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L

iving organisms use various energy sources to generate the
transmembrane electrochemical potential difference of the
˜ H⫹, which is then used for productive work (1). These
proton, ⌬
reactions are catalyzed by specialized membrane enzymes that
˜ H⫹. There is a
serve as proton pumps and兾or users of ⌬
continuing debate in the literature as to whether protons are able
to migrate between membrane enzymes along the membrane
surface faster than they equilibrate with the bulk (see refs. 2–4).
Recently, several research groups reported studies on bacteriorhodopsin (BR) membrane sheets and showed that the response
of the pH indicator in the bulk to a pulse of proton pumping ( ⬇
1 ms) lagged behind the response of a pH indicator that was
attached either to the same side of the purple membrane where
protons were ejected or to the other side, ⬇0.1 m away ( ⬇ 100
s in both cases; refs. 2, 5, and 6).
We used the photosynthetic reaction center (RC) of
Rhodobacter sphaeroides to investigate in detail both the intraprotein proton transfer from the membrane surface and the pH
changes in the bulk during a single turnover. RCs are situated in
chromatophores, vesicular invaginations of the inner cell membrane of phototrophic bacteria. Crystal structures of the R.
sphaeroides RC are available (see ref. 7 for a recent review).
Subunits L and M form a heterodimer in the membrane, which
is capped by the H subunit from the cytoplasmic side. Illumi-

nation by a light flash causes a transmembrane electron transfer
from a bacteriochlorophyll dimer P (the primary electron donor
that is located at the interface of the L and M subunits close to
the periplasmic side of the chromatophore membrane) to a pair
of quinone acceptors (see refs. 8 and 9 for reviews). They are
located in the protein, below the interface between the LM
heterodimer and the H subunit and ⬇15 Å away from the
RC兾water boundary. The primary quinone acceptor (QA), a
ubiquinone molecule bound by the M subunit, is reduced in
⬇200 ps. The electron moves farther, in parallel to the membrane, to another ubiquinone, the secondary acceptor QB, which
is bound to the L subunit. QB is reduced to the semiquinone
anion QB⫺:
ប ⫺
100  s
¡ QA QB O
¡ Q AQ B⫺.
Q AQ B O

[1]

Although QB⫺ itself stays deprotonated, its negative charge
causes a pK shift of amino acid residues in its vicinity, which
triggers proton binding from the bulk (10–13). If QB is absent or
⫺
the electron transfer from QA
to QB is blocked, proton binding
⫺
still occurs, in response to the negative charge on QA
(11, 14).
The delivery of the second electron to QB⫺ is kinetically
coupled to its protonation, which yields the anion QBH⫺ (15).
The subsequent binding of the second proton produces the
neutral ubiquinol QBH2.
ប  ⫺ ⫺ ⫹H⫹
⫹H⫹
Q AQ B⫺ O
¡ QA QB O
¡ Q AQ BH ⫺ O
¡ Q AQ BH 2.

[2]

Protons reach QB via a diffuse water cluster, a kind of water lens,
that is positioned at the interface between the LM heterodimer
and the H subunit. The water lens is connected with the surface
by several water channels that could serve as proton inlets
(16–19). The intrinsic proton transfer from the surface into the
QB site can be traced in chromatophore preparations from R.
sphaeroides by monitoring the changes of the transmembrane
voltage, ⌬, both spectrophotometrically (20) and electrometrically (21–24). Complementary to the cited studies of proton
release by BR, the proton binding by the RC may be considered
as a model of a ‘‘proton inlet.’’
This paper was submitted directly (Track II) to the PNAS office.
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The mechanism of proton transfer from the bulk into the membrane protein interior was studied. The light-induced reduction of
a bound ubiquinone molecule QB by the photosynthetic reaction
center is accompanied by proton trapping. We used kinetic spectroscopy to measure (i) the electron transfer to QB (at 450 nm), (ii)
the electrogenic proton delivery from the surface to the QB site (by
electrochromic carotenoid response at 524 nm), and (iii) the disappearance of protons from the bulk solution (by pH indicators).
The electron transfer to QBⴚ and the proton-related electrogenesis
proceeded with the same time constant of ⬇100 s (at pH 6.2),
whereas the alkalinization in the bulk was distinctly delayed ( ⬇
400 s). We investigated the latter reaction as a function of the pH
indicator concentration, the added pH buffers, and the temperature. The results led us to the following conclusions: (i) proton
transfer from the surface-located acidic groups into the QB site
followed the reduction of QB without measurable delay; (ii) the
reprotonation of these surface groups by pH indicators and hydronium ions was impeded, supposedly, because of their slow
diffusion in the surface water layer; and (iii) as a result, the protons
were slowly donated by neutral water to refill the proton vacancies
at the surface. It is conceivable that the same mechanism accounts
for the delayed relaxation of the surface pH changes into the bulk
observed previously with bacteriorhodopsin membranes and thylakoids. Concerning the coupling between proton pumps in bioenergetic membranes, our results imply a tendency for the transient
confinement of protons at the membrane surface.

In this work, R. sphaeroides chromatophores were excited with
one or two short flashes of light with the aim to resolve the
partial steps of proton transfer from the bulk into the QB site.
Three observables were monitored, namely the electron transfer,
the ⌬ generation, and the pH changes in the bulk. The electron
transfer to QB⫺ and electrogenesis revealed the same rise time
( ⬇ 100 s), whereas the response of pH indicator in the bulk
lagged distinctly behind ( ⬇ 400 s). From the dependence of
the latter reaction on the concentration of pH indicators, added
pH buffers, and the temperature, we concluded that the retardation was due to conveyance of protons by slowly reacting
neutral water.
Materials and Methods
Cells of R. sphaeroides R2 and Rhodobacter capsulatus B10
(purple wild-type strains) were grown photoheterotrophically at
⫹30°C; chromatophores were isolated by French press cell
disruption as described in ref. 24 and stored frozen in 250 mM
sucrose at ⫺80°C. Before the measurements, chromatophores
were washed in 100 mM KCl in the presence of 10% (vol兾vol)
sucrose, pelleted, and resuspended in the same medium. The RC
concentration in chromatophores was estimated from the extent
of absorption changes of P at 603 nm (25).
Binary oscillations of the semiquinone anion formation at the
site QB in response to a train of flashes were maintained by using
20 M methylene blue (midpoint redox potential at pH 7.0, Em,7
⫽ 11 mV) to oxidize the residual QB⫺ in the course of dark
adaptation (26). With 20 M methylene blue, the life time of QB⫺
was less than 20 s. Hence, with 3–5 min of dark adaptation
between flash series, the concentration of QB⫺ before the first
flash was expected to be negligible.
Flash-spectrophotometry was performed with a homemade
single-beam differential spectrophotometer, which has been
described elsewhere (27). A Xenon flash lamp [full width at half
maximum ⬇ 4 s; Schott RG 780-nm filter (Mainz, Germany);
saturation under given conditions ⬇ 95%] was used for excitation. The dwell time of the setup was 1 s. The optical path
length was 2 cm. Routinely, 12–16 transients were digitized and
averaged on a Nicolet Pro10 recorder. The redox changes of QB⫺
were monitored at 450 nm versus 480 nm as in ref. 26. The
voltage transients across the chromatophore membrane were
monitored by the electrochromic bandshifts of carotenoid pigments at 524 nm. Flash-induced pH changes were measured with
following pH indicators monitored at their appropriate wavelengths: bromcresol purple (BCP; pH 5.3–7.3; 578 nm), neutral
red (NR; pH 5.6–7.6; 545 nm), and cresol red (CR; pH 7.2–9.2;
578 nm). The pH transients were obtained by subtraction of the
transients obtained in the presence of pH indicator and pH
buffer from those obtained in the presence of the pH indicator
alone.
The kinetic traces were analyzed by using the GIM software
package developed by A. L. Drachev (Dr. Achev Development,
Tempe, AZ) and the MICROCAL ORIGIN 4.1 software package
(Microcal Software, Northampton, MA).
Results
Fig. 1A shows the binary oscillations of QB⫺ in R. sphaeroides
chromatophores measured at 450–480 nm in response to a series
of flashes. After odd-numbered flashes, the semiquinone anion
QB⫺ was formed; after even-numbered ones, it was reduced to
ubiquinol, which does not absorb at 450 nm. The Insert shows the
kinetics of QB⫺ reduction to ubiquinol after the second flash ( ⬇
100 s) at higher time resolution.
Fig. 1B shows the voltage changes across the membrane of R.
sphaeroides chromatophores measured under the conditions of
binary QB⫺ oscillations. A typical response consisted of a fast,
unresolved phase A (time constant  ⬍ 1 s in the setup used),
⫺
attributable to the formation of the P⫹QA
dipole, and slower
13160 兩 www.pnas.org

Fig. 1. Absorption changes (⌬A) of R. sphaeroides chromatophores after
excitation with a series of saturating flashes (1 s apart) in a pH buffer-free
chromatophore suspension. (A) QB⫺ oscillations as traced at 450 – 480 nm.
Arrows indicate light flashes. (A Insert) Expansion of the absorption changes
after the second light flash on the time scale of microseconds. (B) Transients
of the transmembrane voltage after the first and second flashes in the absence
and in the presence of 100 nM stigmatellin (measured by electrochromic
absorption transients at 524 nm). (C) pH indicating absorption changes at 578
nm of BCP with and without pH buffer. (D) Difference voltage traces (⫹兾⫺
stigmatellin). (E) Difference pH transients (⫹兾⫺ pH buffer). The suspending medium contained 300 mM KCl, 2 mM potassium ferrocyanide兾
ferricyanide, 2 mM KCN, 50 M dimethylferrocene, 20 M methylene blue,
3 M myxothiazol, 5 M antimycin A, and 1 M oligomycin (pH 6.2;
Eh ⬇ 300 mV; 20°C).

components. To discriminate the kinetic components attributable to electrogenic reactions at the QB site, we applied a QB
antagonist, stigmatellin (see ref. 7 for the discussion of its
binding by the RC). Stigmatellin suppressed the slower components of the voltage transients after both the first and the second
flash (see Fig. 1B). Fig. 1C shows the absorption transients at 578
nm of the pH indicator BCP (pK ⫽ 6.3). Both the first and the
second flash produced a slow rise of the BCP absorption ( ⬇ 400
s; upper traces in Fig. 1C) that was almost fully attributable to
an alkalinization, as evident from its abolition by the added pH
buffer (lower trace in Fig. 1C; the residual fast step was due to
the formation of P⫹).
The respective difference traces are presented in Fig. 1 D and
E. The lower trace in Fig. 1D is the difference between the
voltage traces obtained after the first flash in the absence and in
the presence of stigmatellin (hereafter, phase B1). A similar rise
time of the electrogenic reaction, namely ⬇100 s, has been
detected previously by electrometry (22, 23). The difference
between the voltage traces obtained in the absence of stigmatellin after the second flash and those obtained in the
presence of inhibitor after the first one reflects the electrogenic
reaction coupled to QBH2 formation (hereafter, phase B2; Fig.
1D, upper trace). Again, the rise time was the same as previously
recorded electrometrically (22, 24). The time constant of B2
Gopta et al.

corresponded to that of the electron transfer after the second
flash (we plotted the kinetic trace from Fig. 1 A Insert as a dashed
line in Fig. 1 D and E). In agreement with the previous
observations (21), the extent of the electrogenic reaction caused
by the QB⫺ formation after the first flash was smaller than that
after the second one, which yielded QBH2.
The extent of proton trapping from the bulk (Fig. 1E) was also
smaller after the first flash than it was after the second one,
indicating that the electrogenic events B1 and B2 depicted in Fig.
1D originated from proton transfer to the QB site. The kinetics
of pH changes in the bulk, however, lagged distinctly behind the
electrogenesis and electron transfer, after both the first and the
second flash ( ⬎ 400 s).
To test whether the delay was caused by a low rate of proton
exchange between the intrinsic proton-buffering groups on the
surface of the chromatophore membrane, we added a mobile pH
buffer to accelerate the protonic equilibration (28, 29). The
addition of Mes [2-(N-morpholino)ethanesulfonic acid] at a
concentration of 10–60 M did not affect the rate of pH
transients (Fig. 2A) but decreased their extent, as expected (by
50% at 40 M Mes; not shown).
To test whether the rate of pH transients was limited by
collisional interaction of the indicator dye with the buffers at the
surface, we increased the concentration of the pH indicator. We
found no effect up to a concentration of 60 M of BCP (Fig. 2B),
in agreement with the earlier work by Petty and Dutton (30), who
applied several other pH indicators in the concentration range
of 5–100 M with similar chromatophore preparations from R.
sphaeroides.
The rate of pH transients was accelerated only at very high
concentrations of BCP. On the addition of 500 M BCP¶, the
time constant decreased from  ⬇ 400 s to  ⬇ 280 s (compare
Fig. 2C with Fig. 1E). It was still slower than the electron
transfer. When the temperature was decreased from 22°C to
10°C, the BCP response slowed down from  ⬇ 280 s to  ⬇ 420
¶Higher

concentrations of BCP were impractical because of too high absorption of the
indicator.
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s (Fig. 2 C and D). Such a slowing corresponds to an activation
energy (Ea) of ⬇30 kJ兾mol.
In Fig. 3, we plotted the rates of pH transients after the second
flash measured with various pH dyes as function of the pH for
both R. sphaeroides and R. capsulatus chromatophores, together
with the data on the rates of electron transfer and electrogenesis
(see the figure legend for details). The kinetic discrepancy
between the electron transfer and electrogenesis, on the one
hand, and the proton binding measured by pH dyes in the bulk,
on the other, was common to both R. sphaeroides and R.
capsulatus. It was independent of the chemical nature of the pH
indicator.
Discussion
Retarded Proton Transfer from the Bulk to the Surface of the
R. sphaeroides RC. In bacterial RCs, the reduction of QB causes

proton uptake from the bulk. Proton uptake, as seen by hydrophilic indicators, is delayed against the electron transfer; this
kinetic discrepancy has been observed by several authors working with photosynthetic bacteria (see ref. 31 for a review). The
origin of the delay has not been elucidated. By monitoring the
kinetics of ⌬ generation in addition to electron transfer and
proton uptake, we attempted to discriminate between external
and intraprotein proton transfer steps around the QB site.
The data in Figs. 1–3 indicated that proton equilibration
between the QB site and the bulk includes two distinct stages.
First stage. In response to the appearance of an electron on QB,
protons are attracted into the QB site at first from the nearest
inner surface groups. The proton vacancies are then distributed
among surface-located ionizable groups to dwell finally on the
‘‘terminal’’ groups with pK values close to the ambient pH. This
reaction is electrogenic. Its time constant is ⬇100 s at ⬍ 0.1 mM
pH buffer (pH 6.0–6.5) but decreases up to ⬇60 s when the
buffer concentration is increased from 0.1 mM up to 5 mM (32).
This acceleration by pH buffers indicates that the proton vacancies indeed reach the surface groups that are accessible to a
bimolecular reaction with the added pH buffer (at high concentration of the latter).
PNAS 兩 November 9, 1999 兩 vol. 96 兩 no. 23 兩 13161
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Fig. 2. Dependence of the rate of pH transients on the concentration of pH
buffer, pH indicator, and temperature. (A) Dependence of the rate constants
of pH transients on the concentration of pH buffer: 䊐, B1; ■, B2. (B) Dependence of the rate constants of pH transients on the concentration of the pH
indicator: ‚, B1; Œ, B2. In A and B and in Fig. 3, the fitting error was less than
the symbol size. (C and D) pH transients of BCP after the first and second flashes
at ⫹22°C (C) and ⫹10°C (D), respectively, in the presence of 500 M of pH
indicator. Conditions were the same as those described for Fig. 1.

Fig. 3. pH dependence of the rate constants of (i) the electron transfer to QB⫺
after the second flash (as measured at 450 – 480 nm) in the presence (䊐) and
in the absence (䉫) of pH buffer; (ii) the difference voltage transients (as
measured at 524 nm) in the presence (ƒ) and in the absence (‚,Œ) of pH buffer;
and (iii) pH transients (E,F) with no pH buffer. Open symbols, R. sphaeroides;
closed symbols, R. capsulatus. Hepes (2 mM) was added as pH buffer at pH 7.2
with NR as pH indicator. Tris (3 mM) was used as pH buffer with CR at pH 8.1.
Other conditions were the same as those described for Fig. 1, except that only
50 mM KCl was added in the presence of pH buffer.

Second stage. The pH-indicating dyes in the bulk respond
rather slowly, with  ⬇ 400 s at pH 6.2. This observation is fully
compatible with the previous paragraph, because the usually
applied concentration of a pH indicator, pH buffer per se, is less
than 50 M and thus below the one where the bimolecular
reaction at the surface became competitive. The observation of
the same delay after the first and second flashes might be taken
as an evidence of the involvement of proton exchange between
the surface groups and the pH dyes and not of some impediment
that was particular to the QB site.
After delivering its proton to QB, the formed terminal base can
be protonated by three different pathways (see refs. 14 and 33 for
related considerations). It can receive a proton in a bimolecular
collision either with a molecule of the pH indicator (reaction A)
or with a hydronium ion (reaction B). In homogeneous solutions,
the bimolecular rate constant is, for reaction A, ⱕ109 M⫺1䡠s⫺1
(34) and, for reaction B, ⱕ4 ⫻ 1010 M⫺1䡠s⫺1 (35). Alternatively,
a neutral water molecule could serve as a proton donor (reaction
C). The pseudo first-order rate constant of such a protolysis is
determined by the pK of the terminal base, pKB, as ⱕ4 ⫻
1010⫹pKB⫺14 s⫺1. To estimate roughly the expected rates of
reactions A–C in our system, we assumed (i) that the pK values
of the respective dominating terminal group(s) are close to the
medium pH and (ii) that the effective concentration of terminal
bases created at the surface on QB reduction, [B⫺], is equal to
5 ⫻ 10⫺8 M, the RC concentration in our samples. At 20 M pH
indicator, reaction A is expected to proceed with the rate
constant of 2 ⫻ 104 s⫺1. This rate is expected to depend on the
concentration of the pH dye. Such a dependence has not been
observed at pH indicator concentrations below 100 M either by
our group (Fig. 2B) or by others in the earlier work (30). Only
when BCP was added at 500 M (Fig. 2C) did the time constant
decrease slightly from ⬇400 s to ⬇280 s. If BCP started to
compete with the dominating proton transfer pathway only at
such a high concentration, the apparent bimolecular rate constant of this interaction must be ⬇107 M⫺1䡠s⫺1, two orders of
magnitude lower than expected in homogenous solution. Because the mobility of pH indicator was lower than in the bulk,
either hydronium ions or water molecules acted as the main
proton donors to the surface bases. At pH ⬇6.5, the expected
rates of the interaction of a terminal group B⫺ with hydronium
ions and with neutral water are expected to differ by one order
of magnitude (⬇104 s⫺1 and ⬇103 s⫺1, respectively). The actual
reaction rate, however, is determined by the unknown local pH
in the vicinity of the particular terminal group. Besides, the
protolysis is sensitive to the polarization of water: charged
species can increase its rate by orders of magnitude (see ref. 33
and references therein). Thus, the two mechanisms can hardly be
discriminated based on the rates alone. The Ea values, however,
are expected to differ greatly. The reaction with hydronium is
diffusion controlled and characterized by much lower Ea (⬍10
kJ䡠mol⫺1; ref. 36) than is proton donation by neutral water. The
Ea of the latter reaction is pKB controlled:

E a ⫽ 2.3 RT共15.74 ⫺ pK B兲.

[3]

Ea amounts to ⬇50 kJ兾mol at pH 6.5. This value is close to the
value of ⬇45 kJ兾mol that was reported by Petty and Dutton (30)
for the deprotonation of BCP and CR added at 50 M to
chromatophores of R. sphaeroides. The high Ea identifies the
deprotonation of neutral water as the rate-limiting step in the
transfer of a proton vacancy from the membrane surface into the
bulk. At 500 M BCP, we observed Ea of ⬇30 kJ兾mol. It was
conceivable that Ea was decreased compared with the earlier
reported value, because the direct collision with BCP came into
play (see above). The weak pH dependence of the rate of pH
transients (see Fig. 3) also points to water as major proton donor
to the surface-located terminal bases. Water has been previously
13162 兩 www.pnas.org

recognized as a proton donor in the case of the membrane
ionophore S-13 (37) and of the SnO2 and ZnO films at the
semiconductor兾water interface at 5 ⬍ pH ⬍ 10 (38). An
ineffective competition both of the pH indicator and of the
hydronium ion with water may be due to their slower diffusion
in the thin layer of surface water compared with the bulk. A
decrease in the diffusion coefficients at a surface by a factor of
50 compared with those in the bulk has been reported for the
negatively charged eosin (39) and the positively charged tetraethyl- and tetramethyl-ammonium ions (40, 41) passing through
the water兾dichloroethane and water兾nitrobenzene interfaces.
Such a decrease may reflect the lower affinity of the structured
surface water for the electrically charged species and兾or the
lower mobility of the water layer at the interface (the diffusion
coefficient of water along the interface of BR membranes is
reportedly five times smaller than in the bulk; ref. 42).
The three pH indicators used (see Fig. 3 and Materials and
Methods) have different affinities to chromatophores. Although
CR does not bind to chromatophores of R. sphaeroides (30),
some binding of BCP to chromatophores has been reported (30).
Even stronger binding of the amphiphilic NR could be expected,
based on studies of its interaction with the chloroplast thylakoids
(43) and the chromatophores of R. sphaeroides (44). Still, neither
we nor others (30) found any dependence of the rate pH
transients on the chemical nature of the pH dye. If some
molecules of CR and NR were bound to chromatophores, they
seemed to be ‘‘silent,’’ because they did not accelerate the pH
transients. In the absence of any information on where and how
strong these particular pH indicator molecules were bound, we
can only guess as to the possible reasons for this silence. It is
conceivable that the bound pH indicator molecules were out of
a fast equilibrium with the surface ionizable groups of the RC
because of their binding to the lipid patches far away from the
latter. The insulation of the RC could be due to its encircling by
the pigment–protein light-harvesting complexes in the native
membrane (45). Otherwise, the bound fraction of a pH dye
might accumulate, not at the surface, but inside the chromatophore (see ref. 44).
A high Ea of ⬇50 kJ兾mol at pH 8.0 was also reported by Maroti
and Wraight (14) for the proton binding by isolated RC of R.
⫺
sphaeroides in response to QA
formation. In this case, the
delivery of an electron to QA has occurred in ⬇200 ps and could
not limit the binding of protons. Still, they were trapped from the
bulk much more slowly, i.e., within ⬇100–200 s at neutral pH
values. As suggested by the crystal structure, the proton redis⫺
formation is mediated by the same
tribution in response to QA
internal water lens as the protonation in response to QB reduction (16, 18). Therefore, we consider the elaborate study of
Maroti and Wraight (14) to be directly related to our work.储
Maroti and Wraight (14) have shown (i) that the Ea of pH
transients decreases at alkaline pH; (ii) that the kinetic isotope
effect of H兾D substitution is small at neutral pH and increases
up to a value of ⬇3 at pH 10; and (iii) that the dependence of
the rate on the viscosity is low. The authors (14) have taken their
data as evidence of a conformational gating of the reaction
between pH dye and the proton-accepting group(s). Two sets of
our data qualify this notion: namely, (i) the appearance of the
proton vacancy at the surface long before the onset of pH
indicator response (Fig. 1) and (ii) the acceleration of the pH
transients at 500 M BCP (Fig. 2). Thus, we prefer another
interpretation: namely, the involvement of water as proton
储The studies of proton binding in response to Q

B reduction in isolated RC preparations (see
refs. 9 and 13 for reviews) provide little help in clarifying the delay of the pH transients in
studies on chromatophores. The rate of the second electron transfer from QA to QB in
isolated RC (which predominantly causes the proton binding) is much slower than in
chromatophores; at pH of ⬇7.0, the respective time constant is ⬇500 s. Not surprisingly,
the rates of electron transfer, electrogenesis, and proton binding are then very similar.
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Fig. 4. Hypothetical energy profiles along the reaction coordinate of proton
transfer from neutral water (left) to a terminal base (right) at different pH
values. The difference between energy levels at two pH values is roughly
determined by Eq. 3. (A) At neutral pH, the surface terminal groups (supposedly histidines) are in a direct contact with the surface water; thus, a low
isotope effect is expected for the proton transfer from water. (B) At alkaline
pH values, the buried amino acid residues overtake the function of terminal
groups. The dashed arrow shows a proton tunneling through a potential
barrier.

donor. This interpretation conforms both with the decrease of Ea
on alkalinization (which actually follows Eq. 3) and with the
weak viscosity dependence (14).
The rate of pH transients in the bulk is somewhat slowed with
alkalinization, in spite of the decreasing Ea (see Fig. 3 and refs.
14 and 30). This slowing may reflect the gradual involvement of
buried residues as terminal groups at pH ⬎ 7.0, because there are
few, if any, surface-exposed amino acid residues with pK values
between 7.0 and 10.0. The proton transfer between water
molecules and buried groups is expected to necessitate a quantum tunneling across a potential barrier, the height of which is
modulated by the protein dynamics as shown in Fig. 4. Tunneling
would slow the pH response in the bulk and, simultaneously,
increase the H兾D isotope effect, in agreement with the experimental data of Maroti and Wraight (14).
It is noteworthy that the pH dependence of the rate of proton
⫺
uptake in response to QA
formation was reportedly the same in
the absence of pH buffers when measured by pH indicators and
in their presence at 10 mM when measured by electrical conductance (14). It is also noteworthy that the studies on whole
cells of halobacteria have revealed the absence of intrinsic pH
buffers with a mobility comparable to that of imidazole, at least
in the periplasmic space of the cells (2). Hence, it seems plausible
that neutral water may be the prime proton donor to the surface
both in the presence of the added pH buffers and in vivo.
Outlook: Proton Release by BR and Implications for Other Systems. A
retarded proton exchange between the surface and the bulk
seems to be a general phenomenon for membrane generators of
⌬H⫹, because such a slow exchange has been observed with
membrane preparations from various phototrophic bacteria (30,
31, 46), thylakoid membranes (47, 48), and BR membranes (2,
5, 6, 49, 50). In the latter case, the excitation with a short laser
flash caused the ejection of protons. The acidification was
Gopta et al.

detected by covalently bound pH indicator fluorescein in ⬇100
 s. In contrast, the pH dye in solution, pyranine (8hydroxypyrene-1,3,6-trisulfonate), detected a pH change in only
⬇1.0 ms (2, 5, 6, 49, 50). Originally, these observations have been
explained by the existence of a nonspecified diffusion barrier for
protons between the surface and the bulk (5, 49). Later, however,
it has been hypothesized that the experimentally observed delay
in the protonation of pyranine by the BR-ejected protons was
due to the kinetic ‘‘retention’’ of protons by the carboxyls at the
surface. The molecules of pH indicator in the bulk were assumed
to compete with these surface groups for protons (4). The
retention hypothesis, however, cannot account for the retarded
proton transfer from the bulk to the surface of the RC: the
surface carboxyls are expected rather to attract protons from the
bulk and accelerate their binding but not to slow it down. The
rate of the pyranine protonation by the BR-ejected protons has
been shown to be independent both of the pyranine concentration (up to 150 M, at least) and of the pH (49). These data are
hardly compatible with the retention hypothesis. Similarly, the
retention model can hardly explain the observed high Ea of
pyranine protonation in these experiments (54 kJ兾mol at pH 7.5;
see ref. 2). However, the latter value is in a good agreement with
the expected Ea for the protonation of neutral water. In the case
of BR, a water molecule would be protonated by a terminal
acidic group A with pKA close to the given pH (7.5) with Ea of
E a ⫽ 2.3RT共pK A ⫹ 1.74兲 ⫽ 53 kJ兾mol.

[4]

Thus, the delayed proton transfer from the surface of BR to
pyranine in the bulk could be due to the slow, rate-limiting
protonation of neutral water. The involvement of the latter
seems to be caused by the slow diffusion in the surface water
layer, as in the case of the RC. The independence of the pyranine
protonation rate of its concentration (49) is compatible with an
impeded diffusion of the pH indicator to the surface of BR. The
independence of this rate of the pH (49), on the other hand,
suggests that hydroxyls are not involved in the rate-limiting step.
It is conceivable that their diffusion at the surface is impeded as
well.
Fig. 5 shows the resemblance between the steps of proton
release by BR membranes (2, 5, 6, 49) and of proton binding by
the RC in chromatophores (this work). Protons兾proton vacancies seem to propagate to the surface and to be distributed along
it with  ⬍ 100 s. On their way into the bulk, they interact with
neutral water, because pH buffers and charged water species
seem to diffuse too slowly at the surface to compete kinetically
with neutral water. The slowness of proton exchange between the
surface and neutral water retards the time constant of the
PNAS 兩 November 9, 1999 兩 vol. 96 兩 no. 23 兩 13163
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Fig. 5. Comparative presentation of the partial steps of proton release
into the bulk by BR and of proton binding from the bulk by the RC of
R. sphaeroides.

proton兾proton vacancy transfer into the bulk up to ⬇1 ms at
neutral pH.
The protonic equilibration between the interior of membrane
enzymes and their surface may be fairly fast. The time constant
of the electrogenic proton transfer to QB⫺ (B2, see above) is ⬇10
s in chromatophores of R. sphaeroides at pH 5.0 (24). It is even
smaller, (⬇3 s) at pH 8.1 in the membrane vesicles from
Chloroflexus aurantiacus (51). By contrast, the retardation of the
water-mediated transversal proton exchange between the surface and the bulk, as revealed in this work, implies the slowing
of the water-mediated component of the lateral proton transfer
(in all its forms—namely by Grotthus mechanism, hydronium
self-diffusion, and water diffusion) between proton ‘‘generators’’
and ‘‘consumers.’’ For a general proton generator兾consumer
couple, however, the lateral proton exchange has to be at least
an order of magnitude faster than the rate-limiting step of the
transmembrane proton transfer (typically, 1 ms). Hence, its time
constant should be ⬍100 s. Otherwise, a resistance to the
lateral proton transfer along the surface may lead to ‘‘Ohmic’’
losses between proton generators and consumers. This question
has been addressed previously in stacked thylakoids in which the
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photosystem II and the ATP synthase are at least 300 nm
laterally separated from each other. There was evidence for only
very small Ohmic losses by lateral proton transfer (29, 52, 53).
This evidence points to the kinetic efficiency of protonic communication even between rather remote membrane proteins.
For halobacteria, both the proton transfer along and around the
surface of purple membrane particles with  ⬍ 100 s has been
established experimentally (2, 5), and a direct proton delivery
from BR to the ATP-synthase in vivo has been claimed (54). It
is conceivable that the function of water in the lateral proton
transfer is taken over by a continuous web of charged amino acid
residues and, perhaps, phospholipid groups at the surface. The
particular mechanism and the quantitative picture of the surface-channeled proton flow have to be established yet.
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