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Abstract It has been reported by many research groups that
protons released during the photocycle of bacteriorhodopsin are
detected by surface bound indicators much faster than by
indicators in the bulk. In this study we used numerical simulation
of chemical reaction’s dynamics for analyzing the delayed
appearance of protons in the bulk. The results indicate that the
low pK surface groups of the membrane, which form an
undilutable concentrated matrix of proton binding sites, retain
the protons in this space according to the mass action law. The
main sites for proton accumulation are the cluster of carbox-
ylates on the cytoplasmic side of the membrane. The protonation
of an indicator in the bulk does not proceed by its reaction with
free proton, but rather through self-diffusion of the indicator to
the membrane and abstraction of proton from the protonated
surface group. The detailed mechanisms which correspond with
these reactions are reported.
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1. Introduction

Bacteriorhodopsin carries out a complex sequence of intra-
protein reactions which convert the delta function perturba-
tion of an absorbed photon into an envelope of reversible
proton transfer reactions stretching over few milliseconds.
The protons are released by the protein on the extracellular
(EC) side of the membrane and taken up later at the cyto-
plasmic (CP) face [1]. The sequence of release and uptake can
be modulated either by the external pH, or by mutation of the
intrachannel acceptor elements located on the EC channel of
the protein [1,2].

For a long time interest was focused on the intraprotein
machinery that drives the spatially unidirectional proton
transfer. Since the beginning of this decade attention has
also been paid to the mechanism of proton transfer from
the protein to the bulk.

The experimental system, first introduced by Heberle and
co-workers [3-5], is based on selective labeling of the protein
(or of a lipid in the membrane) by fluorescein (Flu) and meas-
uring the dynamics of its protonation following a pulse irra-
diation. All these measurements recorded the protonation of
the protein bound dye within the same time window of the
appearance of the M state. It was also noticed that an indi-
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Abbreviations: BR, bacteriorhodopsin; Flu, FluH, ionized and pro-
tonated states of fluorescein; dO~, 6OH, ionized and protonated states
of 8-hydroxypyrene-1,3,6-trisulfonate; COOgp, COOg, the carboxylic
groups on the cytoplasmic and extracellular face of the membrane,
respectively.

cator bound to the cytoplasmic side of the purple membrane
(PM) is protonated within the same time frame [6-8], namely
the passage of the proton from the EC to the CP side is very
fast. Yet, as calculated by Heberle et al. [5], the diffusion
coefficient estimated from the time constants of the reaction
is smaller than the diffusion coefficient of proton in bulk water
(3.4x 1077 vs. 9.3 X 107% cm?/s, respectively). While these ob-
servations are compatible with standard biophysical formal-
ism, a surprising result was recorded when the protons were
detected by an indicator that resides in the bulk. Pyranine (8-
hydroxypyrene-1,3,6-trisulfonate) (¢OH) does not adsorb to
negatively charged purple membranes [9,10], thus its protona-
tion measures how fast the acidic pulse propagates to the
bulk. The rate of this reaction was measured by many re-
search groups [3-8]. In all cases it was found that the proto-
nation of the pyranine was delayed by a few hundred micro-
seconds behind the protonation of the fluorescein. There
appears to be no obvious mechanism that accounts for the
measured delay.

The fact that an indicator in the bulk follows dynamics that
differ from that on the surface implies that the evaluation of
the observation must rely on a detailed kinetic analysis, which
accounts for the effect of sessile buffer moieties on the diffu-
sion of protons [11,12]. In previous publications, comparison
between the protonation of the bulk indicator, surface indi-
cator and the M state was based on descriptive formalism.
The observed time envelope of the measured species (M,
FluH or ¢OH) was presented as a sum of exponents. This
kind of quantitation is very convenient for comparative, in-
tuitive presentation. Yet, it should be remembered that time
constants of a multistep reaction are not directly related to the
first order or second order rate constants which are the only
parameters that can be quantitatively interpreted.

The first quantitation of the rate constants for proton asso-
ciation with the surface of bacteriorhodopsin preparation was
carried out in our laboratory [13,14]. In these studies we used
the photo-inactive bacterio-opsin membrane, labeled by fluor-
escein at K 129 (EC), or on the CP side when bound to the
D36C or D38C mutated proteins. The samples were acidified
by photo-excitation of the pyranine, and excited state proton
emitter [15] present in the bulk. Detailed analysis of the re-
versible proton exchange between the dye in the bulk and that
on the membrane yielded the first and the second order rate
constants of the acid-base interactions. The experiments were
then repeated with the photoactive BR preparations. The
measured rate constants were comparable to those measured
with the bacterial-opsin.

Based on these studies it was concluded that the major
pathway for the propagation of the acidic perturbation and
its subsequent relaxation to the initial state proceeds by colli-
sional proton transfer between mobile and sessile proton bind-
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ing sites. Within less than 1 us after the excitation pulse all
free protons are adsorbed by the various buffering sites and
their state of protonation (BH/B™) is offset with respect to
their equilibrium ratio (see Fig. 1). The relaxation of the sys-
tem back to the state of equilibrium proceeds by collisional
proton transfer. The pyranine anion is reprotonated not by
reacting with free proton in the bulk; it diffuses to the mem-
brane to abstract a proton from carboxylate (or Flu H) on the
PM surface. The rate constants of these reactions were deter-
mined within + 5% of accuracy [13,14].

The exchange of protons by the surface group behaves as a
virtual collisional proton transfer. The high density of the
proton binding moieties on the surface (less than 100 A? per
site accounting for the anionic lipids) generates a situation
where the surface consists of an undilutable concentrated so-
lution of protonable moieties (equivalent to a solution of ~ 1
M). Thus, a proton released from a site within this matrix will
have a greater probability of reacting with the next site rather
than with a molecule in the bulk. This perpetual, release and
binding sequence is the major cause of proton delay on the
surface. The discharge of proton to the bulk is controlled by
the density of the protonable sites on the surface and the
concentration of the diffusing proton binding molecules (pyr-
anine or buffer) [16,17]. This mechanism has been experimen-
tally and theoretically investigated by Gutman, Nachliel and
co-workers [12,18-20].

In the present communication it is our wish to implement
this quantitative mode of analysis for evaluation of the ob-
served dynamics of the photocycle driven protons with surface
indicators bound to BR and with pyranine as pH indicator in
the bulk.

As will be shown below, the delay of protons at the surface
of the protein is accountable by the high buffer capacity of the
membrane.

2. Materials and methods

The differential rate equations used for the simulation of the dy-
namics and the program that solves them were written in our labora-
tory and are available upon request.

The experimental tracings were measured by L.S. Brown and J.K.
Lanyi (Biochemistry and Physiology, UC, Irvine, CA). The experi-
ments were carried out with the V130C mutated BR preparation im-
bedded in polyacrylamide and equilibrated with 100 mM NaCl. The
protein concentration was 16 uM. The fluorescein was linked by io-
doacetamide to the cyts at 130 with ~100% yield. The pyranine
concentration, when present, was 50 uM. The pH of the measure-
ments was 7.0 and 6.9 for the fluorescein-labeled protein and unla-
beled protein in the presence of pyranine, respectively. The fluorescein
signals were duly corrected for the spectral contribution of the pro-
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Fig. 1. Dynamic reconstruction of the reactions following a pulse
acidification of PM preparation by photo-excited pyranine. The
curves are the numerical reconstruction of the experiments detailed
in [13]. 11.9 uM bacteriorhodopsin membranes, labeled by fluores-
cein at K129, were suspended in a 25 uM solution of pyranine (pH
7.3) and excited by a laser pulse. At zero time 1.98 uM of H* and
pyranine anion were formed in the bulk. The free proton concentra-
tion { ) decays rapidly and within 500 ns ~ 80% were taken up
by the carboxylates of the membrane (- - -). The rate of protons up-
take by the pyranine anion (- - +) is rather slow, demonstrating the
high capacity of the surface carboxylate to compete for the protons.
The incremental proton concentration, 10 us after the pulse, has a
negligible contribution to the relaxation of the perturbation.

tein. The pyranine signal was corrected by subtracting the absorbance
changes as measured in the presence of 20 mM buffer (for more de-
tails see [21]).

In accord with the data published by other groups [3-8], the meas-
urements with pyranine were carried out with unlabeled protein and
the fluorescein-labeled preparations were measured in the absence of
pyranine.

The simulation of the curves was carried out in tandem both for the
M state formation and the indicator (either fluorescein or pyranine).
All rate constants which had been determined before [13,14] were used
without any modification. The pK of the pyranine and the carboxylate
on the EC face and the cluster of 5 carboxylates on the CP side were
taken as determined previously [13,14]. The pK of the fluorescein on
C130 was measured by titration.

3. Results and discussion

3.1. Intraprotein dynamics

The ultrashort event of photon absorption by retinal drives
a sequence of reactions leading to complex evolution of the M
intermediate and release of protons. In the present study we
concentrated only on the proton discharge phase of the
photocyle while the events linked with the reprotonation of
the protein were omitted. Accordingly our simulation corre-
sponds with the first 1 ms of the dynamics.

The conversion of the delta function perturbation into the
complex dynamics of the M intermediate was done by adher-
ence to the known mechanism of the photocycle, subjected to
minor simplifications. The perturbation in our model is the
formation of the L state, generated at 1 =0, in a quantity equal
to the concentration of M as measured at the maximum of its
curve. The L state decays by transferring a proton to a cluster
identified with the residues of D85, D212 and R82. This clus-
ter, upon protonation, interacts with a surface group identi-
fied by Lanyi and co-workers [22] as E204, shifting it from a
high pK state (BH, pK=9.3) [23] to a low one (BH, pK=5.8)
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Fig. 2. Dynamic reconstruction of protein-bulk proton transfer between photoactivated PM and pyranine in the bulk. The experimental trac-
ings, measured as detailed in [22], were fitted by numeric simulation as described in the text. (A) Curve 1 corresponds with the formation of
the deprotonated Schiff base. The experimental parameter was the M state, recorded at 412 nm, while the fitted curve is (L(y— L), where Ly,
is the initial perturbation and L, is the amount of L at time 1. Curve 2 is the protonation of the fluorescein covalently attached to cysteine re-
placing V130. The theoretical curve was calculated using the rate constants given in Table 1. (B) Curve | corresponds with the evolution of the
M state as in (A). Curve 2 simulates the protonation of pyranine (50 tM) added to the bulk.

[23,24]. This two-step mechanism, with its appropriate rate
constants, suffices to reconstruct the dynamics of M formation
given by the expression M) =L—L(, and to generate an
acidic group at the surface of the protein.

The purpose of these reactions was solely to generate the M
dynamics coupled with the formation of low pK group BH.
For this reason the rate constants of these steps have no
physical meaning and are not to be interpreted.

3.2. Dispersion of the acidic pulse to the bulk

The mechanism of proton dispersion to the surface and
bulk is given in {{Scheme 1. The BH moiety is at equilibrium
with all protonable groups in the system yet being the stron-
gest base, it is initially in its full protonated state. Once the
system is perturbed (equivalent to the formation of L at the
quantity L)), the BH is gradually shifted to the low pK state
BH. The low pK state BH interacts by reversible proton trans-
fer with the single reactive carboxylate present on the EC side
of the protein [13,14] and with the fluorescein (at K130C) if
present in the preparation.

Protons released on the surface of the photoactivated BR
molecules disperse all over the purple membrane. The initially
protonated carboxylates and the fluorescein moieties transfer
their protons to the other protonable moieties on the surface.
The distribution of protons was quantitated by a virtual sec-
ond order rate constants that comply with the free energy
relationship. The ratio between the forward and the backward
rate constants is proportional with the ApK between the re-
actants. We accounted in our simulation for proton transfer
from the moieties on the photoactivated protein (2.2 pM) with
the rest of the protein population (13.8 uM) (see Table 1). The
same formalism was used to equate for proton transfer be-
tween the two sides of the membrane. All these reactions are
described by virtual second order rate constants whose mag-
nitude can be used only for comparative purposes [19,20]. On

the other hand, the protonation of the pyranine is a true
second order diffusion controlled reaction [13,14] which was
determined within 5% accuracy. The linkup of the two sys-
tems into an integrated one was achieved by using the same
virtual rate constants common to both systems when recon-
structing the dynamics of each of them. Thus by this conjunc-
ture we linked the two sets of experiments, where the fluor-
escein or the pyranine are monitored in tandem with M, into a
single analyzable system with fewer degrees of freedom.

The simulation of the experimental curves by the numeric
integration implies that the same set of seven differential rate
equations had been solved for 200 time points. At each time
point the discrete value of two pairs of vectors M, plus Flu
H(, and M(; plus ¢OH, were calculated to fall within the
noise envelope of the experimental result. Considering the fact
that the time span varied by 3 orders of magnitude (1 ps-1
ms) and the concentrations of the measured vectors varied by
2.5 orders of magnitude, we regard such a solution as suffi-
ciently redundant to take the adjustable parameters as true
representatives of the system.

The simulated dynamics of M(,, Flu H, and ¢OH,, are
shown in Fig. 2. The fit, with respect to the measured vector,
is very good, up to the point where the reprotonation of the
BR reverses the course of the reaction.

The parameters used for reproducing the curves are given in
Table 1.

3.3. The mechanism of proton dispersion at the molecular level

The dispersion of protons following the L formation among
the various groups is given in Figs. 3 and 4. These figures
depict, in molar units, the protonation transients of the par-
ticipating groups.

Fig. 3 describes the dynamics where the protons are de-
tected by the bulk indicator — the pyranine. Five lines are
drawn in this figure. The uppermost one corresponds with
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the M state formation (curve 1). Following the perturbation,
the BH species (curve 2) appears very rapidly, with the same
onset of the M state. Yet, due to its low pK, it loses its proton
and fades while the other protonated products are accumulat-
ing (curves 3-5). The protons lost by BH are initially taken up
by the EC carboxylate (curve 3). The dwell time of a proton
on a carboxylic acid having a pK=4.851is ~ 3 us [19,20], thus
no appreciable accumulation of COOHgc takes place. The
dispersion of protons over the purple membrane is facilitated
by its low pK moieties (phospholipid and sulfo-lipid, about 10
acidic sites per BR). The spatial density of these sites is com-
parable to that of a 1 M solution. A proton discharged from a
carboxylate can react with these sites, temporarily replacing
the native counterion, redissociate and react with other tem-
porary binding sites. Controlled experiments carried out by
Nachliel and Gutman [18] had demonstrated that a low pK
moiety (pK=2.25), such as the phospho anion of phosphati-
dylcholine, acts as a better proton relay element than a less
acidic one like phosphatidylserine (pK = 4.6). Thus, the low pK
phospho and sulfo lipids assist in the rapid spreading of the
proton. The involvement of the multiple ‘bind and release’
mechanism is also evident by the lower apparent diffusion
coefficient of protons at the PM surface [5]. The protons
tend to accumulate on the carboxylates of the cytoplasmic
face (curve 4) of the membrane. These carboxylates
(pK=5.15) appear as a cluster of 5 carboxylates [13,14] which
are so close that their Coulomb cages merge into a single,
highly efficient proton trap. The rate of the reaction of that
cluster with free protons is comparable to the protonation of
the pyranine anion (3x10® M™! s71 vs. 5% 100 M1 s,
respectively). The proximity between these carboxylates, to-
gether with their capacity to exchange proton among them,
endorse this cluster with a competitive edge with respect to the
pyranine anion and its protonation precedes that of pyranine.
Only after an appreciable time (~ 200 ps), the higher basicity
of the pyranine (pK=7.7 vs. 5.15) tips the balance and the
protonation of the pyranine is at the expense of the cytoplas-
mic carboxylates (curve 5). Comparison of the second order
rate constant of protonation of the soluble pyranine by the
surface carboxylates (two bottom lines, Table 1) reveals that
the reaction with the negatively charged CP face is ~ 100
times slower than the reaction with the EC one. Yet, due to
the fact that the protons concentrate on the CP face, their
dispersion to the bulk is slow and the rise of $OH (curve S5)

Table 1
Rate constants of proton exchange reactions on the surface of pur-
ple membranes

Reaction Rate constants (M™! s7!)
BH*+Flu™ - 2.5+0.1x101°
BH+COO5." * 5.0+0.5x10'

FluH *+Flu™° 4.5+£0.5x107

COOHyg¢ *+Flu™ 5.0+0.5%x10°
COOHgc+C00p* 0.840.2x10°
$»0~*+COOHgc 5.0+2.0x10°

60~ +COOHcp 1.0x 107

*Compounds on the surface of the photocycled protein’s molecules.
*BH is the low pK state of the proton releasing group, pK=5.8. The
high pX state BH has a value of 9.3.

PThe extracellular carboxylate pK =4.85+ 0.05.

“The fluorescein attached to Cys-130. pK'=7.55.

4The cytoplasmic carboxylate cluster pK=5.15£0.1.

¢The pyranine anion in the bulk. pK=7.7.
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Fig. 3. Detailed mechanism of proton transfer between photoacti-
vated purple membrane and pyranine in the bulk. The curves simu-
late the result shown in Fig. 1B and are given in molar units. Curve
1 is the one reproducing the M state in Fig. 1B. Curve 2 shows the
appearance of the low pK state of BH which fades to the transfer
of its proton to COOg (curve 3) and COOqp (curve 4) and to pyr-
anine (curve 5).

is delayed in time and coincides with the deprotonation of the
CP carboxylates.

Fig. 4 depicts the scenario in the absence of a soluble pro-
ton acceptor or any bulk buffer while the fluorescein, on the
EC surface, functions as the highest pK proton acceptor of the
system (pK=7.55). Curve 1 is the formation of the M inter-
mediate, curve 2 depicts the evolution of the protonated state
of the fluorescein while curves 3 and 4 are of the protonated
state of the EC and CP carboxylates. The dynamics of BH
(not shown) is practically similar to that drawn in Fig. 3,
curve 2, but the dynamics of the COOHgc is altered. Its
envelope is shallower due to proton loss to the nearby fluor-
escein. The protons discharged from the low pK state of BH
are distributed between the carboxylate of the EC side and the
fluorescein. These carboxylates, via the low pK conduit system
made of the acidic lipids [18], spread the protons over the
whole surface and the cytoplasmic cluster is once again an
efficient competitor with respect to the fluorescein of the ex-
tracellular face. In this figure we drew in the inset the total
protonation of fluorescein (FluH;.) together with the break-
down of the dynamics for the protonation of the fluorescein
molecule present on photon-activated protein and those pres-
ent on the non-cycled BR molecules. The first fluorescein mol-
ecules which are protonated are those bound to the photoac-
tivated BR proteins (13% of the total content). Their
protonation is fast and their contribution to the signal is
about half of the measured transients. The rest of the fluo-
rescein signal is generated after a time delay, comparable to
that of the protonation of the pyranine in the bulk (compare
with curve 5 in Fig. 3). The breakdown of the fluorescein
protonation to a sum of two parallel reactions explains its
reported multiphasic dynamics [3-8].

In this study we combined the precise chemical kinetics,
based on time-resolved measurements of bulk-surface proton
transfer, with the empirical measurements of proton discharge
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Fig. 4. Detailed mechanism of proton transfer between photoacti-
vated purple membrane preparation and its surface groups. The
curves simulate the results shown in Fig. 1A and are given in molar
units. Curve 1 corresponds with the formation of the M state.
Curve 2 reconstructs the protonation of the fluorescein attached to
Cys-130. Curve 3 depicts the reversible protonation of the EC car-
boxylate and curve 4 is for the CP carboxylates cluster. Inset: de-
tailed dynamics of the protonation of fluorescein. Curve 1 corre-
sponds with the observed protonation signal, as shown in the main
frame. Curve 2 is the protonation of fluorescein molecules attached
on the photocycling BR molecules while curve 3 depicts the proto-
nation of fluorescein bound to the non cycling protein molecules.

from photoactivated bacteriorhodopsin. As shown above
there is no contradiction between the two. The delayed ap-
pearance of proton in the bulk is quantitatively reconstructed
by the rigorous analysis. The source of the delay is attributed
to the high density of ionizable groups on the surface. The
low pK ones tend to exchange proton among themselves while
the cytoplasmic carboxylates cluster, with the higher pK
groups, acts as a temporal delay system.

We have clearly demonstrated that the dynamics of proto-
nation is controlled by two independent terms: the first is the
dynamic competition for protons, which favors the protona-
tion of moieties which are close to each other. The second is
the thermodynamic advantage of the higher pX moiety that
can collect protons from the surrounding low pK groups. It is
the combination of the two processes which controls the ap-
parent dynamics as measured in multicomponent, multistep
processes such as the photocycle. It must be explicitly stated
that the delay of proton release to the bulk is not due to a
‘thermodynamic barrier which prevents the free proton move-
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ment from the surface to the bulk’ [25]. The delay is a direct
consequence of the dwell time of protons on the proton bind-
ing sites of the surface which affects both the dynamics of
surface groups (see inset to Fig. 4) and the bulk phase indi-
cator in the same way.

Finally, we wish to point out that the carboxylate cluster of
the cytoplasmic surface is kinetically competent to act as the
main proton binding site of the CP side of the BR. This site
may be the one which effectively abstracts a proton from the
well buffered neutral interior of the cell and funnels it to the
photodriven machinery that pumps it out. Similar functioning
carboxylates have also been detected on the N side of the
mitochondrial membrane [24].
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