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PERSPECTIVES: STRUCTURAL BIOLOGY 

PMF Through the Redox Loop 
David Richardson and Gary Sawers 

M ore than 30 years ago, Peter 
Mitchell proposed his chemiosmot- 
ic model of energy coupling (1). In 

this model, he postulated that "energy-con- 
suming" integral membrane proteins, such 
as ATP synthase and secondary trans- 
porters, are driven by a transmembrane pro- 
ton electrochemical gradient called the pro- 
ton motive force (pmf) (1). A pmf has been 
detected across many energy-conserving 
biological membranes, with proton translo- 
cation being driven by membrane-associat- 
ed proteins that couple electron flow from 
low-redox potential electron donors to 
higher-potential electron acceptors. A well- 
known example of this process is the respi- 
ration of oxygen by mitochondria, during 
which NADH or succinate serves as an 
electron donor. Two key integral membrane 
enzymes involved in respiration, cy- 
tochrome aa3 oxidase and the cytochrome 
bcl complex, use different methods (proton 
pumping and the Q-cycle, respectively) for 
coupling electron transfer to pmf genera- 
tion (see the figure, A) (2-4). However, in 
early formulations of the chemiosmotic the- 
ory, Mitchell envisaged that proton translo- 
cation was driven by a "redox loop." He 
proposed that in this loop, two electrons are 
transferred from the positive (P) side of the 
membrane to the negative (N) side where, 
in combination with two protons, they re- 
duce a quinone to quinol. The quinol then 
diffuses back across the membrane lipid bi- 
layer and is reoxidized at the P face, releas- 
ing protons (see the figure, B). In contrast 
to the conformational proton-pump and Q- 
cycle, the full proton-motive redox loop re- 
quires the participation of two catalytically 
distinct enzyme complexes. The redox loop 
does not actually operate in mitochondria 
but has been discovered in the inner mem- 
brane of bacteria (5). On page 1863 of this 
issue, Jormakka et al. (6) provide a molecu- 
lar description of one of the electron-carry- 
ing enzyme complexes in a redox loop of 
Escherichia coli: the nitrate-induced for- 
mate dehydrogenase (Fdh-N). 

In contrast to most eukaryotes, many 
bacterial species have inducible respirato- 
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ry chains that enable the organism to 
respire using alternative terminal electron 
acceptors, such as nitrate, nitrite, fu- 
marate, and dimethylsulfoxide, when oxy- 
gen is unavailable (7). Reduction of these 
respiratory substrates can be coupled to a 
wide range of electron donors, including 
formate and hydrogen. The Fdh-N-nitrate 
reductase (NR) respiratory chain of E. coli 
is a paradigm for a proton-motive redox 
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loop (see the figure, B). It has been the 
subject of intense study for 60 years, since 
the recognition that formate is an impor- 
tant source of reductant for anaerobically 
growing bacteria (8). E. coli synthesizes 
three Fdh isozymes (9), all seleno-molyb- 
doenzymes. They catalyze the oxidation of 
formate, which is produced by E. coli un- 
der anaerobic conditions by the enzyme 
pyruvate formate-lyase. Fdh-N, together 
with its close homolog Fdh-O, are in- 
volved in respiration, whereas Fdh-H 
(which produces hydrogen) is not thought 
to be energy conserving. 

Resolution of the Fdh-N structure at 1.6 
A by Jormakka et al. sheds light on a number 
of enzymes that contribute to the respiratory 
flexibility of bacteria. The generic framework 

Three mechanisms for proton 
translocation. (A) The Q-cycle 
and proton pump operate to- 
gether in mitochondria and in 
the aerobic respiratory chains of 
many bacteria. In the Q-cycle of 
the cytochrome bc1 complex, a 
single protein complex oxidizes 
two molecules of quinol at the 

:?u ~ periplasmic P (positive) face of 
H20 the membrane and four protons 
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ne across the membrane to the cy- 
se toplasmic N (negative) face and 

combine with the two protons to 
reduce quinone, resulting in re- 
cycling of a quinol molecule. 
Thus, there is net consumption 

,lasm of one quinol molecule by the 
cytochrome bc1 complex as two 
electrons also flow from this 
complex via cytochrome c to the 
proton-pumping cytochrome aa3 
oxidase, which directly couples 

i~ 

/ ~oxygen reduction to proton 
translocation through the pro- 
tein milieu. (B) In the proton- 
motive redox loop composed of 
the formate dehydrogenase 
(Fdh-N) and nitrate reductase 
(NR) enzymes of E. coli, quinone 
reduction and quinol oxidation 
take place at different faces of 
the membrane and on different 
protein complexes. (C) In both 
enzyme complexes, two elec- 
trons flow from the P face to the 
N face and then loop back with 

-75 mV two protons (carried by a dif- 
fusible quinol) from the N face 
to the P face. In Fdh-N, electrons 
move via a 90 A "ladder" of re- 
dox cofactors, with the energy 

90 A difference between the donating 
and accepting redox couples be- 
ing sufficient to drive electron 

n+400 m transfer against a negative-inside 
membrane potential. 
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consists of an integral membrane quinol de- 
hydrogenase, a peripheral membrane ferre- 
doxin with four associated iron-sulfur clus- 
ters, and a peripheral membrane subunit with 
an active-site bis-MGD (molybdopterin-gua- 
nine-dinucleotide). Other enzymes that have 
this framework include the respiratory reduc- 
tases for nitrate (NarGHI), dimethylsulfox- 
ide, and tetrathionate (7). In Fdh-N the cat- 
alytic site is in the periplasm (between the 
outer and inner bacterial membranes), and 
the electrons generated pass down a 90 A 
"ladder" of redox centers that connect a 
molybdenum-bis-guanine dinucleotide cofac- 
tor (Mo-bis-MGD), located in the periplasm, 
to a menaquinone reductase site at the cyto- 
plasmic (N) face of the inner membrane (see 
the figure, C). The ladder comprises five iron 
sulfur clusters and two hemes, each within 12 
A of its nearest neighbor to ensure rapid elec- 
tron transfer. The large ~340-mV potential 
"drop" (-420 to -75 mV at the N face) al- 
lows efficient electron transfer against the 
membrane potential. The NR electron-carry- 
ing arm of the Fdh-N-NR proton-motive re- 
dox loop has a cofactor composition similar 
to that of Fdh-N (see the figure, C), making it 
likely that a similar ladder arrangement, 
though with opposite orientation across the 
membrane, exists for this enzyme. Conse- 
quently, the full Fdh-N-NR redox loop may 
span an electron-transfer distance of some 
150 A (see the figure, C). The structure of 
Fdh-N reveals the arrangement of two pairs 
of iron-sulfur centers in the P subunit, which 
was correctly predicted from detailed spec- 
troscopic studies on E. coli NarGH (10). In 
this case, the low redox potentials of two of 
the centers raised the possibility that they are 
not directly involved in electron transfer be- 
tween quinol and nitrate. These low-redox 
potential centers correspond to FeS-2 and 
FeS-4 in the Fdh-N structure (see the figure, 
C). The Fdh-N structure leaves no doubt that 
these centers are directly involved in electron 
transfer between formate and menaquinone. 
The structure of Fdh-N, and predicted organi- 
zation of NR, adds to other recent structural 
definitions of extended electron-transfer 
chains in bacteria (11, 12). 

In both the Fdh-N and NR complexes, 
much of the redox ladder is outside the 
membrane (see the figure, C), with the 
two hemes in the membrane being critical 
for providing charge separation. In Fdh-N, 
these hemes bind within a four-helical 
bundle where three helices provide the 
four histidine ligands required for iron 
binding. Here, there is likely to be a differ- 
ence in the NR where the four histidines 
are predicted to be provided by only two of 
five transmembrane helices (5). Notably, 
in Fdh-N, the N-face heme interacts with 
the bound menasemiquinone analog 
HQNO. Many integral membrane electron 
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transfer proteins for which structures are 
available are quinone-binding proteins, yet 
despite some basic principles governing a 
Q-binding site, structural variation can 
sometimes make identification of this site 
difficult (13). In the case of Fdh-N, the 
bound napthoquinone accepts a hydrogen 
bond from one of the histidine ligands of 
the N-face heme. This is the first time that 
a heme ligand has been shown to be di- 
rectly involved in quinone binding, and it 
may be that other examples will emerge, 
such as the y subunit of NR (10). 

The structure of the ac subunit of Fdh-N 
confirms that formate oxidation is carried out 
at a selenocysteine-coordinated derivative of 
the Mo-bis-MGD cofactor. In this respect 
Fdh-N is similar to its water-soluble counter- 
part Fdh-H, except that the latter is located in 
the cytoplasm (14). A molecular mechanism 
for electron and proton extraction from for- 
mate, derived from structure-informed spec- 
troscopy, has been proposed for the Fdh-H 
subunit of the hydrogen-producing formate- 
hydrogen lyase (15). This mechanism in- 
volves a conserved active-site histidine serv- 
ing as a proton-accepting base, and is sup- 
ported by the structure of the respiratory 
Fdh-N a subunit. This suggests that the bio- 
chemistry of formate oxidation is the same 
regardless of enzyme function. When the 
whole electron transfer ladder from the Se- 
Mo-bis MGD to the menaquinone is consid- 
ered, intermediary electron carriers are found 
to be one-electron transfer centers. However, 
formate oxidation and menaquinone reduc- 
tion are two-electron reactions. Thus, the 
Se-Mo-MGD and Q-reductase site at either 
end of the electron transfer ladder are cru- 
cial for coupling the two-electron to one- 
electron oxido-reductions. 

A fundamental criterion of the proton- 
motive redox loop is that the two enzyme 
complexes involved are oriented with the 
sites of substrate oxidation and substrate re- 
duction on opposite faces of the membrane 
at P and N locations, respectively (see the 
figure, B). Compelling evidence from 
bioenergetic studies that electron transport 
from formate to nitrate is energy conserv- 
ing (16) is now substantiated by the struc- 
ture of Fdh-N, which shows unambiguously 
that the a and P subunits are located at the 
periplasmic (positive) face of the mem- 
brane. Although this location is essential for 
the proton-motive redox loop, the finding 
of the active site at the P face raises a num- 
ber of important questions. First, how does 
the organism assemble such a large protein 
complex with multiple redox centers in the 
periplasm? The nascent Fdh-N a subunit 
has a signal peptide (removed from the ma- 
ture enzyme) that includes a "twin arginine 
translocase" (Tat) motif. Seminal studies by 
Berks et al. (17) demonstrate that this 

translocase transports prefolded proteins 
with assembled redox cofactors. The Fdh-N 
P subunit does not have a signal peptide 
and must therefore be translocated as a pas- 
senger with the a subunit. It is now impor- 
tant to determine whether the fully assem- 
bled aC3P3Y3 complex is translocated or 
whether it is assembled from a,B pairs on a 
Y3 membrane scaffold. Transport of ax 
pairs requires a maximum diameter for the 
pore of the Tat apparatus of around 70 A, 
but if the a333y3 is transported, the pore 
would have to be around 130 A. Clearly, the 
resolution of the translocase structure will 
provide insights into the "gating" mecha- 
nism that maintains an "ionic seal" upon 
transport of such large substrates. 

The second question posed by the ori- 
entation of the Fdh-N-NR proton-motive 
redox loop is how the two substrates for the 
loop, formate and nitrate, are delivered to 
their respective active sites. The nitrate an- 
ion is encountered in the external environ- 
ment of the bacterium and so must be 
transported into the cell (against the "nega- 
tive-inside" membrane potential) to serve 
as the substrate for NarGH. This could, in 
principle, be a pmf-consuming process that 
would then affect the net energetics of the 
Fdh-N-NR electron transfer system (see 
the figure, B). In contrast, formate is gen- 
erated inside the cell and must be exported 
to the periplasm. In both cases the molecu- 
lar mechanisms of anion transport are not 
yet fully understood, although candidate 
transport proteins have emerged (18, 19). 
The Fdh-N structure instructs us that a full 
evaluation of a proton-motive redox loop 
requires an understanding of the molecular 
mechanism underlying enzyme catalysis 
and electron transfer. Further, it demands 
an appreciation of the relationship that the 
loop enzymes have, both at a molecular 
and gene-regulation level, with other elec- 
tron transport enzymes and transport pro- 
teins in the energy-conserving membrane. 
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