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Abstract [Electrostatic interactions play a key role in the cou-
pling of electron and proton transfer in membrane protein com-
plexes during the conversion of the energy stored in sunlight or
reduced substrates into biochemical energy via a transmembrane
electrochemical proton potential. Principles of charge stabiliza-
tion within membrane proteins are reviewed and discussed for
photosynthetic reaction centers, cytochrome ¢ oxidases, and di-
heme-containing quinol:fumarate reductases. The impact of X-
ray structure-based electrostatic calculations on the functional
interpretation of these structural coordinates, on providing new
explanations for experimental observations, and for the design
of more focused additional experiments is illustrated by a num-
ber of key examples.

© 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier Science B.V. All rights reserved.
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1. Introduction

Electrostatic interactions play a central role in a variety of
biological processes, such as molecular recognition, substrate
diffusion, catalytic rates, control by phosphorylation and pro-
tein folding (reviewed, e.g., in [1-3]). In particular, they influ-
ence biochemical properties such as pK, values of amino acid
side chains and other protonatable groups [4] and redox mid-
point potentials of prosthetic groups and cofactors [5]. In the
field of bioenergetics, their most important role is the coupling
of electron and proton transfer events in respiratory mem-
brane protein complexes. These are essential for the conver-
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Abbreviations: COX, cytochrome ¢ oxidase; Hl+ a proton from the
‘inner’ (cytoplasmic or matrix) phase; HJ, a proton from the ‘outer’
(periplasmic or intermembrane) phase; QFR, quinol:fumarate reduc-
tase; RC, photosynthetic reaction center; SQORs, succinate:quinone-
oxidoreductases; SQR, succinate:quinone reductase; AGeg(iyj), pair-
wise interaction energy of ionizable residue i with other ionizable
residues j; AGpol, interaction energy with the protein backbone and
polar side chains; AGi,, reaction field energy; u, dipole length; 6,
angle of the dipole axis relative to the position of interest

sion of the energy stored in sunlight or reduced substrates into
a transmembrane electrochemical proton potential, which can
then, according to the chemiosmotic hypothesis [6], be utilized
for the storage of biochemical energy by ATP synthesis.

In order to detail the role of electrostatics in proton-trans-
ferring enzymes, this contribution will not only describe some
general features of membrane protein electrostatics, but will
also illustrate these with two well-investigated examples, the
purple bacterial photosynthetic reaction center (RC) and the
bacterial cytochrome ¢ oxidase (COX). In addition, as an
emerging feature, the contribution of electrostatics towards
a recently proposed hypothesis of coupled transmembrane
electron and proton transfer in diheme-containing quinol:fu-
marate reductases (QFRs) will briefly be introduced.

This mini-review focuses on the role of ionizable residues in
proton-transferring membrane protein complexes, how their
charges are stabilized by the protein environment, how they
can influence the redox potentials of prosthetic groups and, in
turn, how their pK, values are controlled by the redox state of
the cofactors. In this context, the contributions of electrostatic
calculations towards mechanistical interpretations of atomic
structural coordinates and towards the design of post-struc-
tural experiments are discussed.

2. Principles

2.1. Charge-compensating interactions in a membrane protein
complex

Fundamentally, there are three ways to stabilize a charge
[7]: through reorientation of surrounding dipoles (Fig. 1a), by
pre-oriented dipoles in a rigid environment such as the protein
interior (Fig. 1b), or through local neutralization by a counter
charge (Fig. 1¢). In a polar solvent, e.g. for surface-exposed
charged groups, stabilization is achieved by rearrangement of
solvent dipoles that effectively screen the charge and minimize
its long-range effect. Inside a protein, it can be stabilized by
pre-oriented dipoles such as the protein backbone or polar
side chains. However, in contrast to a polar solvent, such an
environment of fixed dipoles is polar but not polarizable. This
means that the degree of stabilization of a charge depends
upon its position relative to the dipoles and the effect of
(de)stabilization is the opposite for positive and negative
charges. Examples for how the dipolar environment can sta-
bilize or destabilize charges will be given below. The rigidity
of the dipoles and the resulting loss of polarizability is char-
acterized by a low dielectric constant (e.g. €=4) inside the
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file. Subsequently, electrostatic potentials and interaction en-
ergies of potentially charged groups and analysis of the re-
sponse of the protein environment to redox changes can be
calculated by using a continuum dielectric model and finite
difference technique [8,9]. The electrostatic free energy of a
charged group i in the protein is the sum of at least three
different energy terms [10,11]: the reaction field energy (or
Born energy [12]) AGix,, which is the result of atoms and
electrons in the media stabilizing a charge, the interaction
energy AGpo With permanent dipoles such as the protein back-
bone and polar side chains (see below), and the pairwise in-
teraction energies with other ionizable residues j AGe(i,).
The latter, in contrast to AGr, and AGpol, is dependent on
pH and a function of the average protonation of all other
ionizable groups j in the protein. Thus, a Monte Carlo sam-
pling method [13,14] is applied to determine the average pro-
tonation of all titrating sites in the protein. Groups of residues
with strong pairwise electrostatic interactions and thus inter-
dependent ionization states can be referred to as clusters [14].
Given a threshold criterion that these charge-charge interac-
tions change the pK of a residue by two pH units, such clus-
ters have been identified in the examples described below.

c)
D=

Fig. 1. Three different charge-compensating scenarios (modified
from [11]). a: The charge is placed in a medium with a high dielec-
tric constant. b: The charge is stabilized by a set of prearranged di-
poles. ¢: The charge is stabilized by a counter ion.

3. The purple bacterial photosynthetic RC

In photosynthetic RCs, light-induced electron transfer is
coupled to proton uptake from the cytoplasm at the binding
site of the so-called ‘secondary’ quinone, Qp, where doubly

protein. Thus, buried charges screened by dipoles can have a
considerable long-range effect as their potential decreases with
1/er while the dipole potential falls of with u cos &/er? (u is the
length of the dipole, 8 the angle of the dipole axis relative to
the position of interest). In contrast, the third possibility, sta-
bilization by a counter charge of the opposite sign, will dimin-
ish the long-range effect of the charge, as the charge pair
effectively creates a dipole, the potential of which falls of with
1 cos Oler’.

2.2. Electrostatic interactions between ionizable residues within
the protein

The role of electrostatic interactions in bioenergetically in-

teresting membrane protein complexes of known three-dimen-

sional structure can be investigated after assigning partial

charges and atomic radii to every atom in the coordinate

reduced Qg takes up two protons (Fig. 2a). Although the
electrogenic role of the RC alone as a ferrocytochrome
¢>:quinone photo-oxidoreductase ([15], Reaction 1, where
H;" denotes a proton from the ‘inner’ or cytoplasmic phase)
is based on transmembrane electron transfer and does not
involve vectorial proton pumping across the membrane,

2eyt gt +2Hf + quinonezﬂﬂ cyt ¢3" + quinol (1)
€

the interplay of the RC, the cytochrome bc; complex and the
soluble, periplasmic cytochrome ¢, does lead to the establish-
ment of a transmembrane electrochemical proton potential
(Fig. 2a). In addition, the coupling of electron and proton
transfer at the Qp site of the RC may serve as a model for
other ubiquinone-reducing or ubiquinol-oxidizing membrane
protein complexes (see, e.g., [16,17] for reviews).

P
Fig. 2. Electron and proton transfer in bacterial photosynthesis (a), aerobic (b) and anaerobic (c) respiration. The positive (+) and negative (—)
sides of the membrane are indicated. In bacteria, the negative side is the cytoplasm (‘inside’), the positive side the periplasm (‘outside’). For mi-
tochondrial systems, these are the mitochondrial matrix and the intermembrane space, respectively. Panel a was modified from [15], panels b
and ¢ were modified from [44]. a: Photophosphorylation in R. viridis. The Qg site of the RC is highlighted in orange. Light is absorbed by the
bacteriochlorophyll of the B1015 light harvesting antennae. Excitation energy is then transferred to a dimer of bacteriochlorophyll, the special
pair D, thus forming the excited state D*. This decays through electron transfer via the monomeric accessory bacteriochlorophyll By and the
bacteriopheophytin ¢ to the ‘primary electron acceptor’, Qs (which is a menaquinone-9 in the RC of R. viridis) leading to the formation of
D*Q,Qg, followed by re-reduction of D* by heme 3. These processes can be summarized as a photo-chemical cytochrome oxidation, giving
rise to the radical state DQ, Qg. The second step involves the transfer of this first electron to Qg, a ubiquinone-9 in the R. viridis RC, resulting
in the state DQAQjg. After a second photo-chemical cytochrome oxidation in the third step, the diradical state DQ, Qg is formed. While Qa
can only accept one electron, Qg functions as a ‘two-electron gate’ [51], and after transfer of a second electron and the first proton, the inter-
mediate state DQA(QgH)™ is formed in the fourth step. The transfer of the second proton is kinetically indistinguishable from the first proton
transfer in the wild-type RC and can only be resolved in the case of mutants with significantly retarded second proton transfer rates [52]. The
ubiquinol (QgH;) then leaves its binding site and is re-oxidized by a second membrane protein complex, the cytochrome bc; complex, which re-
sults in the release of protons on the periplasmic side of the membrane. This proton transport produces a transmembrane electrochemical gra-
dient that drives ATP synthesis through the ATP synthase. The electrons which are released upon quinol re-oxidation are cycled back to the
RC via a small soluble protein, cytochrome ¢;, and ultimately re-reduce the photo-oxidized tetraheme C subunit. b: Electron flow and the gen-
eration and utilization of a transmembrane electrochemical proton potential in aerobic respiration. c¢: Electron flow and the generation and uti-
lization of a transmembrane electrochemical potential in anaerobic respiration. Menaquinone is abbreviated as MK.
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Fig. 3. The R. viridis RC. a: Localization of the Qg cluster within the R. viridis RC, as determined in [14]. The coordinate set used is PDB en-
try 1IDXR [53], the Qg model is from entry 2PRC [21]. The Ca traces of the L, M, and H subunits are drawn in dark yellow, light blue, and
pink, respectively. In addition to the members of the cluster, polar side chains and water molecules possibly involved in proton transfer be-
tween the cytoplasmic surface and the Qp site are also shown. Only selected residues are labeled. Side chains of the basic residues Lys and Arg
are drawn in blue, those of the acidic residues Asp and Glu in red, His residues in light blue, the polar side chains of Ser, Thr, Tyr, Asn, and
Gln in yellow, and water molecules in green. b: Contribution of the polypeptide backbone to the electrostatic potential (from [14]). Depicted is
a slice panel parallel to the quinones and the non-heme iron running through the C8 atom of Glu M234. Positive potential contributions are
depicted in blue, negative in red. The respective values for the depicted residues are +460 mV for Glu M234 C§, +435 mV for Glu H177 C8,
+385 mV for Glu L212 C3 and 0 mV for Asp M43 Cy. This illustration and Fig. 4b were made with GRASP [54]. ¢: Comparison of the distal
(green, 1PRC,y) and proximal (black, 2PRC) ubiquinone binding sites [21].
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The effect of changes in the redox states of both the pri-
mary quinone Qa and the secondary quinone Qg has been
studied by electrostatic calculations on the RCs of Rhodo-
bacter sphaeroides [18,19] and Rhodopseudomonas viridis
[14,20]. In the case of the R. viridis RC, an extensive charac-
terization of electrostatically interacting clusters of titrating
residues was performed [14]. A cluster of 47 residues was
identified, which could be subdivided into a group of 23 res-
idues more strongly coupled to Qg (the Qg cluster) and an-
other 24 which are more strongly coupled to Qa (the Qa
cluster). The Qg cluster (Fig. 3a) extends for over 33 A
from residue His H72 to the N-terminus of the M subunit,
providing several possible entry points for cytoplasmic pro-
tons. The Qg cluster differs from the Q4 cluster in that it has
a surplus of acidic residues, a larger number of strong electro-
static interactions, is more buried inside the protein, and ex-
periences a strong positive electrostatic field contribution aris-
ing from the polypeptide backbone (Fig. 3b). This dipole field
stabilizes the central Qg cluster residues Glu H177 and Glu
M234 (which together with Glu L212 form ‘the Glu cluster’)
in a partially deprotonated form. Consequently, upon reduc-
tion of Q4 and Qg, it is the Glu cluster which is calculated to
be responsible for substoichiometric proton uptake by the RC
at neutral pH. Due to differences in primary structure, the R.
sphaeroides RC forms an analogous but different acidic clus-
ter, consisting of Asp L210, Glu L.212, and Asp L213 [14,18].

This proton uptake by the Glu cluster also influences the
positioning of the quinone substrate Qp, where two binding
sites in the R. viridis RC were identified by X-ray crystallog-
raphy [21]. One of them is the ‘proximal’ binding site close to
the non-heme iron shown in Fig. 3a,b, the other is a ‘distal’
site, displaced by 4.2 A along the path of the isoprenoid tail
with the quinone ring plane flipped by approximately 180°
(see Fig. 3c). Similar results were obtained for the R. sphaer-
oides RC [22,23]. The theoretical electron transfer rate from
Qj to Qp, if calculated as described by Page and colleagues
[24], is by 2.5 orders of magnitude (i.e. a factor of 300) faster
if Qg is proximal rather than distal [25]. Molecular dynamics
simulations indicate that the preference towards the proximal
Qg location is not necessarily attributable to the reduction of
Qp to the semiquinone, but already to the reduction of the
primary quinone Qa and the resulting protonation changes in
the protein [25]. These calculations also suggest a plausible
explanation for the observation of predominantly proximally
bound Qg in a Q cofactor exclusion variant of the R. sphaer-
oides RC [26], where part of the Qa site is occupied by a
chloride ion. This chloride ion is seen to electrostatically
mimic Q,, thus leading to predominantly proximal binding
of Qg [25].

In addition to substoichiometric proton uptake, the nega-
tive charge on Qp is calculated to be stabilized by the reor-
ientation of dipoles, especially those of rotatable Ser, Thr, and
Tyr hydroxyl groups and of internal water molecules [19]. The
most prominent of these changes, that of Ser L223 in the
immediate vicinity of the proximal Qg site, had previously
been inferred on the basis of the structures of RC complexes
modified at the Qg site [21].

4. Bacterial COX

In the case of COX, the terminal enzyme of the respiratory
chain of mitochondria and many aerobic bacteria (complex
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IV, see Fig. 2b), which catalyzes electron transfer from cyto-
chrome ¢ to molecular oxygen, thereby reducing the latter to
water, the redox reaction is coupled to proton translocation
across the membrane as shown in Reaction 2 (see [27,28] for a
more detailed discussion):

Aoyt 2+ 8HY + 0,554 eyt ¢ +4HF +2H,0 (2)

where H/ denotes a proton from the ‘outer’ phase (periplasm
or mitochondrial intermembrane space).

Compared to the photosynthetic RC, a comparatively
smaller cluster of 18 strongly electrostatically interacting ti-
tratable groups were identified in Paracoccus denitrificans
COX [29], as shown in Fig. 4a. Similar to the RC and despite
being buried within the transmembrane part of the protein,
most groups of the cluster are calculated to be fully charged at
pH 7.0 in the fully oxidized state of the enzyme. Among the
few exceptions are the two strongly coupled groups Asp 1399
(numbering according to the Paracoccus enzyme; see Table 1
for a comparison of the residue numbering) and one of the
heme a3 propionates, that apparently share a single proton,
and the neutral Glu I-278, the acidic function of which has
been shown to be crucial for proton pumping [30]. It has been
suggested that Glu 1-278 might play an important role in
conferring proton movement on electron transfer [31,32]. In
agreement with the electrostatic calculations, Fourier trans-
form infra-red studies on Glu [-278 variant enzymes suggest
that this residue is not involved in reduction-induced proton
uptake, but rather undergoes conformational changes on re-
duction of the enzyme or ligand binding [33,34]. It could thus
act as a switch [27], transferring protons either to the binu-
clear center, i.e. the active site of oxygen reduction, or, alter-
natively, towards a region surrounding the heme propionates
[35] from which they could be expelled into the periplasmic
phase.

An example is shown in Fig. 4b of how the dipolar environ-
ment stabilizes the positive charge on the Arg I-54 side chain,
which is conserved among COXs that contain an A-type heme
in the low-spin site. The guanidino group of the arginine is
hydrogen-bonded to the formyl group of heme «, the back-
bone carbonyl oxygen of residue 1-486 and the y-hydroxyl
group of Ser [-490. The polar side chains of Gln 1-463, Ser

Table 1

Sequence number conversion table for amino acid residues in sub-
units (Su) I and II of the COX from P. denitrificans (P.d.),
R. sphaeroides (R.s.), bovine heart mitochondria (B./i.m.), and of the
ubiquinol oxidase from E. coli (E.c.), as discussed in the text

Residue number
Pd R.s. B.h.m. E.c.

Proton pathways

D-pathway

Sul Asp 124 132 91 135
Sul Glu 278 286 242 286
K-pathway

Sul Tyr 280 288 244 288
Sul Thr 351 359 316 359
Sul Lys 354 362 319 362
Su II Glu 78 101 62 89
Heme a environment

Sul Arg 54 52 38 80
Heme a3 environment

Sul Asp 399 407 364 407
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Fig. 4. P. denitrificans COX. a: The cluster of strongly interacting ionizable groups as determined in [29] together with the polar residues form-
ing the proposed K- and D-pathways of proton transfer. Color coding of the residue side chains is as described for Fig. 3a. The coordinate set
used is PDB entry 1AR1 [55]. b: Contribution of the polypeptide backbone and polar groups to the negative electrostatic potential stabilizing
the charge of Arg I-54 (adapted from [36]). Hydrogen bonds are indicated by dotted lines.

1-489, and Ser 1-490 and the backbone carbonyl dipoles of itive charge has a strong influence on the redox potential of
residues 1-482, 1-483, 1-486, and 1-487 create a region of neg- the low-spin heme. These results prompted the investigation
ative potential stabilizing the positive charge on the arginine. of the effect of the replacement of Arg I-54 by Met by site-

The electrostatic calculations [29] also indicated that the pos- directed mutagenesis [36,37]. The mutation resulted in a blue-
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shift of the heme « a-band by 15 nm and partial occupation
of the low-spin heme site by heme O. Additionally, there was
a marked decrease in the midpoint potential of the low-spin
heme, resulting in slow reduction of this heme species, and
affecting the directionality of electron transfer in the enzyme
[36].

Based on the crystal structure of the Paracoccus enzyme
and in agreement with the results of site-directed mutagenesis
studies [38-40], two possible proton transfer pathways were
suggested [41]. The shorter one, referred to as the K-pathway,
leads to the binuclear center via the highly conserved residues
Lys I-354, Thr I-351, and Tyr I-280. The second, longer path-
way (D-pathway) involves Asp 1-124 and a number of con-
served polar residues, then leading to the residue Glu I-278
discussed above. The current view is that these two proton
pathways may be associated with different parts of the cata-
lytic cycle. While Asp 1-124 was previously identified as a
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likely proton entry site for the D-pathway, the likely entry
site of the K-pathway, Glu II-78, was identified by electro-
static calculations [29] before being confirmed by site-directed
mutagenesis studies [42,43].

5. The ‘E-pathway hypothesis’ of coupled transmembrane
electron and proton transfer in diheme-containing QFRs

A first, emerging example of transmembrane proton trans-
location not associated with the generation of a transmem-
brane electrochemical potential appears to be the diheme-con-
taining QFR. QFRs and succinate:quinone reductases (SQRs)
together form the superfamily of succinate:quinone-oxidore-
ductases (SQORs) discussed extensively recently [44,45] and
also elsewhere in this issue [46]. These enzymes couple the
two-electron oxidation of succinate to the two-electron reduc-
tion of quinone as well as the reverse reaction (3):

a) b)

3? [2Fe-28]
8 [4Fe-45]

\

\

.'a

A

GIuiC180

W

Fig. 5. E-pathway hypothesis of coupled transmembrane proton and electron transfer in W. succinogenes QFR. Positive and negative sides of
the membrane are described for Fig. 2. a: Hypothetical transmembrane electrochemical potential in the absence of an E-pathway as suggested
by the essential role of Glu C66 for menaquinol oxidation by W. succinogenes QFR [49]. The prosthetic groups of the W. succinogenes QFR
dimer are displayed (coordinate set 1QLA; [48]). Distances between prosthetic groups are edge-to-edge distances in A as defined earlier [24].
Also indicated are the side chain of Glu C66 and a tentative model of menaquinol (MKH,) binding. The position of bound fumarate (Fum) is
taken from PDB entry 1QLB [48]. b: Hypothetical cotransfer of one H™ per electron across the membrane (‘E-pathway hypothesis’) [50]. The
two protons that are liberated upon oxidation of menaquinol (MKH,) are released to the periplasm (bottom) via the residue Glu C66. In com-
pensation, coupled to electron transfer 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 which are bound during fumarate reduction.

In the oxidized state of the enzyme, the ‘E-pathway’ is blocked.
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2e
Fumarate + 2 H" + quinol @ Succinate+

2 H;" 4 quinone (3)

SQORs generally contain four protein subunits. Among spe-
cies, the hydrophilic subunits A and B have high sequence
homology, while that for the hydrophobic subunits C and D
(sometimes replaced by a single large subunit C) is much low-
er. They also differ in the number of heme b groups bound to
the hydrophobic domain [47]. For instance Escherichia coli
QFR contains no heme, while mitochondrial SQR contains
one heme b group, and both the SQR from the Gram-positive
bacterium Bacillus subtilis and the QFR from the e-proteo-
bacterium Wolinella succinogenes contain two heme b groups.
As indicated in Reaction 3, there is little doubt that for the
mono-heme and no-heme enzymes the protons bound in the
reduction reaction and those released in the oxidation reaction
are on the ‘inside’ (cytoplasm or matrix, respectively). How-
ever, the structure of the diheme-containing QFR from
W. succinogenes indicates that the two hemes are arranged
in a manner for efficient transmembrane electron transfer
[48] and the site of quinol oxidation has been shown to be
oriented towards the periplasm [49], whereas the site of fuma-
rate reduction is oriented towards the cytoplasm. Without
compensating events, this arrangement of catalytic sites would
indicate that the reaction catalyzed by W. succinogenes QFR
should be involved in the establishment of a transmembrane
proton potential. However, this could not be verified experi-
mentally (see [50] and references therein for a discussion).
Instead, it has been proposed [50] that transmembrane elec-
tron transfer is strictly coupled to transmembrane proton
transfer via a pathway (the so-called ‘E-pathway’), involving
the residue Glu C180, which is conserved in diheme-contain-
ing QFR enzymes (see Fig. 5). This proton transfer thus bal-
ances proton release in the periplasm with proton binding in
the cytoplasm and consequently makes the whole reaction
electroneutral. While this ‘E-pathway hypothesis’ remains to
be proven, it is currently the only working model that ad-
equately explains all experimental findings. Recent electro-
static calculations (A. Haas and C.R.D. Lancaster, manu-
script in preparation) indeed indicate that the protonation
state of Glu C180 depends on the redox state of the heme
groups, which further supports the ‘E-pathway hypothesis’.

6. Conclusions

All three principle ways to compensate charges described
here are relevant in proton-conducting membrane protein
complexes. The balance between these mechanisms is deter-
mined by the structure of the respective membrane protein
complex. X-ray structure-based electrostatic calculations
have been shown to be a valuable tool in the functional in-
terpretation of the structural coordinates, in the development
of working hypotheses, in providing explanations for previ-
ously unexplained experimental observations, and also in the
selection of targets for structure-based mutagenesis experi-
ments.
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