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Results: CymA uses menaquinone-7 as a cofactor.

rium with the quinone pool.

might not be the site of quinone conversion.
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(Background: CymaA is the central menaquinol-7 dehydrogenase in anaerobic respiration of Shewanella sp.
Conclusion: CymA has one cofactor site that is specific for menaquinone-7 and one low affinity Q/QH, site that is in equilib-

Significance: The function of quinones needs to be reevaluated and crystallographically determined quinone binding pockets
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Little is known about enzymatic quinone-quinol interconver-
sions in the lipid membrane when compared with our knowl-
edge of substrate transformations by globular enzymes. Here,
the smallest example of a quinol dehydrogenase in nature,
CymA, has been studied. CymA is a monotopic membrane tet-
raheme c-type cytochrome belonging to the NapC/NirT family
and central to anaerobic respiration in Shewanella sp. Using
protein-film electrochemistry, it is shown that vesicle-bound
menaquinone-7 is not only a substrate for this enzyme but is also
required as a cofactor when converting other quinones. Here, we
propose that the high concentration of quinones in the mem-
brane negates the evolutionary pressure to create a high affinity
active site. However, the instability and reactivity of reaction
intermediate, semiquinone, might require a cofactor that func-
tions to minimize damaging side reactions.

Oxidoreductases that convert membrane-bound quinones
play a key part in the metabolism of archaea, bacteria, and
eukaryotes. Quinone oxidoreductases are involved in the elec-
tron transport chains of both oxidative phosphorylation and
photosynthesis, where they catalyze the two-electron, two-pro-
ton conversion to drive the generation of transmembrane pro-
ton (ApH) and electrical gradients (AW). Generally, quinones
are known as lipophilic electron and proton shuttles, but qui-
nones may also function as cofactors. For instance, it is well
known that the quinone in the Q, site of the photosynthetic
reaction center is a tightly bound cofactor and functions to
transfer electrons on their way to reduce the quinone in the Qg
site (1, 2). In an ubiquinol oxidase from Escherichia coli, cyto-
chrome bog, a ubiquinone in the high affinity site, Q,;, also acts
as a tightly bound cofactor (3, 4). The Q; site accepts electrons
from a ubiquinol at a low affinity site, Q;, where the ubiquinone

* Author’s Choice—Final version full access.

" Funded by the UK Biotechnology and Biological Sciences Research Council
and the Engineering and Physical Science Research Council (BB/G009228).

2 To whom correspondence should be addressed: Institute of Membrane and
Systems Biology, University of Leeds, Leeds, LS2 9JT, UK. Tel.: 44-113-34-
33829; E-mail: L.J.C.Jeuken@leeds.ac.uk.

APRIL 20, 2012+VOLUME 287+NUMBER 17

is thought to rapidly exchange with the quinone pool in the
membrane. Like the Qy in photosynthetic reaction centers, the
Q) site is seen to be the active site of cytochrome bo,. Although
the Qy; is well characterized by spectroscopy and mutagenesis
(e.g. (5)), the exact location of the Q, -site remains elusive. No
ubiquinone was found in the crystal structure, but close inspec-
tion of the structure revealed a possible quinone binding site
with the properties expected for the Qy site (6). Mutagenesis
studies confirmed the proposed amino acid residues (Arg-71,
Asp-75, His-98, GIn-101) did indeed form the Q,; binding
pocket (6, 7). Still, no structural features were found consistent
with the presence of a Q; site, leading the crystallographers to
speculate that there is either no Q, site or that the Q, siteis only
formed after a ubiquinone is bound to the Qy; site (6).

In cytochrome bc;, two ubiquinones have been shown to
bind in a single quinone binding site (Q,) (8 —12). The binding
of both quinones seems to be cooperative as the binding affinity
of both quinones is almost equally disrupted by mutagenesis of
nearby residues or by binding of competitive inhibitors (8 —12).
Cytochrome bc, operates via a unique Q cycle, which involves
coupling of proton and electron transfers of ubiquinones at
catalytic sites at opposite sides of the membrane (at the Q_ and
Q; sites). Proposals have been put forward that cytochrome bc,
binds multiple ubiquinones at the Q, site as a mechanism to
prevent semiquinone-mediated short-circuiting, which would
result in energy loss (for review, see Ref. 13). Similar to the case
of cytochrome bo, crystallography has been unable to detect
any ubiquinone at the Q, site, and it remains unclear how two
ubiquinones can bind at this site. Structures with inhibitors at
the Q, site show only one inhibitor bound at a time, although
distinct binding loci are found for the inhibitors stigmatellin
and myxothiazol (13).

Here, we describe enzymatic studies of a relatively simple
quinone converting enzyme, CymA, belonging to the NapC/
NirT superfamily. In contrast to most other quinone oxi-
doreductases, members of this family are monotopic mem-
brane proteins with one globular head domain facing the
periplasm in Gram-negative bacteria. CymA is found in the
inner membrane of the +y-proteobacterium Shewanella one-
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FIGURE 1.Schematic of the role of CymA in S. oneidensis MR-1 anaerobicrespiration. Inner membrane-bound dehydrogenases pass electrons through the
lipophilic menaquinone pool to CymA where they are passed to four functionally distinct periplasmic reductases. CymA also plays the key role in shuttling
electrons to terminal electron acceptors outside the cell though either outer-membrane-associated heme proteins directly such as DmsE or MtrA or via small

tetraheme cytochrome (STC) as a periplasmic shuttle (46).

idensis MR-1, which is a facultative anaerobe and an important
model organism for bioreactor, bioengineering, and bioreme-
diation studies (14 —18). Shewanella sp. are bestowed with a
remarkably diverse multicomponent and branched electron trans-
port chain (19-24). This respiratory plasticity allows S. oneidensis
MR-1 to link proton translocation to the reduction of a wide vari-
ety of electron acceptors such as O,, fumarate, nitrate, arsenate,
dimethyl sulfoxide, trimethylamine oxide, Fe(III), Mn(IV), Cr(VI),
and V(V) oxides, and various forms of other carbonaceous and
sulfur-based compounds (25-31). CymA plays a central role in
this multibranched respiratory chain where it couples the oxida-
tion of menaquinone-7 (MK-7) to a number of multi-heme cyto-
chromes (19, 32-34), terminal reductases (35—38), and soluble
extracellular electron carriers (21, 24, 39) (Fig. 1).

The only structure solved of the NapC/NirT family is NrfH
(40, 41). Interestingly, NrfH has only been co-crystallized with
NrfA, where NrfA contributes an axial ligand in the form of a
lysine residue to one for the four heme groups. As far as we are
aware, experiments to assess quinol oxidation by CymA have
only been performed in the presence of redox partner proteins
such as the periplasmic fumarate reductase Fcc, (37, 38) or by
chemical means (42), whereas characterization of the catalytic
activity of the NapC/NirT superfamily has been restricted to
intact cell studies, assays with membrane extracts, or soluble
truncated mutants (23, 43—45). Recent characterization of
CymA by electronic absorbance, magnetic circular dichroism,
and electron paramagnetic resonance spectroscopy identifies
three low-spin bishistidine coordinated hemes and one
high-spin heme with His/H,O coordination.” Binding the

3 Marritt, S. J., Lowe, T. G,, Bye, J.,, McMillan, D. G. G,, Shi, L., Fredrickson, J.,
Zaccharac, J., Richardson, D. J., Cheesman, M. R,, Jeuken, L. J. C., and Butt,
J.N. (2012) A functional description of CymA, the keystone for anaerobic
respiratory flexibility in Shewanella. Biochem. J., DOI: 10.1042/BJ20120197.
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menaquinol analog, 2-heptyl-4-quinolinol-N-oxide (HQNO),*
to CymA identifies the high-spin heme as adjacent to the quinol
binding site. The aim of this study was to characterize the
enzyme kinetics and substrate specificity of this critical respi-
ratory hub in Shewanella. We isolated full-length recombinant
CymA expressed in S. oneidensis MR-1 and immobilized the
enzyme on a gold electrode modified with a self-assembled
monolayer. Protein-film electrochemistry was used to investi-
gate menaquinone-7 (MQ-7) interactions with CymA in a lipo-
philic environment (Fig. 2), revealing that in this relatively small
enzyme, menaquinone-7, is required as a cofactor.

MATERIALS AND METHODS

Specialist Treatments of Chemicals—All solvents were HPLC
grade (Fisher) and were used as received. MQ-7 (Wako) and
ubiquinone-10 (UQ-10, Sigma) stock solutions were prepared
at concentrations of 1 mg/ml in chloroform. Menadione
(MQ-0, Sigma) was prepared as a stock at 4 mg/ml in 75:25
propanol:H,O and diluted 1:10 in 20 mm MOPS, 30 mMm
Na,SO, (pH 7.4) for use in electrochemical procedures. HQNO
was purchased from Alexis Biochemicals, and a stock solution
of 50 mm was prepared in chloroform. 1-Palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC; Avanti Polar Lipids, Inc.,
Alabaster, AL) was aliquoted to 5 mg and dried under an N,
stream before storage under an N, atmosphere at —20 °C.

Expression and Purification of CymA—The cymA (locus tag
SO4591) gene of S. oneidensis MR-1 (MR-1) was cloned accord-
ing to a protocol described previously (47, 48). MR-1 cultures

“The abbreviations used are: HQNO, 2-heptyl-4-quinolinol-N-oxide; MQ,
menaquinone; UQ, ubiquinone; SAM, self-assembled monolayer; 8-OH,
8-mercaptooctanol; QCM-D, quartz crystal microbalance with dissipation;
CV, cyclic voltammetry; DDM, n-dodecyl B-p-maltoside; POPC, 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine; TSG, template stripped gold.
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FIGURE 2. Schematics show a space-filling model of NrfH, a homologue of CymA, immobilized on a self-assembled monolayer-modified template-stripped
ultra-flat gold electrode with menadione (MQ-0) in the solvent phase (A) and menaquinone-7 POPC vesicle with MQ-7 in the lipid-phase (B). The SAM is shown
as blue bars, the CymA polypeptide is in white (globular head domain) or green (lipophilic tail domain), and the prosthetic heme groups is in red. C-F, structures
of potential substrates and inhibitors of CymA used in this study are MQ-7 (C), MQ-0 (D), UQ-10 (E), and HQNO (F).

were grown microaerobically, and membranous CymA was iso-
lated as described elsewhere.® Full-length recombinant CymA
was confirmed by mass spectrometry, N-terminal, sequencing,
and immunoblotting. SDS-PAGE analysis identified ~90%
pure hemoprotein with a band at 24 kDa. Electronic absorption
spectroscopy characterized a typical c-type cytochrome
(A7 am/Aszs nm = 4) consistent with four inserted hemes per
protein monomer. Protein concentrations were determined
using a bicinchoninic acid (BCA) protein assay kit (Sigma) with
bovine serum albumin as the standard.

Solvent Phase Extraction of Quinones and HPLC—Quinones
were isolated from CymA samples by solvent extraction (twice)
with aqueous methanol:acetone (50/50 v/v) and petroleum
ether (60/40 v/v) as described in previously (43). 0.5 ml of pro-
tein sample, typically 0.1-0.5 uM concentration, was stirred
with 3 ml of acetone/methanol for 30 min then stirred with 1 ml
of petroleum ether for 1 min and allowed to stand. The petro-
leum ether layer was pipetted off and evaporated under nitro-
gen gas. Quinone extracts were resuspended in 100 ul of etha-
nol/methanol (50/50 v/v). Identification and concentrations of
MQ-7 were determined by high performance liquid chroma-
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tography analysis using a JASCO HPLC system with a Phe-
nomenex reverse phase C18 (5 wm) column (dimensions 150 X
4.6 mm) with ethanol/methanol (50/50 v/v) as the mobile phase
at 0.3 or 0.5 ml/min (49). Elution profiles were monitored by
electronic absorbance (JASCO UV-visible multiwavelength
detector) at 248, 270, and 290 nm to distinguish menaquinones
(peak maxima at 248 and 270 nm) and ubiquinones (290-nm
peak maximum). Concentrations of menaquinone-7 (Wako)
standard samples were determined using an extinction coeffi-
cient €,,5 .., = 18.9 (mMm ™~ 'cm ™ !). Menaquinone-7 eluted at 18
min retention time (0.5 ml/min).

Vesicle Preparation—MQ-7, UQ-10, and HQNO were recon-
stituted into dried POPC lipids (Avanti) using a 50:50 chloroform/
methanol mixture before being dried under a stream of nitrogen.
The resulting film was resuspended by vortexing in 20 mm MOPS,
30 mm Na,SO, (pH 7.4) to a concentration of 5 mg/ml. A homog-
enous vesicle solution was prepared by extrusion through a
200-nm nucleopore track-etched polycarbonate membrane
(Whatman) using a mini-extruder (Avanti) at 20 °C.

Reconstitution of CymA—On the day of reconstitution, dried
POPC lipids containing quinone were prepared by vortexing in

JOURNAL OF BIOLOGICAL CHEMISTRY 14217



Menaquinone-7 Is Cofactor in CymA

20 mm MOPS, 30 mm Na,SO,, (pH 7.4) to a concentration of 20
mg/ml. CymA was introduced into POPC liposomes by the
method based on that of Carter and Gennis (50). Lipid vesicles,
octylglucoside (OG), and CymA were mixed by inversion to
final concentrations of 16.4 mg/ml lipid, 45 mm OG, and 0.16
mg/ml CymA. After 15 min of incubation on ice, the lipid/
protein mixture was rapidly diluted 200-fold with 20 mm
MOPS, 30 mMm Na,SO, (pH 7.4) pre-cooled to 4 °C, and centri-
fuged at 142,000 X g for 1 h to pellet the proteoliposomes. The
proteoliposomes were resuspended in the same volume of fresh
cold 20 mm MOPS, 30 mMm Na,SO,, (pH 7.4) and centrifuged at
142,000 X g for 1 h to pellet the proteoliposomes. Proteolipo-
somes were resuspended in 1 ml of 20 mm MOPS, 30 mm
Na,SO, (pH 7.4) and extruded through a 200-nm track-etched
polycarbonate membrane using a mini-extruder (Avanti) to
ensure unilamellar homogeneous vesicles.

Electrode Preparation and Modification—Routinely, experi-
ments were carried out with ultra-flat template stripped gold
(TSG) working electrodes prepared as described previously
(51). 150 nm of 99.99% gold (Goodfellows) was evaporated on
cleaned silicon wafers using an Edwards Auto 306 evaporator at
<1-2 X 10~ ® mbar. Cleaned 1.2-cm? glass slides were glued to
the gold layer with Epo-Tek 377 and cured for 2 h at 120 °C.
Before use the glass slides were detached from the silicon wafers
to expose the TSG surface. Self-assembled monolayers (SAMs)
were prepared by incubating the TSG electrode with 1 mm con-
centrations of pure or mixed thiols: 8-mercaptooctanol (8-OH,
Sigma), 8-amino-1-octanethiol (NBS Biologicals), 1-octane-
thiol (Sigma), or 8-mercaptooctanoic acid (Sigma) for 12 h.
After incubation the excess thiol was gently washed away with
isopropyl alcohol and methanol; the electrodes were then dried
in a stream of N, and incubated with 0.1 um CymA (monomer
concentration) for 20 min. After this the enzyme-modified
electrode was 3 X rinsed with water/buffer and used in the elec-
trochemistry experiments, taking care the electrodes remained
immersed in water/buffer at all times. MQ was routinely
removed from the immobilized sample by washing the enzyme-
modified electrode five times with 0.01% n-dodecyl B-D-malto-
side (DDM; w/v) in buffer followed by rinsing three times with
water/buffer to remove any residual detergent.

Cyclic Voltammetry (CV) and Electrochemical Impedance
Spectroscopy— A bespoke glass spectroelectrochemical cell was
used with a standard three-electrode setup (52). Typically, an
ultra-flat TSG working electrode was embedded in a polytetra-
fluoroethylene (PTFE) holder with a rubber O-ring seal (A =
0.2 cm?); a platinum wire counter electrode and a saturated
silver/silver chloride electrode (Ag/AgCl) completed the circuit
in the buffer volume. All potentials are given versus the stan-
dard hydrogen electrode (SHE). Routinely, experiments were
conducted in a 20 mm MOPS, 30 mm Na,SO, (pH 7.4), buffer;
however, for pH variation experiments, 20 mm MOPS was
replaced by 6.7 mm MOPS, 6.7 mm MES, 6.7 mMm Tris/HCI. The
cell was used in a steel mesh Faraday cage to minimize electrical
noise, and all experiments were conducted inside an N, filled
glovebox (MBraun MB 150 B-G) where the O, levels were <1
ppm. All solutions were purged with N, for 1 h and stored in the
glovebox at least 24 h before use. Electrochemical measure-
ments were recorded at 21 °C using an Autolab electrochemical

14218 JOURNAL OF BIOLOGICAL CHEMISTRY

analyzer with a PGSTAT30 potentiostat, SCANGEN and
ADC750 modules, and FRA2 frequency analyzer (Ecochemie).
To control SAM quality before electrode modification with
CymA, electrochemical impedance spectroscopy impedance
spectra were recorded on each SAM electrode before the addi-
tion of protein. Analog CVs were routinely recorded at a scan
rate of 10 mV/s on SAMs and enzyme-modified electrodes
before and after the addition of the substrate (MQ-7 and UQ-10
in 200 nm POPC vesicles, MQ-0 in 7.5% n-propyl alcohol,
92.5% 20 mm MOPS, 30 mm Na,SO, (pH 7.4) (v/v)). Unless
indicated otherwise, in all experiments using vesicles, non-di-
rectly associated vesicles were washed out after 30 min of incu-
bation. Cyclic voltammetry experiments were routinely carried
out by holding the potential at 0.3 V for 5 s before cycling at a
scan rate of 10 mV/s in the potential window from 0.3 V to —0.6
mV (versus Ag/AgCl). The electroactive coverage of the enzyme
was determined using the area of the base-line-subtracted signals
from CVs measured at a scan rate (v) of 10 mV/s of CymA on
8-OH modified gold in the absence of MQ-7 after washing with
0.01% DDM (w/v). The base line was subtracted using SOAS soft-
ware, available from Dr. C. Léger (53), and the coverage was calcu-
lated with area/v = nFAT’, in which A is the surface area of the
electrode, I is the enzyme coverage, Fis the Faraday constant, and
n is the number of electrons per CymA (1 = 4).

Cyclic Voltammetry in Quartz Crystal Microbalance with
Dissipation (QCM-D)—CV/QCM-D experiments were con-
ducted with a Q-sense electrochemistry module (QEM 401)
and a Ag/AgCl DRIREF-2SH electrode using a Q-Sense E4
(Q-Sense AB). Experiments were performed using gold sensor
crystals at 22 °C, with the flow rate held at 70 pl/min before
conducting procedures, and gold-modified QCM-D crystals
were cleaned by bath-sonicating them with MilliQ water (30
min), 0.4% SDS (w/v) detergent (20 min), and again MilliQ
water (20 min). After that, gold-covered crystals were treated
for 20 min with UV/ozone (UV/ozone cleaning system, low
pressure quartz-mercury vapor lamp emitting 254 and 185 nm
UV) followed by 40 min of incubation in ethanol in a Soxlet
extractor to reduce the gold oxides formed by the UV/ozone
cleaning process. Immediately after reduction, the crystals were
transferred into 1 mwm thiol solutions and incubated for 16 h (as
described previously). On graphs, changes in the dissipation
(AD) and frequency (Af) of the 7th overtone are presented,
whereas 3rd, 5th, 9th, 11th, and 13th overtones were also
recorded. The cumulative data were used during the modeling
of viscoelastic properties of the adsorbed proteins. Modeling
was performed using QTools 2 Qsense software under the
assumptions of the Sauerbrey equation.

RESULTS

For interfacial electron transfer, electronic coupling between
the electrode and the enzyme redox center is essential. Cou-
pling depends on the orientation of the adsorbed protein on the
electrode surface (54, 55), which in turn depends on several
factors such as surface chemistry and topology of the electrode
(54-56), pH, ionic strength, and viscosity of the buffer solution
(57). Here, SAMs were used to control the physiochemical
properties of a gold electrode. By changing the surface coverage
of various thiol compounds, hydrophilicity (8-OH), hydropho-
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FIGURE 3. QCM-D results of a 8-OH- modified gold surface in buffer (20
mm MOPS, 30 mm Na,SO, (pH 7.4)), plotting (black line, left axis) fre-
quency and (gray line, right axis) dissipation against time. Time points
(T1-7) of modifications to the procedure are indicated by arrows: T1, 0.1 um
CymaA in buffer; T2, 0.01% DDM (w/v) in buffer; T3, buffer only. At T4, T5, T6,
and T7, cyclic voltammograms (0.1 to —0.4 V versus SHE) were performed in
bufferat 1, 10, 100, and 1000 mV/s, respectively. The plot shown is represent-
ative of triplicate experiments.

bicity (1-octanethiol), and charge (8-mercaptooctanoic acid
and 8-amino-1-octanethiol) were varied systematically on the
electrode. The SAM layer composition was found to be crucial,
and CymA electrochemistry was only detected on pure 8-OH
or mixtures of 8-OH and 8-amino-1-octanethiol (up to 20%
8-amino-1-octanethiol in the thiol solution used to prepare the
SAMs). The remainder of the work was carried out with SAMs
of pure 8-OH as this was easiest to prepare.

Quartz-Crystal Microbalance—Using an electrochemical
cell, QCM-D measured was combined with CV to examine the
mass and viscoelastic properties of the adsorbed CymA under
the electrochemical conditions described below. Immobiliza-
tion of CymA (0.1 um) was almost instantaneous, as manifested
by the sharp drop in frequency to —15 Hz (Fig. 3). The fre-
quency and dissipation remained constant irrespective of the
addition of more CymA or removal of non-associated CymA
from solution. Furthermore, the frequency and dissipation did
not change significantly when conducting cyclic voltammetry,
indicating that the CymA is not influenced by the application of
electric fields within the potential window used in this work.
The lack of significant changes in dissipation enables the use of
the Sauerbrey equation to calculate the mass of the CymA film.
A total protein mass of 0.24 ug/cm? equates to ~12 pmol/cm?
of CymA monomers when taking into account that 30% of the
adsorbed mass is due to water associated with the protein film
(58). Taking the geometric size of NrfH (40), a close homologue
of CymA, this coverage is consistent with a close-packed mono-
layer of CymA on the electrode surface.

Non-catalytic Cyclic Voltammetry—Contrary to expecta-
tions, cyclic voltammograms of CymA resembled a diffusion-
controlled reductive wave independent on the presence of
CymA in the electrolyte (dotted line, Fig. 4A). The current of the
reduction wave decreased with successive scans (dot-dashed
line, Fig. 4A), but clear non-turnover oxidation and reduction
signals, like those previously reported for truncated mutants of
CymA for which the N-terminal membrane-anchoring was
removed (59), were never observed. We note again that
QCM-D indicates that a stable monolayer of CymA is present
on the electrode under these conditions. This suggests that the
diffusion-controlled behavior is due to a small electroactive
compound that co-purifies with CymA and co-immobilizes in
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the protein film. Solvent-phase extraction of the CymA fol-
lowed by analysis with HPLC and electronic absorption spec-
troscopy revealed the presence of quinones with MQ-7 as the
major component (Fig. 4E). The ratio MQ-7 to CymA was
found to be ~4 for the sample used to obtain Fig. 44, although
it was observed that this ratio varied between protein samples.
We further note that the ratio on the electrode surface might
not necessarily agree with the ratio in the protein sample, as
either CymA or MQ-7 might preferentially adsorb in the
electrode.

As quinones could clearly contribute to the voltammetry by
direct reaction at the electrode or with their redox transforma-
tion catalyzed by CymA, the sample of CymA was subject to an
DDM wash while bound to DEAE-Sepharose. This procedure
produced only minor perturbation of the electronic absor-
bance, magnetic circular dichroism, and electronic paramag-
netic resonance spectra of CymA, indicating that this extra step
did not drastically alter the heme environment. When this
washed material was adsorbed on the electrode, the magnitude of
the reductive wave is much reduced (for equal coverage of CymA
on electrode) and there is evidence of discrete peaks for oxidation
and reduction of CymA, i.e. non-turnover signals (Fig. 4B).

Further separation of CymA from co-purified materials was
achieved by taking advantage of the high affinity of CymA for
the gold electrode and high stability of the protein film. After
five successive washes with 0.01% DDM (w/v) in situ, cyclic
voltammograms of CymA films show non-turnover redox sig-
nals with peak maxima at —0.20 and —0.23 V versus SHE, indi-
cating that it is possible to remove the co-purified quinones
from CymA (solid line, Fig. 4A). QCM-D confirmed that the
0.01% DDM (w/v) washing procedure does not perturb the
CymA film (Fig. 3). We refer to this DDM-washed CymA film
as apoCymA. The area under the reduction peaks indicates a
CymA coverage of 3—4 pmol/cm” (assuming 4 electrons per
monomer). It is difficult to unambiguously determine the
reduction potential of the four heme groups in CymA, as they
are unresolved in the broad redox peaks. Although multiple
models can likely account for the observed redox peaks, the base-
line-subtracted redox peaks can be adequately modeled using the
four reduction potentials determined spectroelectrochemically
(=110, —190, —240, and —265 mV versus SHE; Fig. 4D).> This
suggests that the CymA structure or the heme environments are
not strongly perturbed by the immobilization procedures.

CVs of apoCymA up to 1000 V/s indicate that the interfacial
electron-transfer rate is fast and not rate-limiting to catalysis.
To characterize the interfacial electron-transfer kinetics fur-
ther, peak potentials, £, .q and E,, ., were plotted against scan
rate on a logarithmic scale to construct a trumpet plot (Fig. 54).
Analysis of the trumpet plot according to Hirst and Armstrong
(60) is used to determine an interfacial electron-transfer rate at
zero over-potential (k,) of 1.5 X 10 s~ *. This analysis assumes
that the four hemes of CymA independently interact with the
electrode. Although this assumption is likely to be incorrect,
the high electron-transfer rate clearly illustrates that the reduc-
tion and oxidation kinetics of all four hemes is fast. Finally,
CymA redox signals are moderately dependent on the pH of the
aqueous phase (Fig. 5B).

P,0X’
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FIGURE 4. CVs of 8-OH-modified TSG electrode before (blank) and after formation of a CymA film. All CVs were recorded in 20 mm MOPS, 30 mm Na,SO,
buffer (pH 7.4) ata 10 mV/s scan rate. A, CVs for as-isolated CymA are shown. The dotted and dash-dotted lines show the first and fifth scans of the same protein
film (CVs were measured consecutively) compared with the blank (dashed line) and apoCymA redox peaks (solid line). See “Results” for more details and
formation of the apoCymaA film. B, CV of an as-isolated CymA sample after a DDM washing procedure on DEAE-Sepharose was included in the purification; see
(solid line) compared to the blank (dashed line). See “Results” for more information on the preparation of the CymA sample. C, CV of immobilized apoCymA film
is shown. Consecutive scans of CymA show redox peaks (solid and dash-dotted lines) compared with the blank (dashed line). D, base-line-subtracted CymA redox
peaks (gray line, data taken from C) are compared with modeled data based on known reduction potentials of the four hemes; see “Results” for more
information. The contribution of each heme is shown separately (dotted and dashed lines); the sum of these currents is shown as a solid black line. The modeling
indicates electroactive CymA coverage of 3.3 pmol/cm?. E, representative HPLC analysis of solvent phase extract from purified CymA is shown. Menaquinone
is characterized by absorption at 248 and 270 nm with little absorption at 290 nm. Identification of MQ-7 is by comparison to a standard. The peak at a retention

time of 10.5 min is suggested to be UQ-7-based on comparison with literature and the fact that Shewanella sp. uses UQ-7 under aerobic growth.

Catalytic Cyclic Voltammetry— After the removal of the co-
purified quinones from the CymaA film on the electrode, creat-
ing an apoCymaA film, catalytic properties were examined for
the native lipophilic MQ-7 substrate. When 1 mg/ml of POPC
vesicles containing 0.5% MQ-7 (w/w) were introduced to the
electrolyte, diffusion-controlled reductive waves were observed
(Fig. 6A). This signal can be blocked by inhibitors (see below),
confirming the MQ-7 reduction is catalyzed by CymA. When
the flux of vesicles toward the surface is increased by stirring the
electrolyte in the electrochemical cell (see Ref. 52 for details of
the electrochemical cell), the diffusion-limited behavior is
transformed to a typical catalytic wave, confirming that MQ-7
reduction is diffusion-limited in the experiment without stir-
ring. Either with or without stirring, it is striking that no MQ-7
oxidation is observed. Control experiments without CymA
show that MQ-7-containing vesicles strongly adsorb on 8-OH-
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modified surfaces, giving rise to very small redox signals (Fig.
6B) that are invisible in the current scale used in Fig. 6A.
These results suggest that POPC vesicles only loosely associ-
ate with CymA immobilized on the surface or that CymA-at-
tached vesicles can easily be dislodged by other vesicles in
the surroundings. Other explanations, like electron transfer
between MQ-7 from different vesicles or diffusion limitation of
MQ-7 within adsorbed vesicles, are unlikely because the con-
trol experiments (without CymA) do not show diffusion-con-
trolled electrochemistry. It is possible that immobilized CymA
on the surface is not able to reconstitute properly in a lipid
membrane (i.e. insert its transmembrane a-helix into the lipid
bilayer), resulting in a weaker and reversible interaction with
the vesicles. However, when 8-OH-modified electrodes (with-
out CymA) were incubated with CymA-reconstituted POPC/
MQ-7 vesicles, the same pattern of diffusion-controlled reduc-
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FIGURE 5. A, shown are experimental, £, .4 (open circles) and E,, ., (closed
circles) and fitted (line) peak positions as a function of scan rate in a 20 mm
MOPS, 30 mm Na, SO, buffer (pH 7. 4) of CymA 8-MO-modified TSG gold elec-
trode. £, .4 and E, ,, were fitted using the software Jellyfit, freely available
from L. J. C. Jeuken (k, is 1.5 X 10® s~ ). A constant peak separation of 28 mV
and a slope of 12 mV/log(scan rate) was added to the fit. B, peak potentials,
E, req (Open circles) and E, ., (closed circles), as a function of pH in a mixed 20
mm MES/MOPS/Tris, 30 mm Na,SO,, buffer for CymA immobilized on an 8-MO
modified TSG gold electrode are shown. The values reported are the means of
duplicate determinations, and the error associated with these values is less
than 5%.

tion was observed, indicating that even if the CymA is properly
inserted in the lipid vesicle, the interaction with lipid vesicle is
weak. Whether the CymA-vesicle interaction is weakened by
the electrode-CymA interaction is unclear at present.

To further investigate this effect, excess vesicles not directly
associated with the CymA film were removed from the electro-
lyte by rinsing the cell with buffer solution. As before, cyclic
voltammetry indicates diffusion-controlled MQ-7 reduction,
although the catalytic currents are less than with MQ-7-con-
taining vesicles in solution (Fig. 6B). The current of the reduc-
tion wave decreases with successive scans. This suggests that
even though the lipid vesicles only loosely bind to the CymA
film and can be replaced by other vesicles in solutions, a vesicle
multilayer remains present on the CymA electrode after rinsing
with buffer. We note that rinsing the CymA film with 0.01%
DDM (w/v) returns the CV to the non-catalytic redox signals
observed for the apoCymA film. Control experiments without
CymA show that the vesicles bind strongly to the 8-OH-modi-
fied surface and are not removed when the electrolyte is
exchanged with buffer (Fig. 6B). As for the control experiments
where vesicles remain in solution, the redox signals do not display
any diffusion-like limitations, and the direct electrochemical oxi-
dation of the signals can be observed at ~0.1 V versus SHE.

Examination of apoCymA with increasing amounts of MQ-7
in POPC vesicles revealed a Michaelis-Menten-like profile of
MQ-7 reduction with an apparent K,, ~ 0.2% MQ-7 (w/w) in
POPC vesicles (w/w) (Fig. 6C).
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Many quinone oxidoreductases are specifically inhibited by
HQNO (Fig. 2F), and in vivo studies have shown that HQNO is
also an inhibitor for CymA (29, 61). Examination of an apo-
CymA film with increasing amounts of HQNO in the presence
of 1.0% MQ-7 (w/w) revealed a typical inhibitory effect on the
magnitude of the reductive wave as HQNO concentration
increased. This yielded an apparent K; of 0.8 um (Fig. 6D); dis-
sociation constants of similar value have been measured for
CymA using fluorescence-quench titrations on membrane
extracts (45) and on purified enzyme.?

The true specificity of quinone oxidoreductases is difficult to
discern in classical enzyme assays either due to the insolubility
of the native substrate or due to the inability of native substrate
to be removed from the enzyme without altering enzyme struc-
ture. Here, removing the co-purified quinones does not perturb
the structure of CymA, as activity is restored upon the addition
of MQ-7. This provides an opportunity to examine true sub-
strate specificity of this class of enzyme. Substrate specificity
was examined in the presence of menadione, a soluble analog of
MQ-7 that lacks the isoprenoid chain, and ubiquinone-10
(MQ-0 and UQ-10, respectively; Fig. 2, D and E). Examination
of activity with MQ-0 can identify potential function of the
isoprenoid chain with regard to guiding substrate into a semi-
hydrophobic pocket. Moreover, ubiquinone is structurally dif-
ferent in the head group from menaquinone, having a quinone
head group instead of a napthoquinone (Fig. 2, E and C, respec-
tively). Due to their hydrophilic nature, MQ-0 was added
directly in solution (from an n-propyl alcohol stock), whereas
UQ-10 was added in POPC vesicles as described for MQ-7.
Regardless of concentration, MQ-0 and UQ-10 both failed to
stimulate any catalytic turnover with apoCymA film (Fig. 7, A
and C). Nonspecific, non-catalytic MQ-0 redox peaks can be
seen in Fig. 7A. These MQ-0 signals are also observed in control
experiments without CymA and appear superimposed on the
CV of apoCymA, having no effect on the reduction potential of
CymaA (Fig. 7A). We note that HQNO, which is known to access
the active site of CymA, does not induce an observable change
in the redox signals of CymA. UQ-10 presented in vesicles also
had no effect on catalysis (Fig. 7C). In contrast to MQ-0, vesicles
containing UQ-10 are physically too large to access the elec-
trode, which is shielded by a CymA monolayer, so no back-
ground ubiquinone redox signals are detected in the CV.

Remarkably, when MQ-0 or UQ-10 is supplied to CymA films
for which the tightly bound MQ-7 has not been removed by an in
situ DDM wash, catalytic signals were observed (Fig. 7, B and D).
For these experiments the CymA samples were used for which
most of the co-purified quinone was removed by a DDM wash on
the DEAE-Sepharose column before adsorption on 8-OH (see
above).

These data indicate that the quinone co-purified with CymA
is MQ-7 and that when either MQ-0 or UQ-10 is provided to
CymA, MQ-7 remains bound. This is further confirmed by
incubating apoCymA films with vesicles containing UQ-10
and small amounts of MQ-7 (0.05 or 0.1% (w/w)), which
shows catalytic activity that is greater than for 0.05 or 0.1%
MQ-7 alone. Given the requirement for MQ-7 presence, it
seems unlikely that MQ-0 or UQ-10 access the quinone
binding pocket directly during their “catalytic” turnover. It
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is, therefore, suggested that MQ-0 and UQ-10 reduction is
mediated via quinone-quinone interactions and that MQ-7
may function as not just a substrate but also as a tightly
bound cofactor.

the dominant quinone under anaerobic conditions, to a variety
of terminal oxidases. In complete contrast to this MQ-7 dehy-
drogenase function of CymA in vivo, the as-isolated CymA has
a clear catalytic bias toward the reduction of MQ-7. Specific

DISCUSSION
CymA plays a central role in anaerobic respiration of She-
wanella sp. where it transfers electrons from MQ-7, which is
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dose-dependent catalysis and specific inhibition by HQNO
confirm that the dominant catalytic mode of as-isolated CymA
is MQ-7 reduction. Although this is opposite to its proposed
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and demonstrated function in vivo, it has been demonstrated
that CymaA is indeed a reversible enzyme (62). Under aerobic
conditions, when CymaA is not expressed, the dominant quino-
nes in Shewanella sp. are UQ-7 and UQ-8. In line with CymA
function in anaerobic respiration, UQ-10 cannot be directly
reduced by apoCymA (we note that oxidation of UQ-10 by
CymaA is thermodynamically unfeasible given the reduction
potentials of CymA and UQ-10).

The purification of the CymA-MQ-7 complex and the cata-
lytic behavior of CymA indicate that MQ-7 is tightly bound into
abinding pocket of CymA, which we will name Qy;, . The lack
of activity demonstrated in the absence of MQ-7 also clearly
indicates that CymA is highly specific for MQ-7 at the Qyq,.,
site. This tightly bound MQ-7 facilitates the pass-off of elec-
trons from the heme groups to MQ-0 in solution or UQ-10 in
the membrane, which appear to bind to a less-specific and
weaker “active-sit” pocket, which we will name Q. Despite the
identity of quinone head groups between MQ-0 and MQ-7 (Fig.
2, Cand D), MQ-0 is unable to occupy Qy,q, - However, MQ-0
can be reduced by CymA at the Q,, site, during which MQ-7
remains tightly bound at the Q. site. This provides direct
and clear evidence that the membrane environment and/or the
isoprenoid tail play a critical role in facilitating the recognition
or guidance of MQ-7 to the Quq - site. Zargar and Saltikov
have demonstrated that 2,3-dimethoxy-1,4-napthoquinol
(DMNQH,) is able to reduce CymA in membrane preparations
(45). However, based on the results shown here it is likely that in
their membrane preparations CymA contains a tightly bound
MQ-7. Elsewhere, we show that CymA used in this study is
active in an MQ-0-based assay that couples NADH oxidation to
fumarate reduction.’? This assay contains diaphorase to couple
NADH oxidation to MQ-0 reduction and CymA to couple
MQ-0 oxidation to the reduction of fumarate reductase (Fcc,),
which reduces fumarate. It is striking that in this assay only
20-30% of the CymA is reduced by MQ-0,> which we attribute
to the fact that only a fraction of CymA has a MQ-7 bound (we
note that the CymA used in this assay was purified according
the protocol designed to remove bound MQ-7, resulting in the
CV shown in Fig. 4B).

The experiments described here are a sobering warning to
those who are trying to establish or “define” the specific activity
and substrate specificity of oxidoquinone reductases. For
CymA, it is ambiguous whether to classify its activity as MQ-7-
specific or whether to classify MQ-7 as a specific cofactor of
CymA. Either way, the results presented here show it is crucial
to ascertain whether a quinone is co-purified when character-
izing a quinone-converting enzyme, as even small amounts of
lipophilic quinones can have a clear influence on the catalytic
results obtained. Co-purification of lipids, including quinones,
is a common feature of purifications of this type of metallopro-
tein, and similar problems are likely to occur for other enzymes.
The premise of detergent-mediated removal of a quinone
cofactor has been previously demonstrated in other enzymes
like the Q; site in cytochrome bo,, in which the tightly bound
UQ-8 cofactor can be removed using harsher detergents (Tri-
ton X-100) (63, 64). The removal of the tightly bound UQ-8
does not damage cytochrome bo;, demonstrating the bound
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quinone is not critical to the native structure of this enzyme (63,
64).

If not for structural reasons, why would a quinone oxi-
doreductase use a quinone as a cofactor? Several properties of
lipophilic quinones and quinone oxidoreductases make this
class of membrane enzymes unique in nature. Localization of
substrate and enzymes are restricted to the lipid membrane,
where diffusion is an almost two-dimensional property. Com-
bined with the fact that quinones typically have concentrations
of several pmol/cm® in the membrane, substrate-enzyme
encounters will be much more frequent than typical encounters
between globular enzymes and water-soluble substrates. We
hypothesize that this has reduced the evolutionary pressure for
a highly specific active site (Q,,), which would only lower kg
rates and reduce the turnover kinetics of the enzyme. It might
be that a single hydrogen bond (via, for instance, a histidine or
lysine side group) to one of the ketone groups of the quinone
group provides sufficient binding energy for favorable binding
in a membranous environment. The traditional function of an
enzyme is to lower the transition-state activation energy and
thereby increase the reaction rate. However, as has been noted
before by Dutton and co-workers (65), this might not be
required for quinone oxidation/reduction, which is an inher-
ently fast reaction as long as a polar environment is provided to
promote a rapid (de)protonation of the quinone. Neither of
these arguments requires the presence of a quinone cofactor, as
suggested here for MQ-7 in the Q,,,_, site. We hypothesize
that the function of the quinone cofactors is to reduce the reac-
tivity of the reaction intermediate, semiquinone. Semiquinones
are generally believed to be amenable to side reactions, giving
rise to damaging radical oxygen species. One way to reduce the
reactivity of semiquinones is to stabilize the semiquinone in a
protein binding pocket, reducing the free energy of any side
reaction or sterically hinder access of compounds with which
the semiquinone can react. However, this would require a spe-
cific quinone binding pocket, thereby lowering k. rates and
reducing turnover numbers. By employing a quinone cofactor,
in which the semiquinone is stabilized to minimize side reac-
tions, a two-electron oxidoreduction reaction between the qui-
none substrate (at the Q,, site) and quinone cofactor (at the
Q-7 site) would provide a solution.
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