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Abstract

As outlined by Peter Mitchell in the chemiosmotic theory, an intermediate in energy conversion in biological systems is a proton

electrochemical potential difference (‘‘proton gradient’’) across a membrane, generated by membrane-bound protein complexes. These

protein complexes accommodate proton-transfer pathways through which protons are conducted. In this review, we focus specifically on the

role of the protein–membrane surface and the surface–bulk water interface in the dynamics of proton delivery to these proton-transfer

pathways. The general mechanisms are illustrated by experimental results from studies of bacterial photosynthetic reaction centres (RCs) and

cytochrome c oxidase (CcO).
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1. Introduction

Proton-transfer reactions from water solution to a protein

and from a donor to an acceptor within a protein are among

the most common reactions in biological systems (for a

recent general review, see Ref. [1]). In this review, we focus

on the role of the protein surface in facilitating proton

uptake from solution to proton-transfer pathways of mem-

brane-bound proteins, where the discussion is centred

around experimental observations from studies of bacterial

photosynthetic reaction centres (RCs) and cytochrome c

oxidase (CcO).

The protonation rate of a base in a water solution,

determined by proton diffusion in water, was shown to

display second-order rate constant of 2–6� 1010 M� 1

s� 1 [2–6], reaching a limiting value for the recombina-
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(P. Brzezinski).
tion of OH and H at 1.4 10 M s [2]. The

significance of the subject discussed in this review is

illustrated by observations of proton uptake from solution

by the RC and CcO with apparent bimolecular rate

constants exceeding those corresponding to proton diffu-

sion through water to a single surface-bound protonatable

group. Such rapid proton-transfer reactions are presum-

ably the consequence of the involvement of surface-

exposed protonatable residues, which capture protons

from solution thereby extending the surface area from

which protons are collected and providing a local, two-

dimensional buffer composed of rapidly exchanging pro-

tonatable sites [5,7]. For example, if negatively charged

residues are combined with histidine residues with appro-

priate pKA values, this type of structure may act to: (a)

increase the local proton concentration around the entry

point of the proton-transfer pathway, (b) bind protons

from solution and ‘‘funnel’’ them to the pathway entrance,

or (c) provide suitable bases for abstracting protons from

buffers or from water molecules in solution. Rapid proton

uptake from solution may be important for, e.g., stabilis-

ing transiently formed reduced states of intraprotein redox

cofactors, stabilising partly reduced substrates or, in the

case of proton pumps, protonating intraprotein residues

involved in proton pumping where accurate timing of the

protonation reaction is key to maintaining a high proton-

pumping stoichiometry.
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1.1. Cytochrome c oxidase

Cytochrome c oxidase is a membrane-bound redox-

driven proton pump. The CcO from Rhodobacter sphaer-

oides consists of four subunits (SU) of which SU I and II

bind four redox-active cofactors, two copper sites and two

haem groups (Fig. 1). Electrons are donated by a water-
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Fig. 1. (A) The overall structure of cytochrome c oxidase (CcO) from R. sphaeroid

and a3) and blue (CuA and CuB). (B) The redox centres and the proton-transfer pa

‘‘pumped’’ protons. The red spheres are water molecules. (C) The reaction mecha

Reduction of the oxidised (state O) CcO (with four electrons) is associated with

Oxygen binds to the reduced haem a3 (state A) with a time constant of ~10 As (1 m

electron transfer from haem a to the binuclear centre. The PR!F and F!O tran

transfer reactions through the D pathway (shown to the right), associated with th

boxes). The structural figures were prepared using the Visual Molecular Dynamic
soluble cytochrome c, which interacts with CcO on the

positive (P-) side of the membrane and first reduces the

copper A (CuA) site. The electron is then transferred

intramolecularly consecutively to a haem group, haem a,

and to a binuclear haem-copper centre consisting of haem a3
and copper B (CuB), located within the membrane-spanning

part of the CcO (Fig. 1B). When this binuclear centre is
es (PDB code 1 M56 [84]). The redox centres are shown in yellow (haems a

thway of CcO. The D pathway is used for the uptake of both substrate and

nism of CcO as observed upon mixing of the fully reduced CcO with O2.

a net uptake of about two protons from the bulk solution forming state R.

M O2). The breaking of the O–O bond forming state PR is associated with

sition are associated with proton uptake from the bulk solution. The proton-

e PR!F transition (discussed in this review), are shown in detail (in red

Software [85].
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reduced, dioxygen is bound and reduced stepwise by four

electrons to yield two water molecules. The protons needed

for the O2-reduction reaction (substrate protons) are taken

up specifically from the negative (N-) side of the membrane.

In addition, the reaction catalysed by CcO is coupled

energetically to the pumping of protons from the N- to the

P-side of the membrane with an average stoichiometry of

one proton per electron (for a detailed description of the
Fig. 2. (A) Overall structure of the reaction centre (PDB code 1AIG [86]), indicatin

proton transfer to the QB site. (B) The proton-transfer pathways for H+(1) and H+(

later (after H+(1) during kAB
(2)) transferred on to reduced QB. Note that H

+(1) and H

Zn2 + indicates the residues that were shown to constitute the Zn2 +-binding site

excitation leads to oxidation of the chlorophyll donor D and reduction of the primar

transfer from QA
� to QB, kAB

(1), is coupled to protonation (uptake of H+(2)) of a near

transfer from QA
� to QB, kAB

(2), which is coupled to direct protonation (uptake of H

from Glu(L-212) to [QBH]
�, forming quinol, QH2, which dissociates from the Q
structure and function of CcO, see [8–13], and other articles

in this issue):

4c2þP þ 8Hþ
N þ O2 ! 4c3þP þ 4Hþ

P þ 2H2O ð1Þ

where c is cytochrome c, and the subscripts N and P refer to

the negative and positive sides of the membrane, respec-

tively. The involvement of specific amino acid residues in
g the redox cofactors, the sequence of electron transfer and the pathway for

2) to reduced QB. H
+(2) is taken up (during kAB

(1)) first to Glu(L-212) and is
+(2) share proton-entry point, at His(H-126) and His(H-128). The subscript

[28]. (C) A simplified photocycle for the reaction centre at pH>8. Light

y quinone QA. D
+ is rapidly re-reduced by a cytochrome c. The first electron

by group, Glu(L-212). The second light-excitation leads to a second electron
+(1)) of the doubly reduced QB. After kAB

(2), H+(2) is transferred internally

B-binding pocket and is replaced by a quinone, Q.
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these proton-transfer reactions have been investigated using

site-directed mutagenesis in a number of bacterial CcOs of

which the structure and function are essentially identical to

those of the mitochondrial CcO. In cytochrome aa3 from R.

sphaeroides there are two proton-transfer pathways leading

from the N-side towards the binuclear centre (see Fig. 1B).

One of these, the so-called D-pathway, starts with a highly

conserved Asp residue (Asp(I-132)) in the R. sphaeroides

CcO), and is lined by a number of hydrophilic amino-acid

residues and water molecules, leading to another highly

conserved residue, Glu(I-286) (Fig. 1B). The D-pathway is

presumably used for the transfer of at least six out of the

eight protons (four substrate and four pumped protons)

taken up by the CcO per each turnover [14–17]. Since the

CcO catalyses the reduction of f 400 O2 molecules/s at pH

6.5, on average f 2400 H+/s are taken up through the D-

pathway, corresponding to an average protonation rate

constant of f g1010 M� 1 s� 1. However, as discussed in

detail below, many of the partial proton-uptake reactions are

much faster than the average rate.

1.2. Bacterial photosynthetic reaction centers

The RC from the photosynthetic bacterium R. sphaer-

oides is a membrane-bound protein complex that catalyses

the light-induced, proton-coupled electron transfer reactions

leading to the two-electron reduction and double proton-

ation of a bound quinone molecule QB, using electrons from

cytochrome c2 (reviewed in Refs. [18–20]).

Qþ 2e� þ 2Hþ ! QH2 ð2Þ

The RC (Fig. 2A) is composed of three polypeptide

subunits, called L, M, and H. Light absorbed by the RC

initiates the photo-ionisation of the primary donor, D, a

bacteriochlorophyll dimer. The electron is transferred

through a bacteriochlorophyll and a bacteriopheophytin

to the primary quinone acceptor, QA, which is the electron

donor to QB. The protons required for the reduction of the

QB to quinol are taken up from the aqueous phase on the

cytoplasmic side (N-side) of the membrane. The oxidised

chlorophyll donor D+ is re-reduced by a water-soluble

cytochrome c2 on the opposite side (P-side) of the

membrane.

The double reduction of QB takes place in two sequential

light-induced electron transfer reactions (see Fig. 2C). The

first electron transfer from QA
� to QB, kAB

(1) , produces a stable

anionic semiquinone radical QB
�. At pH>8, no protonation of

the semiquinone occurs at this step (the pKA of QB
� has been

estimated to be f 4.5 [21]), but the electron transfer is

coupled to protonation of a nearby acid residue Glu(L-212)

[22,23] due to electrostatic interaction with QB
�. The first

protonation of the reduced QB (this proton is denoted H+(1))

occurs during the second electron transfer, kAB
(2). The second

proton (denoted H+(2)) is transferred internally to (QBH)
�

from Glu(L-212) after the second electron transfer, kAB
(2)

[24], forming QBH2.

The QB molecule is located in the interior of the RC,

removed from the aqueous solution. Several putative pro-

ton-transfer pathways consisting of protonatable amino

acids and/or water molecules leading from the cytoplasm

to the quinone-binding site have been identified in the

crystal structures of the RC from R. sphaeroides [25–27].

The dominant functional proton-transfer pathway for

H+(1) (Fig. 2B) has been shown by site-directed mutagen-

esis and metal-binding studies (see below) to involve the

following residues, starting at the surface of the protein and

moving ‘in’ towards the QB-site (see Fig. 2B): His(H-126),

His(H-128) and Asp(H-124) (all three at the protein surface)

[28,29], Asp(L-210) and Asp(M-17) [30,31], Asp(L-213)

[22,32–34], and Ser(L-223) [32]. The transfer of H+(2)

(Fig. 2B) to reduced QB has been shown by site-directed

mutagenesis to involve internal transfer from Glu(L-212)

[22,23]. The transfer of H+(2) from the bulk solution to

Glu(L-212) has been shown to involve the same pathway as

for H+(1) up to Asp(L-213) [31,35], before branching off to

Glu(L-212).

The turnover steady-state activity of the RC has been

measured to be f 1500 e�/s at pH 8 [36], which corre-

sponds to an average protonation rate constant of 1.5� 1011

M� 1 s� 1, and as discussed below, partial reactions involv-

ing proton uptake are even faster.
2. Rapid proton uptake reactions by CcO and

photosynthetic RCs

2.1. Cytochrome c oxidase

Fully reduced (i.e., with four electrons) CcO reacts with

dioxygen to form the oxidised CcO with a time constant of

f 1 ms (at pH 7 and O2 concentrations of >10 AM).

However, as indicated above, the O2-reduction reaction

takes place in several distinct steps. These steps can be

resolved in time using the ‘‘flow-flash technique’’; the

reduced CcO with CO bound at haem a3 is mixed rapidly

(a few ms) with an O2-saturated solution. Since also O2

binds initially to haem a3, the reaction of the reduced

binuclear centre and O2 is rate-limited by the CO dissoci-

ation, which is a slow reaction displaying a time constant of

f 50 s. Thus, if after mixing of the CO-bound CcO with

O2, the CO ligand is dissociated by means of a laser flash,

the reaction of the reduced CcO and O2 can be followed in

time using, for example, optical absorption spectroscopy

(for a review, see Refs. [37–39]). After binding of O2 to

haem a3 in the fully reduced CcO, the three redox sites

haem a, haem a3 and CuB become oxidised resulting in

formation of the so-called ‘‘peroxy’’ (PR) transient state.

The PR state appears with a time constant of 30–50 As and
results in formation of a proton acceptor at the catalytic site

having a very high pKA (>12). The group is presumably
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either a Tyr residue, which donates a proton to O2 upon

formation of PR or a hydroxide bound at CuB after the

breaking of the O–O bond (see Fig. 1C), but the discussion

below is independent of the identity of the group. Reproto-

nation of this group displays a time constant of f 100 As at
pH 7 and results in the formation of the F state. Thus, the

PR!F transition can be viewed as protonation of an

internal protonatable group at the catalytic site. Proton

uptake from the bulk solution is observed (using pH-

sensitive dyes) with the same time constant as that of the

PR!F transition at the catalytic site (for a summary of the

reaction of the R. sphaeroides CcO with O2, see Ref. [40]).

The proton-transfer reaction has been shown to take place in

two distinct steps; the proton is first donated by Glu(I-286)

within the D-proton pathway with a time constant of f 100

As, followed by reprotonation of the Glu with a time

constant < 100 As at pH 7 [41–43].

A proton-uptake time constant of < 100 As at pH 7

corresponds to a second-order rate constant of >1�1011

M� 1 s� 1, i.e., exceeding that of a diffusion-controlled

proton transfer to a single protonatable group. A larger than

expected proton-uptake rate was also observed at high pH

[43], as described briefly below. The apparent pKA of Glu(I-

286) (determined from the pH dependence of the formation

rate of state F) was found to be 9.4 [43]. Thus, above pH 9.4

a major fraction of Glu(I-286) is unprotonated and the

proton is transferred directly from the bulk solution to the

proton acceptor at the catalytic site (PR!F transition). The

protonation of the proton acceptor at the catalytic site and

the proton uptake from the bulk solution were investigated

independently by following absorbance changes specific to

the PR!F transition and absorbance changes of a pH-

indicator dye in solution, respectively. At pH 9.8, a proton

uptake rate constant of f 3� 103 s� 1 was observed [43],

which corresponds to a second-order rate constant

off 2� 1013 M� 1 s� 1. The possibility that direct proton

donation from the dye (see below) in solution was rate-

limiting was excluded since the extent and rate of formed F

intermediate were the same in a buffer-free solution as with

40 AM dye or 50 mM buffer.

A theoretical analysis [44] of proton-uptake reactions in

CcO, coupled to electron transfer between haems a and a3 in

the absence of O2 [15], also revealed an apparent second-

order rate constant, 5� 1011 M� 1 s� 1, exceeding that of a

diffusion-controlled proton transfer.

2.2. Bacterial photosynthetic RCs

In bacterial RCs, the first electron transfer from QA
� to

QB, kAB
(1), can be measured as a shift in the optical spectrum

of the bacteriopheophytin [45] in response to a laser flash.

The rate constant kAB
(1) is f 5� 103 s� 1 (to f 104 s� 1,

depending on experimental conditions, see, e.g. Refs.

[46,47]) at pH 8, and decreases with increasing pH with a

pKAi8.5 (or slightly higher, see, e.g. Ref. [47]), due to

titration of Glu(L-212) [23]. Proton uptake occurs simulta-
neously with the electron transfer, as measured using pH-

sensitive dyes in the bulk solution (see, e.g. Refs. [24,48]).

The kAB
(1) reaction in native RCs has been modelled [35] in

terms of a rapid proton equilibration between the bulk

solution and Glu(L-212), followed by electron transfer that

is rate-limited by a conformational change (conformation-

ally gated electron transfer) [49]. Thus, it should be noted

that in native RCs, the observed rate constants of proton

uptake due to formation of QB
�, corresponding to apparent

bimolecular rate constants of 5� 1011–8� 1012 M� 1 s� 1,

are still not limited by the proton-transfer reaction.

Similar rate constants for proton uptake are observed if

the QB site is occupied by an inhibitor so that the proton

uptake occurs as a response to formation of QA
�, which

interacts electrostatically with the same protonatable resi-

dues as QB
� [50], mainly Glu(L-212) at pH>8 [22,24,51,52].

A detailed study of this proton uptake reaction [53] showed

that at a specific pH, the observed rate constants were the

same with different indicator dyes having different pKAs

and hence not dependent on the concentration of the

protonated form of the dye, which indicates that direct

proton donation from the dye is not rate-limiting.

2.3. Surface modifications affecting proton-transfer

reactions

The rapid proton-uptake reactions described above in

CcO and RCs have been shown to be affected by modifi-

cations of the protein surface, indicating a role for surface

residues in rapid proton conduction. These surface modifi-

cations are discussed in detail below.

2.4. The effect of divalent metal binding to protein

surfaces—a tool to investigate proton transfer

Zinc ions (and in some cases also other divalent metal

ions) have been shown to inhibit proton-transfer reactions in

several membrane-bound enzymes such as the mitochondri-

al bc1 complex [54], voltage-gated proton channels [55],

photosynthetic RCs [28,29] and on both the proton input

and output sides of respiratory oxidases [56–61].

A determination of the X-ray crystal structure of the RCs

with bound zinc ions [28] showed that Zn2 + was coordi-

nated by His(H-126), His(H-128) and Asp(H-124) (see Fig.

2B). These residues are located at the surface of the RC on

the H subunit, at the entry point of one of the previously

proposed pathways for proton transfer from the N-side

solution into the QB-site. This arrangement of His residues

and carboxylates is also often found around the input sites of

other proton pathways (c.f. detailed discussion below). The

results with the RCs indicated that with a metal bound to

these residues, proton transfer into the RC was slowed by at

least an order of magnitude and was now rate-limiting for

both electron transfer reactions (kAB
(1) and kAB

(2)) [29,35].

These results defined the entry point for protons into the RC

(Fig. 2B).



Fig. 3. A summary of the various mechanisms by which protons can be

donated to a protonatable group (D) at the orifice of a proton pathway

leading to an acceptor within the protein (Ap). Protons from solution may

be donated to D, or to proton acceptors at the membrane (Am) or the protein

surface (Ap) by diffusion of hydronium ions (H3O
+), buffer/pH dye (BH) or

water. The surface-bound proton acceptors, Ax, are in rapid equilibrium

with D.
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With CcO from R. sphaeroides one Zn2 +-binding site

was reported to be located near the entry point of the D-

pathway, where a cluster of His and Asp residues is found

(Fig. 1C). In the presence of Zn2 + the proton uptake from

bulk solution during the PR!F transition, with an intrinsic

time constant of < 100 As (see above), was slowed to f 2

ms, i.e., by a factor of >20 [60,61].

2.5. Site-specific mutagenesis and other modifications of

surface residues

The inhibitory effect by metal ion binding to His(H-126),

His(H-128) and Asp(H-124) on proton transfer to the QB site

in RCs was proposed to be due to the loss of the imidazole

groups of the His as initial proton donors in the proton-

transfer pathway [29,35]. This proposal was supported by

studies on RCs where the two surface His residues were

exchanged for alanines using site-directed mutagenesis,

showing that in the double His mutant RC, both electron

transfer reactions to QB were slowed because they were, in

contrast to the situation in native RCs, limited by proton

uptake from solution [63]. In addition, it was shown that

rapid proton uptake rates could be restored (‘‘rescued’’) by

the addition of exogenous proton donors such as imidazole to

the bulk solution [63,64]. In contrast to native RCs, in the

double His mutant RC the background proton uptake rate in

the absence of exogenous donors was close to that

corresponding to a direct transfer of H3O
+ from solution to

a specific site at the entrance of the pathway (the apparent

bimolecular rate constant was 1.6� 1011 M� 1 s� 1). These

results indicate an important role for the surface histidines,

either as proton donors to the pathway or as connectors

between the beginning of the pathway and the cluster of other

protonatable residues on the surface, as discussed below.

In CcO several of the His residues around the entry point

of the D-pathway are found at subunit III of the R.

sphaeroides CcO. This subunit does not contain any re-

dox-active cofactors and can be removed without disturbing

the structure of the remaining subunits. The removal of SU

III resulted in a slowed proton uptake during the PR!F

transition from < 100 As to f 1 ms [65], i.e. by about the

same factor as upon Zn2 + binding, which also indicates that

the protein surface around the entry point of the D-pathway

participates in extending the effective radius of the ‘‘proton-

collecting’’ domain.
3. Mechanisms of protonation of surface-bound

protonatable groups

Protons may be transferred to the entry point of a proton

pathway, e.g. a protonatable group, by way of different

mechanisms (see Fig. 3):

(i) protons may diffuse to the surface group

(ii) protons may be donated by neighbouring surface groups
(iii) a buffer or dye may donate protons to the surface group

(iv) a water molecule may act as the initial proton donor to

the surface group.

The actual mechanism in a specific case may depend on

factors such as, e.g. the concentration, charge, pKA and size

of the buffer/dye, the pH, the pKAs and distribution of the

proton-accepting groups, the ionic strength (c.f. screening of

charges), the geometry of the surface and the local electro-

static field. Below, we discuss each of the mechanisms (i–

iv) in detail.

3.1. Proton diffusion to the protein or membrane surface

The process of protonation of a neutral surface group by

a proton is described by:

kH ¼ 4pNAR0ðDH þ DBÞ
1000

ð3Þ

in which (units in parentheses) NA is Avogadro’s number

{mol� 1}, R0 is the distance between the proton and the base

at which a bond is formed (collision distance, may also be

viewed as the effective radius of the base) {cm} and, DH

and DB are the diffusion coefficients of the proton and the

base, respectively {cm2 s� 1}. Since in the case of a protein

surface-bound base, DHHDB, the rate of encounter of the

proton with the base is determined by the diffusion constant

of the proton (DH = 9.3� 10� 5 cm2 s� 1 in pure water). The

collision distance, R0, is typically f 6 Å. Thus, using these

numbers, a value for the second-order rate constant, kH, of

f 4� 1010 M� 1 s� 1 is obtained.
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In the case of a negatively charged surface-bound group,

the process of protonation of the group can be visualised in

terms of the group providing an electrostatic field that

attracts the proton. The interaction distance of a fixed

protein-bound group with the proton is defined as the

distance at which the electrostatic Coulomb interaction

energy equals the thermal energy (kBT), defining a so-called

‘‘Coulomb cage’’ around the surface-bound ion. The time

required for the proton to find the proton-accepting group is

longer than the penetration of the Coulomb cage and bond

formation, where the second-order protonation rate, kH, is

described by the Debye–Smoluchowski equation [4,5]:

kH ¼ 4pNAR0ðDH þ DBÞ
1000

� d
ed � 1

� exp d
jR0

1þ jR0

� �
ð4Þ

where the first factor is the same as in Eq. (3), and the

second and third factors take into account the electrostatic

interactions between the base and the proton, where the

second factor is the contribution from the electrostatic

potential at zero ionic strength and the third factor

accounts for the ionic screening. Here d is the ratio of

the Coulomb cage (see definition above), RC, and the

collision distance, R0,

d ¼ ZHZB

AZHZBA
RC=R0; ð5Þ

where,

RC ¼ AZHZBAe20
4pere0kBT

for j�1 > RC ðj is defined belowÞ ð6Þ

in which ZHZB is the product of the proton and base

charges, e0 and er are the permittivity in vacuum and the

dielectric constant of the medium, respectively, kB is the

Boltzmann constant, e0 is the elementary charge and T is

the temperature. The sign of d (ZHZB/AZHZBA) is negative
or positive for an attractive or repulsive potential, respec-

tively. Using er = 78 (pure H2O) the value of RC is f 7 Å,

which means that for a negatively charged group with

ZB =� 1 interacting with a proton (ZH=+ 1), di� 1 (since

R0i6 Å). The absolute value of d increases with dec-

reasing dielectric constant, i.e., d <� 1, which may be

relevant near a protein surface. For an attractive potential,

for values of d <� 2, the value of the denominator in

d/(ed� 1) is f� 1 and thus the factor increases approx-

imately linearly with jdj. A maximum realistic value for

this factor is f 10, but normally smaller values are

expected [66].

The last factor in Eq. (4) accounts for the effect of ionic

screening, where j� 1 is the Debye length, i.e. the effective

radius of the charge atmosphere surrounding the ion:

j�1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ere0kBT
2e20NAI

s
ð7Þ
where I is the ionic strength. If j� 1 <RC then RC should be

replaced by the Debye length. The limiting value at which

j� 1 =RC (7 Å) is obtained is f 200 mM monovalent salt

solution. For a decreasing j� 1 (i.e. increasing ionic strength)

the product of the last two factors in Eq. (4) approaches a

value of 1, i.e. kH approaches a value of f 4� 1010M� 1 s� 1

(i.e. the effect of the attractive electrostatic field vanishes).

The discussion above refers to the protonation rate of a

single site. If several surface-bound, rapidly exchanging,

negatively charged groups are located near each other at the

protein surface, the collective properties of the surface may

act to increase the protonation rate of a specific group (e.g.

at the entry point of a proton-transfer pathway of a mem-

brane-bound protein). This phenomenon has been termed

‘‘the antenna effect’’, and may give rise to apparent proton-

ation rates of a single site exceeding that of proton diffusion

(see below).

3.2. The proton-collecting antenna and proton diffusion

along the surface

As discussed above, the proton-collecting antenna is

assumed to be composed of nearby negatively charged

residues, with overlapping Coulomb cages. In addition to

extending the capture radius for protons in solution, the

design also facilitates rapid proton exchange between the

groups, which results in accelerated protonation rates for each

of the components of the antenna [5,7,66,67]. In the case of

overlapping Coulomb cages at zero ionic strength, the prob-

ability of proton transfer between two negatively charged

surface-bound groups rather than proton release to the bulk

solution has been estimated to be f 1 if the groups are

located at a distance of < 12 Å [7,66]. Peitzsch et al. [68]

calculated the electrostatic potential around a number of

charges localised at membrane surfaces in a solution con-

taining 100 mM of a monovalent salt. They found that when

the charges are spaced at a distance of f 25 Å there is no

overlap of the Coulomb cages (kT equipotential surface,

T= 25 jC) and around each charge the Coulomb cage has

the shape of an ellipsoid extending f 5 Å into solution and a

radius of f 7 Å along the membrane/protein–water inter-

face. An increase in the charge density to an average distance

of f 16 Å between the charges results in merging of the

Coulomb cages forming an approximately equipotential

surface extending f 7 Å into solution. To move the equipo-

tential surface 12 Å into the solution requires a decrease of the

distance between the charges to f 8 Å.

The collective negative charge of the surface may increase

the apparent protonation rate of a specific surface group

beyond the rate corresponding to the diffusion-controlled

limit. For example, if a proton is transferred to a specific

surface-bound site through a number of other protonatable

groups, where these groups can ‘‘funnel’’ protons to the site

with (first order) rates exceeding those of protonation of each

of the groups through diffusion, then the apparent second-

order rate constant for protonation of the site is (at a
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maximum) a sum of the diffusion-controlled second-order

rate constants for protonation of each of the groups. There-

fore, the apparent second-order rate constant for protonation

of the site may exceed that of proton diffusion, i.e. it can be

larger than 4� 1010 M� 1 s� 1 [7,69,70].

The discussion above shows that the effect of the antenna

is to accelerate the protonation rate of a specific group and to

retain the protons on the surface for times that extend the time

constant for deprotonation of a single group. The effect of

retaining protons on the surface can be further amplified by

the presence of surface-bound protonatable groups display-

ing higher pKAs, e.g. His residues [7]. For example, the time

constant for spontaneous deprotonation to water of a single

carboxylate having a pKA of 4.5 is f 1 As while that of a

histidine having a pKA of 6.5 is f 100 As. Note, however,
that the proton exchange rate between neighbouring surface-

bound groups may be faster and depends on the difference in

their pKAs. The discussion above indicates that a protein

surface at which His residues are surrounded by carboxylates

spaced at distances of < 10 Å can efficiently collect protons

from solution and retain them for extended times to allow

proton uptake through a proton-conducting pathway to, e.g.

the catalytic site of an enzyme (Fig. 3).

In a recent theoretical paper Georgievskii et al. [71]

modelled the proton-transfer kinetics to the surface of a

protein. According to the model, the factor by which a protein

surface may enhance the protonation rate of a surface-bound

group depends on the ratio of the proton diffusion rate

constants in the bulk and on the surface, and the pKA values

and concentration of the surface protonatable groups. Using

reasonable values, according to the model, if the surface

around the proton pathway entrance is defined by a finite area

(with a radius Lmax) composed of a cluster of protonatable

residues, the factor by which the rate is enhanced is deter-
A

Fig. 4. The surfaces of the RC (A) and CcO (B). Acidic and His residues are show

bold) constitute the entry-point for protons. For the CcO, the entry-point is Asp(
mined by the ratio Lmax/r0, where r0 is the radius of the

entrance of the proton-transfer pathway. Thus, for a deter-

gent-solubilized protein in solution, even if we assume a

connection through protonatable sites of the entire water-

exposed surface on the cytoplasmic sides of CcO or the RC

(Lmaxi30 Å, see Fig. 4), and assuming r0 = 2–3 Å, the

enhancement factor is a maximum of f 15, which may (at

the very maximum) bring the apparent diffusion controlled

protonation rate to f 1012 M� 1 s� 1, which is smaller than

the observed values of f 1013 M� 1 s� 1 with CcO and RCs

(see above). However, as suggested to occur in bacteriorho-

dopsin [72], it is possible that for a multimeric enzyme, the

proton-collecting antenna of each molecule might act togeth-

er to give a larger effective area. To achieve even larger rate

constants the protein must be located in a lipid membrane and

the radius of this membrane must be included in Lmax.

Fig. 4 shows the surfaces of the RC and CcO around the

entry points to the functional proton-transfer pathways. As

seen in the figure, there are large numbers of carboxylates

and His residues, located within distances of f 10 Å from

each other, which may act as proton-collecting antennae and

extend the proton collecting surface to almost the entire

surface area of the protein. In this context, it is possible that

the two surface histidines, His(H-126) and His(H-128),

shown to be important for proton uptake by the bacterial

RCs (see above), are needed to preserve the connectivity of

a larger ‘‘antenna’’ around the proton pathway entrance.

This scenario could be tested experimentally by mutating

protonatable surface residues beyond the two histidines.

3.3. Buffer or pH indicator dye as the proton donor

A proton needed at the catalytic site of a protein might

initially be transferred internally from a surface group
B

n in red and blue, respectively. For the RC, His(H-126) and His(H-128) (in

1–132) (in green). Both views are from the cytoplasm.
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creating a ‘proton hole’, i.e. a base (B) at the surface. This

base would then be reprotonated from a buffer or dye (D)

molecule in solution, in a reaction that according to the

Brönsted relation [73] depends on the difference in pKAs of

the base and the dye, DpKA= pKA(B)� pKA(D), such that in

the range DpKA < 0, the rate increases by a factor of 10 per

DpKA unit, and at pKA(B)ipKA(D), the rate saturates at a

constant diffusion-limited value that for a small buffer or

dye molecule is V 109 M� 1 s� 1 (for a review see Ref. [1]).

The actual protonation rate of a surface group may also

depend on factors such as the geometry of the surface, the

structure, charge and pKA of the dye/buffer as well as the

pKA of the proton acceptor (see above). Therefore, even at

high driving force (DpKA>0, see above) the rate may

saturate at a fixed, dye/buffer-concentration independent

rate that is smaller than that corresponding to 109 M� 1

s� 1. For example, in the mutant RCs discussed above in

which the two surface-bound His residues were removed,

proton donation from the bulk solution was rate-limiting for

the proton-coupled electron transfer (kAB
(1)) reaction [63]. In

this case, addition of 40 AM of a dye with a pKAipHi9

(so that about 20 AM of the dye was protonated) did not

increase the proton donation rate to the pathway entrance

(where the immediate proton acceptor was modelled to have

a pKAi3–5 [64]) above the background of f 200 s� 1,

which in this specific situation puts an upper limit on the

apparent second-order rate constant of f 107 M� 1 s� 1.

The concept of a proton-collecting antenna can also be

applied when a buffer or a pH-indicator dye is the donor. If a

proton is delivered to a surface group that is in rapid

equilibrium with the surrounding groups, and proton diffu-

sion along the surface is rapid compared to the escape rate

of the proton to the bulk solution, a specific surface group

may be protonated with an apparent rate exceeding the

diffusion-controlled limit.

At pH 7 the concentration of free protons in water is only

0.1 AM, which corresponds to a protonation rate of a surface

base of f 4� 103 s� 1 (using a second-order rate constant

of 4� 1010 M� 1 s� 1). Thus, even though the diffusion

coefficient of the dye/buffer molecules is much smaller than

that of protons, if dye/buffer is present, at optimal conditions

(i.e. the second-order rate constant is 109 M� 1 s� 1; see

above) it may already at a concentration of 1 AM act as a

proton donor to the surface groups with the same rate as that

of direct protonation of the group. In principle, if the dye is

the proton donor, the proton-uptake rate should depend on

the dye concentration. However, it may be difficult to

experimentally determine whether or not protons are deliv-

ered to the surface through exchange with the dye by

varying the dye concentration. To illustrate this problem

we consider a reaction within an enzyme that displays a rate

constant of 104 s� 1, which is associated with proton uptake

from the bulk solution. If the dye acts as the proton donor,

the observed rate would be independent of the dye concen-

tration at concentrations of >10 AM dye (for a diffusion-

controlled second-order rate constant of 109 M� 1 s� 1) and
decrease at lower concentrations because the overall reac-

tion is rate-limited by the chemical reaction with a rate of

104 s� 1 within the enzyme. However, for the pH indicator

dyes often used, typically dye concentrations of 10–100 AM
must be used to obtain an adequate signal-to-noise ratio.

Thus, in the dye concentration range in which the rate

decreases with decreasing dye concentration, the signal-to-

noise ratio may be too low to enable measurements of the

kinetics of proton uptake.

Another problem that may be encountered when com-

paring proton-uptake rates in single-turnover experiments

with overall turnover rates is illustrated in the following

example. As discussed above, the results from (single

turnover) studies of native RCs and CcOs showed that the

observed proton-uptake rates were independent of the dye/

buffer concentration and that the rates of the proton-coupled

electron-transfer reactions did not change in the absence of a

dye. These results may be explained to indicate that both in

the presence and absence of a dye/buffer, the rates of

electron and proton transfer are the same. However, an

alternative scenario is that the electron-transfer reaction

occurs upon proton transfer from a surface group (which

in the case of RCs would be the surface His discussed

above) to an internal group through a proton-transfer path-

way. In the absence of a dye or buffer, the reprotonation of

the base that is formed at the surface as a result of the proton

transfer is slower than the internal proton transfer. When a

dye is added to study proton uptake from solution (typically

at concentrations of 10–100 AM, as indicated above), it is

present at high enough concentrations to reprotonate the

‘‘hole’’ more rapidly than the hole is formed. This example

shows that in some cases it may be difficult to access the

true rate of direct proton transfer from the bulk solution to

the protein surface in the absence of a dye or buffer.

However, if the ultimate proton donation from the bulk

solution to reprotonate the hole is rate-limiting for the

overall catalytic reaction, under steady-state conditions,

the local, surface-bound proton buffer will be depleted of

protons and the overall rate is expected to be slower without

than with a buffer or dye, which makes it possible to access

the mechanism experimentally.

3.4. Water as a proton donor

In a number of studies, water has been considered as the

primary proton donor to a base at the surface [4,53,74] that

is formed upon proton transfer to an intraprotein proton

acceptor. For example, in a recent study Gopta et al. [74]

studied proton transfer upon reduction of the QB site in

chromatophores containing photosynthetic RCs. They were

able to independently measure the rates of three different

events: (1) the electron transfer to QB, (2) the proton-transfer

to residues around the QB site, triggered by the formation of

QB
� and (3) the proton uptake from the bulk solution. The

results showed that formation of QB
� with a time constant of

f 100 As was associated with proton transfer from surface
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groups to the QB site with the same time constant, i.e.

without any measurable delay. However, the reprotonation

of the surface groups from the bulk solution was delayed

and displayed a time constant of f 400 As. It might be

worth noting that this delay is not observed in isolated RCs,

where proton uptake from bulk solution is concomitant with

QB
� formation (described in the RC section above), which

might relate to the accessibility of the dye to the surface, as

discussed above. Gopta et al. [74] found that the rate of

proton donation was independent of the pH indicator dye

concentration (at < 500 AM dye) and that it was not

accelerated by the addition of buffer (at concentrations in

the range 10–60 AM), which excludes the possibility of

proton donation by the dye or buffer. The rate of proton

donation by water, 3� 1010 + pKA(B)� 14 s� 1, is within a

factor of 10 the same as that of proton diffusion at pH 6.5.

To distinguish between the two mechanisms, Gopta et al.

[74] compared the Arrhenius activation energies for the two

processes and concluded that in the experimental system

that they investigated water was the immediate proton donor

to the protein surface groups.

According to the above described scenario, proton trans-

fer from water to a base (B�) at the surface, formed upon

proton transfer to an intraprotein acceptor (Ap
�), is followed

by reprotonation of the hydroxide from the bulk solution,

e.g. by a buffer or dye (D):

A�
p þ BHV

k1

k�1

ApHþ B� ð8aÞ

H2Oþ B� V
kB

kOH
OH� þ BH ð8bÞ

OH� þ DHV
kOH

kD
H2Oþ D� ð8cÞ

The second-order rate constant for protonation of B� is

given by:

kB ¼ kOH � 10pKAðBÞ�pKAðH2OÞ fM�1s�1g ð9Þ

where pKA(H2O)i15.7 and kOH is 3� 1010 M� 1 s� 1 [75].

Taking into account the concentration of water (i.e. multi-

plying kB in Eq. (9) by 55.5 M), the first-order rate constant,

kBV is:

kBV ¼ kOH � 10pKAðBÞ�14 ¼ 3� 1010þpKAðBÞ�14 fs�1g
ð10Þ

According to Eq. (10), the rate is determined by the pKA

of the acceptor base. Thus, in the case of a single group, at

pH values below the pKA of the base (i.e. the base is

protonated before it transfers its proton to Ap
�), the pro-

ton-uptake rate is expected to be pH-independent. If, on the

other hand, we assume that a protein surface is composed of

a large number of rapidly (i.e. the equilibration among the
groups is faster than their protonation from the bulk solu-

tion) exchanging protonatable groups with different pKAs

displaying a continuous spectrum of pKAs, then all groups

having a pKA>pH are protonated before the proton transfer

from BH to Ap
� (Eq. (8a)). Thus, the formed base B� will be

the one having the lowest pKA of those that were proton-

ated, i.e., the group has a pKA= pH. Thus, at any given pH,

the proton-uptake rate kBV is:

kBV ¼ 3� 1010þpH�14 s�1 ð11Þ

Under the assumptions above, according to Eq. (11) the

rate of proton transfer from water to the base would increase

with increasing pH because the driving force for proton

transfer increases with increasing pKA of the surface acceptor

base. Even though this pH dependence may be weaker than

that obtained from Eq. (11) (if there is a small number of

surface groups), often the observed rates of proton transfer

(e.g. of the reactions in RCs and CcOs discussed above) do

not increase, but rather decrease with increasing pH. Thus,

these reactions cannot be rate-limited by deprotonation of

water. However, since the rate of proton transfer from H2O to

a base is relatively high above pH 7 (>3� 103 s� 1), the

proton-transfer reactions can still take place through transient

proton donation by H2O, but be rate-limited by other events.
4. The role of the protein surface in proton release

An issue directly related to proton uptake by a mem-

brane-bound protein is that of the kinetics of proton release

from a proton pump to solution. For a single group, the rate

constant (koff) for spontaneous proton release to bulk H2O

depends on the pKA of the group. Assuming a kon of

4� 1010 M� 1 s� 1, koff is 4� 10(10� pKA) s� 1, which means

that a group having a pKA of 7.5 would release its proton

with a time constant of f 1 ms while a group with a pKA of

4.5 would release the proton with a time constant of f 1 As.
The issue of a delayed proton release is related to that of a

proton-collecting antenna discussed above in connection

with proton uptake. A delayed proton release is expected

in cases when an array of amino acid residues, i.e. a local,

fixed buffer, is present at the exit point of a proton-transfer

pathway [76]. A proton that is released into the matrix of

fixed buffer groups at the protein surface may either be

transferred to a neighbouring group or to the bulk solution.

The probability for the proton of being released to the bulk

solution depends on the relative rates of the two processes.

If the proton-transfer rate between the surface groups is

rapid compared to the release rate, the proton is likely to be

transferred among the surface protonatable groups before it

is released to the bulk solution, which results in a delayed

proton release. As discussed in the previous section, if the

surface is composed of a large number of protonatable

groups with a distribution of pKAs, the proton is expected

to end up at a group having the highest pKA of those that are
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not protonated at the given pH, i.e., pKA= pH. Thus, at pH

7.5 the proton release time constant would be f 1 ms.

Several research groups have reported results from stud-

ies of proton-transfer kinetics along membrane fragments

containing membrane-bound proteins. For example, the

results from the studies of bacteriorhodopsin [77–80]

showed that a pH indicator that was attached to the protein

surface on the same side of the membrane where the proton

is released became protonated with a time constant of

f 100 As. The same time constant was observed when the

pH indicator was moved to the opposite side of the

membrane. However, a pH indicator dye present in the bulk

solution responded on a much slower time scale displaying a

time constant of f 1 ms. It was concluded that proton

conduction in the interface between the protein surface and

the bulk solution is faster than the equilibration with the

bulk solution [77]. As an alternative, it was also suggested

that the delayed proton release may be a consequence of

rapid proton equilibration among the surface groups ([81],

but see Ref. [74]) or through water being the immediate

acceptor, where the formed H3O
+ then slowly protonates the

pH dye in the bulk solution ([74], see also Ref. [82]).

In analogy with the discussion above, a pH-dye or buffer

in solution may also act to accelerate proton release from the

matrix of surface-bound protonatable groups to the bulk

solution. As discussed above, the rate of proton exchange is

determined by the properties of the dye/buffer and the

difference in the pKAs of the proton donor and acceptor.

Also in this case the presence of surface-bound protonatable

groups may either delay (if the probability is larger to

transfer the proton along the surface than to the buffer

and/or the group to which the proton is transferred has a

high pKA) or accelerate (if the proton is released to a low-

pKA group) proton release to the bulk solution.

In CcO, proton release to the bulk solution on the P-side,

measured time-resolved using pH dyes, was observed on the

time scale of the F!O (si1 ms at pH 7), but not during

the PR!F (si100 As at pH 7) transition [83]. Yet,

electrogenic events attributed to the transmembrane trans-

location of protons were observed for both transitions. Thus,

also in this system a delay of proton release is possible,

although it cannot be excluded that there may be alternative

explanations of the experimental results (Gilderson et al.,

manuscript in preparation).
5. Summary

As evident from this summary, the interface between a

membrane protein and the bulk water solution plays an

important role in the dynamics of proton uptake and release

thereby controlling the reactions catalysed by (within)

membrane-bound enzymes. The experimental and theoreti-

cal studies of these processes have greatly benefited from

the recent advancements in determination of high-resolution

X-ray structures of a number of membrane proteins. How-
ever, to understand the basic mechanisms of proton transfer

between the bulk water solution and the interior of a

membrane-bound protein, the structural information must

be combined with a detailed mechanistic understanding of

proton transport at and through the interface, i.e., the

confined space between the surface and the bulk solution,

and the bulk solution itself. These aspects have been

considered and investigated by combining the structural

information with the use of site-specific mutagenesis, rapid

time-resolved spectroscopic techniques and theory. In this

review we have summarised a number of possible mecha-

nisms by which protons are transferred from water solution

to the mouth of proton-transfer pathways, exemplified by

results from studies of CcOs and photosynthetic RCs. Each

of these mechanisms depends on the presence of specific

surface groups that accept/abstract protons from water,

buffer molecules (pH dyes) or hydronium ions, where the

collective properties of the protein–membrane surface may

act to increase the proton-collecting surface area and to

provide a wide range of rapidly exchanging groups, each

optimised to become protonated at specific conditions.

Although we still need a unified view on the molecular

events associated with rapid proton transfer from the bulk

solution to the interior of membrane proteins, there has been

great progress in the understanding of proton-transfer reac-

tions at the membrane–protein-solution interface at the

molecular level.
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