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Reconciliation of apparently contradictory experimental results
obtained on the quinol:fumarate reductase, a diheme-containing
respiratory membrane protein complex from Wolinella succino-
genes, was previously obtained by the proposal of the so-called "E
pathway hypothesis.” According to this hypothesis, transmem-
brane electron transfer via the heme groups is strictly coupled to
cotransfer of protons via a transiently established pathway
thought to contain the side chain of residue Glu-C180 as the most
prominent component. Here we demonstrate that, after replace-
ment of Glu-C180 with GIn or lle by site-directed mutagenesis, the
resulting mutants are unable to grow on fumarate, and the
membrane-bound variant enzymes lack quinol oxidation activity.
Upon solubilization, however, the purified enzymes display ~1/10
of the specific quinol oxidation activity of the wild-type enzyme
and unchanged quinol Michaelis constants, K. The refined x-ray
crystal structures at 2.19 A and 2.76 A resolution, respectively, rule
out major structural changes to account for these experimental
observations. Changes in the oxidation-reduction heme midpoint
potential allow the conclusion that deprotonation of Glu-C180 in
the wild-type enzyme facilitates the reoxidation of the reduced
high-potential heme. Comparison of solvent isotope effects indi-
cates that a rate-limiting proton transfer step in the wild-type
enzyme is lost in the Glu-C180 — GlIn variant. The results provide
experimental evidence for the validity of the E pathway hypothesis
and for a crucial functional role of Glu-C180.

anaerobic respiration | atomic model | bioenergetics | membrane
protein | succinate:quinone oxidoreductase

According to Peter Mitchell’s chemiosmotic theory (1), the
energy released upon the oxidation of electron donor sub-
strates in both aerobic and anaerobic respiration is transiently
stored in the form of an electrochemical proton potential (Ap)
across the energy-transducing membranes, which can then be used
by the ATP synthase for ADP phosphorylation with inorganic
phosphate. Fundamentally, there are two mechanisms by which
integral membrane proteins can act as catalysts in this coupling of
electron transfer reactions to the generation of a transmembrane
Ap: the redox loop mechanism and the proton pump mechanism
(2). The redox loop mechanism essentially involves transmembrane
electron transfer. Reduction reactions on one side of the energy-
transducing membrane are associated with proton binding, whereas
oxidation reactions on the opposite side of the membrane are
associated with proton release. In a simple form, this mechanism is
represented by the formate dehydrogenase (3) and membrane-
bound nitrate reductase (4) enzymes of anaerobic respiration and,
in a more complicated form, by the Q-cycle of the cytochrome bc;
complex, complex III of the aerobic respiratory chain (5). The
proton pump mechanism involves the actual translocation of pro-
tons across the membrane. Transfer of electrons between sites of
catalysis and prosthetic groups of the membrane protein complex
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results in conformational changes, which in turn lead to changes in
the pK, values of amino acid side chains and other protonatable
groups. Additionally or alternatively, the degree of exposure of
these groups to one or the other side of the membrane may also
change. Such a mechanism is thought to be operative, e.g., in
cytochrome ¢ oxidase, complex IV of the respiratory chain (6).
Here we present experimental evidence of both of these mecha-
nisms being harnessed together in a single respiratory membrane
protein complex to ensure the counterbalancing of the effects of
both processes for energetic reasons. The membrane protein in
question is the diheme-containing quinol:fumarate reductase
(QFR) from the anaerobic e-proteobacterium Wolinella succino-
genes. QFR is the terminal enzyme of fumarate respiration (7, 8),
aform of anaerobic respiration that allows anaerobic bacteria to use
fumarate instead of dioxygen as the terminal electron acceptor.
QFR couples the two-electron reduction of fumarate to succinate
(reaction 1) to the two-electron oxidation of hydroquinone (quinol)
to quinone (reaction 2).

succinate = fumarate +2H" + 2e~ [1]
quinone + 2H"+2e~= quinol 2]

This reaction is part of an electron transfer chain that enables the
bacterium to grow with various electron donor substrates such as
formate or hydrogen (Fig. 1a). QFR from W. succinogenes consists
of two hydrophilic subunits, A and B, and one hydrophobic,
membrane-embedded subunit, C. The larger hydrophilic subunit A
is associated with a covalently bound flavin adenine dinucleotide
(FAD), the smaller hydrophilic subunit B contains three iron—sulfur
clusters ([2Fe—2S], [4Fe—4S], and [3Fe—4S]), and the hydrophobic
subunit C harbors two heme b groups (Fig. 1b). Based on their
relative distance to the hydrophilic subunits, these heme groups are
referred to as the proximal heme (bp) and the distal heme (bp),
respectively. Although it has long been known (9) that the two heme
groups have different oxidation-reduction midpoint potentials, it
has only recently been possible to assign the “high-potential” heme
to bp and the “low-potential” heme to bp (10).

Although electrophysiological experiments performed with in-
verted vesicles and proteoliposomes containing QFR demonstrated
that the reaction catalyzed by the diheme-containing QFR from W.
succinogenes is not directly associated with the generation of a
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Fig. 1.  Electron and proton transfer in fu-
marate respiration (a) and W. succinogenes
QFR (b and ¢). Positive and negative sides of
the membrane are the periplasm and the
cytoplasm, respectively. Figs. 1, 2, and 3 were
prepared with a version of moLscripT (39) mod-
ified for color ramping (40) and map drawing
(41) capabilities. (a) The key enzymes in-
volved in fumarate respiration are indicated.
(b) Hypothetical transmembrane electro-
chemical potential generation as suggested
by the essential role of Glu-C66 for menaqui-
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nol oxidation by W. succinogenes QFR (16).
The prosthetic groups of the W. succino-
genes QFR dimer are displayed (coordinate
set 1QLA, ref. 14). Distances between pros-
thetic groups are edge-to-edge distances in
A as defined by Page et al. (42). Also indi-
cated are the side chain of Glu-C66 and a
model of menaquinol (MKH;) binding. The
position of bound fumarate (Fum) is taken
from PDB ID code 1QLB (14). (c) Hypothetical
cotransfer of one H* per electron across the
membrane (E pathway hypothesis). The two
protons that are liberated upon oxidation of
menaquinol (MKH;) are released to the
periplasm (bottom) via the residue Glu-C66.
In compensation, coupled to electron trans-
fer via the two heme groups, protons are
transferred from the periplasm via the ring C
propionate of the distal heme bp and the
residue Glu-C180 to the cytoplasm (top),
where they replace those protons that are
bound during fumarate reduction. In the ox-
idized state of the enzyme, the E pathway is

transmembrane electrochemical proton potential (11-13), the
three-dimensional structure of this membrane protein complex,
initially solved at 2.2-A resolution (14), revealed locations of the
active sites of fumarate reduction (15) and of menaquinol oxidation
(16) that are oriented toward opposite sides of the membrane (Fig.
1b). Because the binding of two protons upon fumarate reduction
invariably occurs from the cytoplasm, and the release of two
protons associated with menaquinol oxidation invariably occurs to
the periplasm, this arrangement of catalytic sites indicated that
menaquinol oxidation by fumarate, as catalyzed by W. succinogenes
QFR, should be associated directly with the establishment of an
electrochemical proton potential across the membrane, in contrast
with the results of the functional measurements.

To reconcile these apparently conflicting experimental observa-
tions, the so-called “E pathway hypothesis” (17) has been proposed
(Fig. 1¢). According to this hypothesis, the transfer of two electrons
via the two QFR heme groups is strictly coupled to a compensatory,
parallel transfer of two protons across the membrane via a proton
transfer pathway that is transiently open during the reduction of the
two hemes and closed in the oxidized state of the enzyme. The two
most prominent constituents of the proposed pathway were sug-
gested to be the ring C propionate of the distal heme bp and, in
particular, the amino acid residue Glu-C180, after which the E
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blocked.

pathway was named. This residue is conserved in all e-proteobac-
terial diheme-containing QFR enzymes of known sequence (17).
Removal of 2H™ from the periplasm balances those released upon
menaquinol oxidation, whereas supply of 2H* to the cytoplasm
compensates for those bound upon fumarate reduction. This un-
precedented transmembrane proton transfer, as predicted by the E
pathway hypothesis, therefore can explain why W. succinogenes
QFR operates electroneutrally despite the orientation of the cat-
alytic sites to opposite sides of the membrane.

The role of Glu-C180 proposed within the context of this
hypothesis has recently received support from the results of mul-
ticonformer continuum electrostatic calculations (10), which indi-
cate that the side chain of this residue undergoes a combination of
a conformational change and protonation upon heme reduction.
This finding prompted us to investigate the possible role of Glu-
C180 for W. succinogenes QFR. Here we describe the effects of
replacing Glu-C180 with Gln or Ile by site-directed mutagenesis.
The consequences of these mutations for the viability of the
resulting mutants and the structural and functional characteristics
of the corresponding variant enzymes are presented and discussed.
We conclude that Glu-C180 is an essential constituent of the
membrane-bound enzyme in a way that is fully compatible with its
proposed role in the context of the E pathway hypothesis.

PNAS | December 27,2005 | vol.102 | no.52 | 18861

BIOCHEMISTRY



Lo L

P

1\

=y

Table 1. Growth and enzymatic activities of W. succinogenes
FrdC-E180Q and FrdC-E180I cells and properties of the isolated
QFR enzymes

Wwild FrdC- FrdC- FrdC-

Property type E66Q E1801 E180Q
Growth with

Formate + fumarate + - - -

Formate + nitrate + + + +
Specific activity of membrane-bound enzyme in cell homogenate, U per mg of

cell protein

Succinate — methylene blue 0.31 0.17 0.31 0.35

DMNH; — fumarate 0.24 =0.01 =0.01 =0.01
Specific activity of isolated enzyme, U per mg of protein

Succinate — methylene blue 28.8 16.9 26.0 24.9

DMNH, — fumarate 7.4 =0.01 0.96 0.80
Km (DMNH3), mM 0.1 0.1 0.1
Heme b of isolated enzyme reduced by, pmol per g of protein

200 M DMNH; 3.8 0.5 6.5 7.4

Dithionite 7.2 7.0 11.8 14.2
Heme oxidation-reduction midpoint potentials Epmz, mV

Heme bp -10 -16 +38 +39

Heme bp —149 —145 —151 —144
Solvent isotope effect, k("H20)obs/k(2H20)0bs

On DMNH; — fumarate 3.3 1.1

Values for wild type and FrdC-E66Q (16) are shown for comparison (in
italics). One unit (U) corresponds to 1 wmol of substrate turned over per min.

Materials and Methods

Mutagenesis. The mutants W. succinogenes FrdC-E180Q and
FrdC-E180I were constructed by transforming W. succinogenes
AfrdCAB with derivatives of pFrdcat2 (18). Plasmid pFrdcat2
contains the entire frdCAB operon and integrates into the
genome of W. succinogenes AfrdCAB by homologous recombi-
nation (18). Plasmids pFrdcat2-E180Q and pFrdcat2-E180I were
generated by using the QuikChange site-directed mutagenesis
kit (Stratagene) with pFrdcat2 as template and specifically
synthesized complementary primer pairs [forward primers:
5'-338CTTCTTTTTGCCGTTCAGCTTCATGGCTCTGT-
AGG-3' (E180Q), 5'-3338CTTCTTTTTGCCGTTATCCT-
TCATGGCTCTGTAGG-3" (E180I); numbered according to
the sequence deposited in the DNA Data Base in Japan/
European Molecular Biology Laboratory/GenBank databases
under accession no. AJ000662]. The altered nucleotides are
printed in bold, and the resulting glutamine and isoleucine
codons are underlined. Cells of W. succinogenes AfrdCAB grown
with formate and nitrate were used for transformation as
previously described in ref. 18. Transformants were selected on
agar plates with a medium containing kanamycin (25 mg/liter)
and chloramphenicol (12.5 mg/liter). The respective integration
of plasmids pFrdcat2-E180Q and pFrdcat2-E180I into the ge-
nome of W. succinogenes AfrdCAB was confirmed by Southern
blot analysis as previously described in ref. 18. The mutations
were confirmed, and unwanted mutations were ruled out by
sequencing a PCR product containing the frdC gene that was
obtained by using genomic DNA of the mutant strains as
template and specifically synthesized primer pairs.

Cell Growth and Purification of QFR. V. succinogenes was grown with
formate as electron donor and either fumarate or nitrate as electron
acceptor as described in refs. 19 and 20. The latter medium was
supplemented with brain-heart infusion broth (0.5% mass/vol,
GIBCO/BRL). Fumarate reductase activities were measured with
cell homogenates from bacteria grown with formate and nitrate
(18). Protein was determined by using the biuret method with KCN
(21). QFR was isolated as described in ref. 22 with modifications
previously reported in refs. 14 and 23. The enzymatic activities
listed in Table 1 were measured at 37°C according to Unden and
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Table 2. Data collection and refinement statistics of the Glu-C180
— GIn and Glu-C180 — lle QFR crystals

Characteristic Glu-C180 — GIn QFR  Glu-C180 — lle QFR

Resolution range, A 38.6-2.19 2.24-2.19 29.7-2.76  2.93-2.76
Rsym,* % 9.2 35.6 9.6 34.5
1/a(l) 9.5 7.7 6.0 1.5
No. of reflections used 181,351 10,430 79,362 11,606
In working set 180,351 10,372 78,362 11,458
In test set 1,000 58 1,000 148
Completeness, %
Reflections used 99.0 85.4 86.0 76.7
In working set 98.5 84.8 84.7 75.4
In test set 0.5 0.6 1.3 1.3
Rfree,t % 19.8 25.7 21.6 29.1
Reryst,* % 18.3 22.0 20.0 28.0
Cross-validated
Luzzati coor. error,s A 0.26 0.33
No. of nonhydrogen atoms in the model
Protein atoms 18,306 9,068
Heterogen atoms 440 221
Solvent atoms 992 236
B factor from Wilson plot, A2 28.6 51.6
Average B factor, A2 34.0 38.3
Nobs/NparT 2.3 2.1
rms deviations from ideal values
Bonds, A 0.007 0.008
Bond angles, ° 1.3 1.4
Torsional angles, ° 21.3 21.4
Improper torsional angles, ° 1.63 1.66

*Reym = Zihil (kD)) — I(hKD)| /2 peali(hk]).

"Riree = Zhknetl [Fol — |Fc| |/ZkneTlFol, Where T is the test set (44).

*Reryst = Zenin| [Fol — IFel |/ Zchkn| [Fol-

SEstimate of the mean coordinate error from a Luzzati plot (45) using Riree.

Inops = number of observed unique reflections used in the working set; npar =
number of parameters necessary to define the model. This includes four
parameters (x, ¥, and z coordinates plus isotropic atomic B factor) per atom.

IBased on protein parameter files (46), heme cofactor parameter files (29), and
parameter files generated for the other prosthetic groups (14).

Kroger (24). Solvent isotope effects were measured with the
following modifications: The buffer stock solutions were diluted in
either ZH,O or "H,O to respective concentrations of 100% or 0%
’H, 20 mM Mops, pH 7.0, T = 310 K. The amount of heme b
reduced by 2,3-dimethyl-1,4-naphthoquinol (DMNH,) or by dithio-
nite was calculated from the absorbance difference between the
reduced and the oxidized sample at 565 nm minus that at 575 nm
by using the molar extinction coefficient of 23.4 mM~cm™! (9).

Synthesis of 2,3-Dimethyl-1,4-naphthoquinone (DMN). For the syn-
thesis of DMN, we followed the procedure of Wurm and Geres
(25). The crude product was purified by HPLC on a Nucleoprep
20-um, 700-mm X 50-mm column with a flow rate of 0.1 liter/min
and hexane/ethyl acetate (10 + 1) as solvent.

Crystallization of QFR. Before crystallization, Glu-C180 — Gln QFR
and Glu-C180 — Ile QFR were further purified by preparative
flat-bed isoelectric focusing as previously described in refs. 14 and
23. Monoclinic crystals, space group P2, were grown by sitting-
drop vapor diffusion as described earlier (14, 23).

Data Collection and Analysis. X-ray data collection was carried out
at the European Synchrotron Radiation Facility beamline 1D14
EH1 (A = 0934 A, T = 2-4°C), Grenoble. Intensity data were
obtained by using a charge-coupled device detector (Area Detector
Systems Corp., Poway, CA). Only one crystal each was required for
the datasets listed in Table 2. Data were processed with the HKL
programs DENZO and SCALEPACK (26). After the removal of all
solvent atoms from the coordinate set, a new, high-resolution (1.78
A) structural model for wild-type QFR was used [C.R.D.L., un-
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published data; PDB ID code 2BS2; derived from the original
coordinates 1QLA (14)], for phasing the variant enzyme data by
using the difference Fourier technique with the program CNs (27).
Simulated annealing, followed by conventional positional refine-
ment and restrained individual B-factor refinement, were per-
formed by using the program CNs. The atomic model of QFR was
rebuilt by using 0 (28). Oxygen atoms of water molecules were
placed according to criteria described earlier (29). Strict noncrys-
tallographic symmetry constraints were applied between the two
QFR monomers in the asymmetric unit for the refinement of the
lower resolution Glu-C180 — Ile QFR structure, and in the case of
the 2.2-A resolution Glu-C180 — Gln QFR structure, the same
noncrystallographic symmetry restraints as previously described for
the wild-type enzyme (14) were applied.

Spectroelectrochemical Redox Titration. The QFR samples were
concentrated to ~0.8 mM, and the redox titrations were performed
as previously described in refs. 16, 30, and 31. The applied potentials
were measured with an Ag/AgCl/3 M KCl reference electrode, but
all quoted values are potentials versus standard hydrogen electrode
at pH 7. Absorbance difference spectra in the range of 400 nm to
700 nm were recorded at 5°C as previously described in refs. 16, 31,
and 32. The titration curves were generated on the basis of the redox
dependence of the amplitudes of the Soret and «a band, respectively.
To obtain values for the midpoint potentials of the high-potential
heme b and the low-potential heme b, iterative fitting of a calculated
Nernst function (33) was performed.

Results and Discussion

Construction and Properties of the Strains W. succinogenes FrdC-
E180Q and FrdC-E1801 and the Isolated Glu-C180 — GIn and Glu-C180
— lle QFR Variant Enzymes. The mutant strains FrdC-E180Q and
FrdC-E180I are compared in Table 1 to the wild type and the
previously characterized strain FrdC-E66Q, where the essential
residue Glu-C66 (Fig. 1b) at the menaquinol oxidation site was
replaced with a Gln (16). The mutants did not grow with fumarate
as the terminal electron acceptor; however, they did grow when
nitrate (and brain—heart infusion broth) replaced fumarate. As
assayed with succinate oxidation by methylene blue, activities of the
mutant cell homogenate and the isolated enzyme were comparable
to those of the wild type. The activity monitored by this assay is
independent of the diheme subunit C (22). However, when fuma-
rate reductase activities were assayed by monitoring fumarate
reduction by DMNH,, which is diheme-subunit C-dependent (22),
it was not detectable in the case of the membrane-bound variant
enzymes. Upon solubilization of the isolated membranes with
Triton X-100 (14, 22, 23), however, the activities of fumarate
reduction by DMNH, for the Glu-C180 variants were detectable
and corresponded to approximately 1/10 of that of the wild-type
enzyme. In this respect, the Glu-C180 QFR variants differ signif-
icantly from the Glu-C66 — Gln variant (16). The detergent-
solubilized Glu-C180 variants are similar to the wild-type enzyme
considering the fraction (1/2) of the dithionite-reducible heme b
that could be reduced by DMNH, (Table 1). The higher heme b
content determined for the Glu-C180 variants is explained by the
fact that the heme b reduction assay for the Glu-C180 variants had
to be performed at a later stage of the purification procedure, i.c.,
after isoelectric focusing (14, 23), whereas it had previously been
performed before this step for the wild-type enzyme and the
Glu-C66 — Gln variant. The Glu-C180 variants are also similar to
the wild-type enzyme with respect to the unchanged Michaelis
constant Ky, for DMNH; of 0.1 mM (Table 1).

Structure Determination. To investigate the nature of these intrigu-
ing effects, the Glu-C180 — Ile QFR and Glu-C180 — GIn QFR
variants were crystallized, and x-ray diffraction data were collected
as described in Materials and Methods. Under the reported crys-
tallization conditions, three different crystal forms have been
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observed for the wild-type enzyme in its ferricyanide-oxidized state,
all of them monoclinic, space group P2; (14-16, and reviewed in ref.
34). Both of the Glu-C180 variants crystalllzed in crystal form “A”
(a=852Ab=1890A,¢c=1179 A, and B = 104.5°).

In the case of the Glu-C180 — Ile variant QFR, refinement of a
model containing one heterotrimer of subunits A, B, and C (9,068
protein atoms with nonzero occupancy, 221 heterogen atoms, and
236 solvent atoms) was performed using the working data set
between 29.71- and 2.76-A resolution (84.7% complete, compare
Table 2). Strict non-noncrystallographic symmetry constraints were
imposed, relating the two heterotrimers in the asymmetric unit,
which resulted in a ratio of the number of independent observa-
tions, 7ops, to the number of parameters required for the model,
Hpar, Of 2.1. The crystallographic R factor (Reys) and the free R
factor (Rgree) Of the refined model were 20.0% and 21.6%,
respectively.

In the case of the Glu-C180 — Gln variant QFR, the availability
of a larger number of independent and higher resolution data
allowed the refinement of a model containing both heterotrimers
of subunits A, B, and C (18,306 protein atoms with nonzero
occupancy, 440 heterogen atoms for the prosthetic groups, and 992
solvent atoms), by using the working data set between 38.6- and
2.19-A resolution (84.8% complete, compare Table 2). As de-
scribed earlier for the refinement at 2.2-A resolution of the struc-
ture of wild-type QFR (14), noncrystallographic symmetry re-
straints were applied to the two heterotrimers in the asymmetric
unit. The resulting 7qps/7par ratio was 2.3, and Rerys and Ryyee f the
refined model were 18.3% and 19.8%, respectively.

In the |Fya| — |Fwd difference electron density maps of both
variants, there is only one peak with an amplitude larger than 6
standard deviations (o) above the mean density of the map. This
signal is a negative peak at —6.8¢ in the case of the Glu-C180 —
Ile variant QFR at the position occupied by the alternate conform-
ers of the Glu-C180 side chain and an adjacent water molecule in
the wild-type QFR structure 2BS2. In all of these new structures of
crystal form “A,” extended electron density at the dicarboxylate-
binding site was observed and was interpreted to indicate the
binding of the tricarboxylate citrate, a component of the crystalli-
zation buffer (to be discussed elsewhere) With the coordinate error
estimated to be 0.26 A (Glu-C180 — GIn QFR) and 0.33 A
(Glu-C180 — Ile QFR), respectively, no significant differences
compared with the wild-type enzyme are observed (Figs. 2c and 3),
as is reflected by rms deviations from the respective C* positions of
the wild-type enzyme of 0.20 A for the 2,296 C* atoms of Glu-C180
— GIn QFR and 0.19 A for the 1,148 C* atoms of Glu-C180 — Ile
QFR. In summary, the crystal structure determinations of the
oxidized forms of the enzymes rule out that any major structural
changes relative to the wild-type QFR could explain the observed
functional effects in Glu-C180 — Glu and Glu-C180 — Ile variant
enzymes.

Redox Titration. A role of Glu-C180 in the proposed coupling of
transmembrane proton transfer to transmembrane electron trans-
fer via the heme groups should be reflected in a change of the
oxidation-reduction midpoint potential of at least one of the two
heme groups upon replacement of Glu-C180 with either Gln or Ile.
Analysis of electrochemically induced absorbance difference spec-
tra at the wavelengths of 428 nm (Soret band) and 561 nm (« band)
for both variants and the comparison to the previously determined
data for the wild-type enzyme (Table 1) indicated that this expec-
tation was indeed the case, because the midpoint potential for the
high-potential, proximal heme was increased by almost 50 mV in
both variants. Considering that the (3Fe—4S) cluster (Fig. 10) has
been reported to have an oxidation-reduction midpoint potential of
—24 mV (35), and assuming that this property is unchanged in the
Glu-C180 variants, such an increase in the midpoint potential of bp
makes electron transfer from bp to the (3Fe—4S) cluster at least 4
times more energetically unfavorable than the corresponding pro-
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Fig. 2. Stereoviews of the crystal structures of Glu-C180 — lle and Glu-
C180—GIn QFR. (a and b) Representative sections of the 2|F,| — |F| composite-
omit (43) electron density maps, contoured at 1.0 standard deviations (o) above
the mean density of the map for the Glu-C180 — lle (a) and Glu-C180 — GIn (b)
variant enzymes. Shown are the proximal heme group, bp, in subunit C, as well as
the residues between Val-C179 and Gly-C183. Also displayed are the |Fyar| — |Fut|
difference electron density maps contoured at 3o (in green) and —3o (in red). (a)
The structure shown is that of Glu-C180 — lle QFR with carbon atoms in yellow,
nitrogen atoms in blue, oxygen atoms in red, and the heme iron in orange.
Superimposed from the structure of wild-type QFR (PDB ID code 2BS2) are the two
Glu-C180 side chain conformers (with carbon atoms in black and gray, respec-
tively) and the oxygen atom of an adjacent water molecule (in light blue). (b) The
structure shown is that of Glu-C180 — GIn QFR with atomic color coding for a. The
second GIn-C180 side-chain conformer is shown with carbon atoms colored in
orange. (c) Superposition for the region displayed in a and b of the structures of
wild-type QFR (black, PDB ID code 2BS2, with the second Glu-C180 displayed in
gray), Glu-C180 — GIn QFR (orange, with the second GIn-C180 conformer dis-
played in red) and Glu-C180 — lle (green).

cess in the wild-type enzyme. If both Gln and Ile are considered to
mimic the protonated, neutral glutamic acid side chain rather than
the deprotonated, anionic glutamate side chain, then these results
indicate that a Glu-C180 side chain in the wild-type enzyme that
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Fig.3. Stereoview comparison of the heme positions and of the C*traces for
the Csubunits of wild-type QFR (black, PDB ID code 2BS2), Glu-C180 — GIn QFR
(orange), and Glu-C180 — lle (green). The position of the respective residue
C180 is also indicated.

was fully protonated for all combinations of heme redox states
would make it harder to reoxidize a reduced heme bp by 50 mV.
Conversely, we conclude that, in the wild-type enzyme, the reoxi-
dation of the reduced proximal heme is facilitated by proton release
from the (protonated) Glu-C180 side chain. This feature is fully
consistent with the E pathway hypothesis.

Solvent Isotope Effects. A key role of residue Glu-C180 is also
indicated by the comparison of the solvent isotope effects on the
specific activities of DMNH,; oxidation by fumarate as catalyzed by

a rumarate + EYIE

Sgccinaie

b Fumarate + BT

Succinate
A
/

\

C Fumarate + d Fumarate +
Succinate X Succinate

/ . f
© ©

Fig.4. The coupling of electron and proton flow in anaerobic (a and b) and
aerobic SQRs respiration (c and d), respectively. Positive and negative sides of
the membrane are described for Fig. 1. (a and b) Electroneutral reactions as
catalyzed by diheme-containing QFR from W. succinogenes (a) and the heme-
less QFR from E. coli. (b) MK and MKH;, menaquinone and menaquinol,
respectively. (c) Utilization of a transmembrane electrochemical potential as
possibly catalyzed by diheme-containing SQR enzymes. (d) Electroneutral
reaction as catalyzed by monoheme-containing SQR enzymes (complex II). Q
and QHy, ubiquinone and ubiquinol, respectively.
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the wild-type enzyme and the E180Q variant (Table 1). Although
a significant solvent isotope effect can be measured for the wild-
type enzyme, such an effect is negligible for the E180Q variant,
which is a strong indication for Glu-C180 in the wild-type enzyme
participating in a rate-limiting proton-transfer step.

Conclusions

Taken together, the results indicate an important, but indirect, role
of Glu-C180 for events linked to the quinol oxidation process. This
role becomes essential when the enzyme is membrane-bound.
Together with the previously published results from electrostatic
calculations (10), these experimental results provide strong support
for the E pathway hypothesis and for an essential role of Glu-C180
within the context of this hypothesis. Although the E pathway
hypothesis is currently the only working model that adequately
explains all experimental and theoretical data obtained so far, its
ultimate proof will require the unequivocal identification of further
constituents of this pathway. The ring C propionate of heme b, has
already been suggested to be such a participant because of its
unusual orientation, and the structure provides suggestions of other
polar and titratable amino acid side chains and water molecules as
candidate constituents of such a proton transfer pathway. However,
based on the theoretical calculations (10) and its position in the
structure, it is very likely that Glu-C180 will turn out to be the
central “switch” in the coupling of transmembrane electron and
proton transfer.

One may ask why W. succinogenes possesses such an apparently
complicated enzyme to perform a task electroneutrally (Fig. 4a)
that, e.g., Escherichia coli performs with a much simpler enzyme. In
E. coli QFR, the membrane anchor contains no heme b groups and
the menaquinol oxidation is oriented toward the cytoplasmic,
proximal side of the membrane (36), allowing the protons released
by the menaquinol oxidation reaction to directly balance those
consumed upon fumarate reduction (Fig. 4b). It appears reasonable
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to assume that the predecessor of present-day QFR originally
lacked the E pathway and was used as a diheme-containing
succinate:menaquinone reductase (SQR), catalyzing the reaction in
the opposite direction in an aerobically living predecessor of W.
succinogenes. As illustrated in Fig. 4c, this enzyme used the trans-
membrane Ap to drive the succinate oxidation by menaquinone, an
endergonic reaction under standard conditions, in a manner similar
to that proposed for the SQR of Gram-positive positive bacteria,
e.g., Bacillus subtilis (37, 38), and very different from that of
mitochondrial complex II, which reduces ubiquinone (Fig. 4d).
Upon W. succinogenes adopting an anaerobic metabolism in the
bovine rumen, the diheme-containing SOR could only operate as
a QFR if, for energetic reasons, the overall electroneutrality of the
catalyzed reaction is preserved. Although the oxidation of mena-
quinol by fumarate is, under standard conditions, an exergonic
reaction, it is apparently not exergonic enough to support the
generation of a transmembrane Ap (17). This case is elegantly
demonstrated by the inability of the FrdC-E180Q mutant to grow
with fumarate as the terminal electron acceptor, a fact that also
illustrates how vital the inferred pathway is for the viability of the
microorganism. We conclude that the establishment of an E
pathway as a transmembrane proton transfer pathway has been
evolutionarily preferred over a relocation of the menaquinol oxi-
dation site from its distal position in W. succinogenes QFR to a
proximal position similar to that found in E. coli QFR.
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