activity and
is unable to support anaerobic growth on nitrate (Table 1)."!
HOQNO elicits only a minor effect on the heme b, spectrum
in membrane samples, shifting it from g = 3.27 to g = 3.33
(Figure 3A), with no evidence of two components in the
unbound form. These observations suggest that the g = 3.27
feature of the K86A variant EPR spectrum is equivalent to the g
3.18 feature of the wild-type spectrum and reflects an
unoccupied Q-site. Overall, these observations support the
hypothesis that heme by heterogeneity is linked to Q-site
occupancy.

With heme b, demonstrating two subpopulations, it is likely
that these two conformations exhibit different redox properties,
as we have previously observed that HOQNO and stigmatellin
modulate heme by, reduction potential by AE, ; +100 and +30
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mV, respectively.'” Redox characterization (Figure 4A) of the
two components was carried out by expressing NarGHI in a
cytochrome bd-deficient strain to eliminate the interfering bssg
signal (see Supporting Information Figure 1). The free (g =
3.18) component titrates with an E, ¢ of +25 mV, whereas the
E,s of the occupied component at g = 3.34 is —35 mV. A
titration of the first integral heme by, signal can be fit with a
—35 mV component (75%) and a +25 mV component (25%).
Figure 4B shows that over the pH range tested the free
component consistently titrates at a higher potential than the
occupied state. The pH dependence calculated in the present
study for the occupied heme by, conformation of —40 mV pH™!
is within agreement of the previously reported value of =36 mV
pH™” and a redox-Bohr effect of —59 mV pH™' was
calculated for the free conformation. This difference between
the two conformations of Narl is likely due to the modulation
of His66 and/or heme by proprionate pK, upon quinone
binding. Quinone and quinone-analogue binding alters the
electrostatic environment of the heme and therefore is expected
to modulate heme reduction potential, which would explain the
different redox-Bohr effect that we observe for the two
conformations as well as the modulation of reduction potential
when quinol analogues are present. For example, the reduction
potentials of hemes and the protonation state of their
proprionates are known to be coupled, with reduced heme
having a higher pK, than oxidized heme. In the case of
cytochrome css,, the pK, shifts from 5.9 in the oxidized state to
7.0 in the reduced state,**° and for surfactant micelles of
hemin (diaquo heme b) in tetrahydrofuran, the heme
proprionates exhibit a pK, of 6.5 in the ferric form and 7.5 in
the ferrous form.> We also observe a pH dependence for the
heterogeneity: Figure 4C shows that the g = 3.18 form is
favored at low pH, whereas a high pH collapses this component
to the g = 3.34 conformation. Therefore, the Q-site occupied
conformation seems to be favored at high pH, and the free
conformation, at low pH. This pH dependence of stabilization
of the two conformations may be tied to the heme proprionates
themselves or the Lys86 residue, as its mutation to an alanine
results in only a single conformer being favored at pH 8 (Figure
3A). Because of the structural flexibility and chemical nature of
lysine, Lys86 plays a role in stabilizing two apparent
conformations of Narl. In the wild-type/G6SA enzyme, these
two conformations correspond to quinone-bound (g = 3.33/
3.52) and quinone-free (g = 3.18/3.23) Narl. Therefore, the
binding of quinones and Q-site inhibitors to Narl modulates
the electrochemical (E,, and pK,) and g, value of heme by, in a
Lys86-dependent manner. The exact role of Lys86 and quinol
binding/oxidation is still a very active area of investigation in
the field.

In conclusion, we have observed that the heterogeneity
exhibited in EPR signals of heme by, of E. coli nitrate reductase
A is dependent upon growth conditions. Heterogeneity does
not arise from effects of cardiolipin binding, but it most
probably arises from differences in Q-site occupancy, where
these differences can modulate heme by EPR signal position,
reduction potential, and pH dependence of reduction potential.
Our work indicates that careful analysis of redox titrations of
NarGHI should be done in membranes prepared from cells
grown very microaerobically and preferably in a cytochrome bd
deletion strain.
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