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ABSTRACT: The cytoplasmic surface of bacteriorhodopsin is characterized by a group of carboxylates that
function as a proton attractive domain [Checover, S., Nachliel, E., Dencher, N. A., and Gutman, M. (1997)
Biochemistry 3613919-13928]. To identify these carboxylates, we selectively mutated them into cysteine
residues and monitored the effects of the dynamics of proton transfer between the bulk and the surface
of the protein. The measurements were carried out without attachment of a pH-sensor to the cysteine
residue, thus avoiding any structural perturbation and change in the surface charge caused by the attachment
of a reporter group, and the protein was in its BR state. The purple membranes were suspended in an
unbuffered solution of pyranine (8-hydroxypyrene-1,3,6-trisulfonate) and exposed to a train of 1000 laser
pulses (2.1 mJ/pulsé,= 355 nm, at 10 Hz). The excitation of the dye ejected the hydroxyl's proton, and

a few nanoseconds later, a pair of free protons and ground-state pyranine anion was formed. The
experimental observation was the dynamics of the relaxation of the system to the prepulse state. The
observed signals were reconstructed by a numeric method that replicates the chemical reactions proceeding
in the perturbed space. The detailed reconstruction of the measured signal assigned the various proton-
binding sites with rate constants for proton binding and proton exchange an treyes. Comparison

of the results obtained by the various mutants indicates that the dominant proton-binding cluster of the
wild-type protein consists of D104, E161, and E234. The replacement of D104 or E161 with cysteine
lowered the proton binding capacity of the clustert®0% of that of the native protein. The replacement

of E234 with cysteine disrupted the structure of the cluster, causing the two remaining carboxylates to
function as isolated residues that do not interact with each other. The possibility of proton transfer between
monomers is discussed.

Membrane proteins are made of tight structures of In recent years, there has been much progress in the
o-helices or3-sheets that are interconnected by loops more elucidation of its three-dimensional structure, and a few
exposed to the bulk. The membrane-crossing sections ofstructural models were resolved, derived either by electron
proteins are enriched by nonpolar residues, while the chargedand X-ray diffraction of two-dimensional crystals in mem-
residues are concentrated on the interconnecting loops. Thesgranes 2—5) and three-dimensional crystalé<12) or by
residues on the loops serve both as electrically interacting atomic force microscopyl@, 14). The derived structures are
elements that stabilize the structure and for short- and long-in good agreement with respect to their cross-membranal
range interactions with the substrate. In the study presentedsections. Yet, the interconnecting loops are not well resolved
here, we monitored the reaction of the exposed residues with(15) |n some models, sections of the loops could not be

free diffusing proton, using the velocity to the reaction t0 gpserved or were defined with a large temperature factor.
gauge its accessibility of the surface groups, and the inter- ag for the C-terminal section, the last 2@5 residues are

relation between them. , _missing from all present structures. Accordingly, it appears
The protein selected for study was bacteriorhodopsin, @t in ‘solution, regions on the surface loops are in a very

I'?h(;fdgvetn' \:ectonaé protor: Ftl)lll_mhplgg pro;}em_wnh f wellt-_ dynamic state and should better be described in terms of a
studied structure and an established mechanism of reac Ionpopulation of states rather than as a single conformation.
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In previous studies1( 16, 17), we had measured the The kinetic features of the various mutated surfaces were
protonation dynamics of the surface of bacteriorhodopsin studied by the laser-induced proton pulsgl(7, 19, 21, 22).
preparations, labeled by a fluorescein molecule on either theThe protein was suspended in a dilute solution of pyranine
extracellular or the cytoplasmic side of the purple membrane and excited by a short laser pulse. Following excitation, the
(PM). The dynamics were monitored at two wavelengths dye dissociated t@pO~ and H', where the incremental
that recorded the state of protonation of two pH indicators, concentration of the former was directly monitored at 458
pyranine in the aqueous bulk phase and a surface-boundnm. By following the dynamics of the dye’s reprotonation,
fluorescein. The observation was initiated by a short laser we could differentiate between the various proton-binding
pulse that temporarily offset the aeitbase equilibrium, and  sites on the protein’s surface, assigning specific kinetic and
the response of the system to the perturbation was monitoredhermodynamic parameters to each. In the first part of the
over time. The observed signals were subjected to a kineticinvestigation, we demonstrated how the various proton-
analysis that quantitated the rate constants of all protonbinding sites of the wild-type protein can be identified and
transfer reactions between the bulk and surface, as well ascharacterized by reconstructing the observed signals. There-
the rates of proton exchange reactions between sites on thafter, the same algorithm was used for the study of the
protein. According to this analysis, only six of the many mutated proteins, and the carboxylates that form the highly
surface carboxylates interacted with protons on the micro- reactive cluster were identified as D104, E161, and E234.
second time scale, the range in which proton binding and
release are operative. The other surface carboxylates ardIATERIALS AND METHODS

probably located close to positive charges, which lower their  Proton Pulse Techniquélhe experimental observation
pK values. These acidic carboxylates do bind the free proton, consists of ad-function perturbation of the aciebase
but keep them for such a short time that the microsecond equilibrium in the solution, attained by a UV laser pulse (355
dynamic is unaffected. Five of these carboxylates are locatednm, 3 ns fwhm, 1.42.1 mJ/pulse operating at 10 Hz) that
on the cytoplasmic face of the membrane and one on its excites the pyranine to its first electronic singlet state. In its
extracellular side. Two of the fast-reacting carboxylates on excited state, thekpfalls to a K* of 1.4 and the hydroxyl's

the cytoplasmic side were identified as D36 and DB&.8), proton dissociates with a time constant-ef20 ps. Follow-
and the rate of proton exchange between them was found taing the relaxation of the dye to the ground state(5 ns),
be extremely fast, with a virtual rate constah®)(of ~10'2 the system is poised in a temporary state of disequilibrium,

The other three carboxylates of the cytoplasmic surface where both free proton anglO~ concentrations are above
appeared to form a cluster of closely arranged residues thatthe equilibrium level, while théOH population is transiently
merged their coulomb cages into a common proton attractive depleted. This initial perturbation propagates to all other
site. The cluster was characterized byka @f 5.5 and an proton-binding sites present in the pulsed solution through
exceptionally fast rate of reaction with free protoks< 4 a diffusion-controlled reaction with the photodissociation
x 101°M~1s™1) (1, 16, 17). This rate is comparable to the products (H and¢O~). The response of the system to the
rate of protonation of the highly charged & —4), free perturbation proceeds through many parallel pathways, where
diffusing pyranine anion. In the study presented here, the the velocity of each reaction is determined by the concentra-
identity of the cluster is investigated. tions of the reactants and the respective rate constants. The
The experimental algorithm we employed was a systematic kinetic and stoichiometric coupling between all reactants
replacement of each surface carboxylate with cysteine andimplies that a followup of one reactant would yield informa-
measurements of the effects of the replacement on thetion concerning the state of protonation of all others.
transient proton binding capacity of the protein in the  Proteins, as polyelectrolytes, are thermodynamically coupled,
microsecond time range. The photocycle of these mutantsand the protonation of any site can affect the @f other
was studied by Riesle et all§) and Brown et al. Z20), an sites @3). Thus, when a protein is challenged by a large
observation which is a much more complex system than the proton pulse, its thermodynamic and kinetic characteristics
present one. Under physiological conditions, the bacterior- may vary during the reaction time. To avoid these complica-
hodopsin functions at a high salt concentration and againsttions, the experiments were carried out under the limitation
a heavy AuH* backpressure. The understanding of the that the incremental proton concentration was lower than the
mechanism under these conditions calls for a preliminary total protein concentration, ensuring that each protein
studies of the proton transfer reactions under simpler molecule reacts with no more than a single proton.
conditions. For these reasons, our study was carried out at a Instrumental Setuplhe optical geometry and electronic
low salt concentration, in the absence of electrochemical setup were as previously describedl7) Pyranine (8-
gradients, while the protein is in its most prevalent confor- hydroxypyrene-1,3,6-trisulfonate, laser grade) was purchased
mation, the BR state. To avoid further complexities, we from Eastman Kodak (Rochester, NY).
decided to sacrifice the experimental convenience of attach- Mutagenesis and Expressioiite-specific mutants of
ing a fluorescein to the cysteine residdeX7), thus avoiding bacteriorhodopsin were prepared according to the method
the possible deformation of the structure by the extra chargesof Ferrando 24). Mutagenesis was followed by transforma-
of the indicator. Therefore, the only stress imposed on the tion and homologous expressionHialobacterium salinarum
mutated protein was caused by the substitution of the residuesstrains HN5 and L33, with the help of the shuttle plasmid
under study with an uncharged residue. pEF 191. Mutated proteins were isolated as purple membrane
sheets according to the method of Oesterhelt and Stoeckenius

! Abbreviations: pyranine opOH, 8-hydroxypyrene-1,3,6-trisul- (29). .
fonate; BR, light-adapted state of bacteriorhodopsin; PM, purple Prep_aranon of the _SampIePurpIe membranes were
membrane. extensively washed with pure water by three repeated



Dynamics of the Proton Transfer Reaction

Table 1: Rate Constaritef Protonation of Bicarbonate and Its
Collisional Proton Transfer Reaction with the Pyranine Anion

pK HCO;~ + H*t HCOs~ + ¢O-
6.3 (2.8+ 0.2) x 1010 (3.0£ 1) x 108
2 All rate constants are given in the units of Ms™2.

centrifugations to remove buffers, and the mercaptoethanol
that was added to prevent the oxidation of the SH residues
introduced by mutagenesis. The PMs were suspended to
final concentration of 320 uM in an unbuffered pyranine
solution (26-30uM). The dynamics were measured within
the pH range of 68 and at varying protein/pyranine ratios.
The measured signals are an average of 1024 traces.

The carboxyl groups of Glu74, Glu234, and Asp38 in
bacteriorhodopsin were modified by 1-ethyl-3-[3-(dimethyl-
amino)propyl]carbodiimide (EDC) according to the method
of Renthal et al. Z6).

At low protein concentrations, it is necessary to account
for the presence of bicarbonate generated by equilibration
with the atmospheric COA complete elimination of C®
from the system was very laborious, and in most cases, ther
was some re-accumulation during the observation. For this
reason, we preferred to pre-equilibrate the system with air

and to determine the bicarbonate concentration in the reaction

mixture by measuring the dynamics of pyranine in the
absence of protein at fixed time intervals during the
experimental session. Thus, the concentration was determine

by the same method used for the analysis of the results. We
noticed that the bicarbonate content was constant during the

full duration of the experiment. The contribution of bicar-

bonate, determined for each experimental session, was

incorporated in the kinetic analysis of the data. The kinetic
and thermodynamic parameters characterizing the bicarbon
ate reaction with free protons, pyranine anion, and the

carboxylates on the BR are listed in Table 1. In all figures, & first step, : _ :
gwhich are present in the reaction mixture, modulate the

the mathematically reconstructed dynamics were calculate
with the bicarbonate content pertinent to the experimental
session.

Kinetic Analysis of the Absorbance Signalfie experi-
mental curves were analyzed by a detailed reconstruction o
the dynamics response of all chemical reactions to the-acid

f

a

e
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protein preparation, we analyzed a large number of inde-
pendently measured signals, in a search for a set of
parameters that would reconstruct them all.

The differential rate equations and the integration program
are available upon request.

RESULTS

Effect of the Laser Flash on the Bacteriorhodopshm
experimental system in which two photoreactive compounds
are present is inherently complex. Both the pyranine and the
bacteriorhodopsin can enter their respective photocycles. For
this reason, it was imperative to determine which fraction
of the BR is activated during the proton pulse experiment.
The probing of a photoreactive protein, such as BR, by
another photochemical reaction (photodissociation of pyra-
nine) can be carried out only when the cross correlation
between them is well established. In this case, it is not only
the UV flash (355 nm) that might activate the retinal but
also the intensive emission from the excited pyranine at a
Amax Of 515 nm, a wavelength at which the cross section of
the retinal is much higher, that may drive the protein into
its photocycle. To quantitate this fraction, we carried out a
measurement (in the presence of BR and pyranine) while
monitoring the solution at 528 nm. At this wavelength, the
dissociation of the pyranine has a negligible absorption
change, but the BR photocycle is well resolved. These

éneasurements revealed that less than 1% of the BR was

driven into its photocycle. Thus, we are confident that the
reactions described below characterize the proton transfer
reactions on the surface of the protein in its BR state.
Effect of Buffer on the Pyranine DynamicEhe only
observed molecule is the pyranine anion, and the rate of its
reprotonation is the basis for deducing the protonation of
the various proton-binding sites present in the solution. As
we shall demonstrate how proton acceptors,

evolution of the observed signal. The experiments were
carried out using small, free-diffusing buffer molecules

formate (K = 3.75), acetate (0 = 4.75), imidazole (K =

6.95), and trimethylamine = 9.81).
The effect of buffers on the pyranine reprotonation

base perturbation, the reprotonation of the pyranine anion,dynamics is presented in Figure 1, where the reprotonation
and the reversible protonation of the surface groups of the kinetics of the pyranine were measured in the presence of
membrane Z7). The proton-binding sites at the membrane increasing concentrations of acetate (panel A) and imidazole
were treated separately, as were those located on thePanel B). As clearly seen in the figure, the shape of the
extracellular face of the membrane (CQQ) and sites on curves varies with the concentration of the buffer and s p
the cytoplasmic face of the membrane (CQg@ (1, 17). value.
Each of the surface reactants can exchange a proton with The acetate anion is an effective competitor for free
the free-diffusing pyranine anion and among each other. To protons, and the initial rate of the pyranine protonation
convert the multiequilibrium system into a kinetic model, decreases with increasing acetate concentrations. Once
all the reactions were combined into a set of coupled, protonated, the acetate retains the proton in a bound state
nonlinear, parametric differential rate equations, which for 3—4 us, which is its intrinsic dissociation tim@§). As
complied with the detailed balance principle. The integration long as the proton is covalently bound, the pyranine can be
over time of these equations reproduced the relaxationreprotonated only by a collisional reaction with a protonated
dynamics of all components in the system. acetic acid molecule that is orders of magnitude slower than
The integration over time of the differential rate equations its reaction with free protons. Upon dissociation of the acetic
by a numeric procedure reconstructed the chemical eventsacid, the competition for the proton between the acetate and
associated with the perturbation relaxation of the system. the pyranine is resumed, and at high acetate concentrations,
Thus, by providing the program with the specific concentra- the relaxation of the pyranine is longer.
tions of the reactants and a set of rate constants, we can The more alkaline buffer imidazole affects the pyranine’s
mathematically reconstruct the observed dynamics. For eachdynamics in a different way.
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FIGURE 2: Reprotonation of pyranine in the presence of wild-type
bacteriorhodopsin. The reaction was measured as described in the
legend of Figure 1 (with the omission of 100 mM NacCl from the
reaction mixture) in the presence of 1M pyranine and 2M
wild-type bacteriorhodopsin at pH 7.3. The experimental curve was
reconstructed by numeric integration of the differential rate equa-
tions that are pertinent to the system, using the parameters given
in Table 2. The inset shows the deviation of the predicated function
from the experimental signal.
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~
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Time (micro seconds) _ _ relaxation varies with the nature and concentration of the
Ficure 1: Effect of buffers on the reprotonation dynamics of puffer. In a system containing protein, the relaxation of the

pyranine. The reaction mixture contained an aqueous solution of i i ;
pyranine (2QuM) and varying concentrations of buffers at pH 7.4, tpherturbatlon IS more .Zomtple)l( as ?n el;/'ezjy protiln mole(r:]ulef
all in 100 mM NaCl. The reaction was initiated by a laser pulse ere are many nonidentical proton-binding sies, €ach o

(1.6 mJ,A = 355 nm, 3 ns fwhm) that generated equal concentra- Which reacts independently with the discharged protons.
tions of free protons and pyranine anion. The reprotonation of the  Proton Binding Properties of Wild-Type Bacteriorhodop-

pyranine anion was followed over time at af 458 nm. The traces  sjn, The identification of the effect of a single carboxylate

are the average of 1000 consecutive pulses delivered at 10 Hz. ; ; ;
Panels A and B depict the dynamics as measured with acetate andfeplacement in the BR molecule on the relaxation dynamics

imidazole, respectively, and the concentrations of the buffers are Of the pyranine relies on the accuracy of the reconstruction
indicated in the figure. of the standard signals measured with the wild-type protein.

Accordingly, the next stage of this study was aimed at

At the pH of the measurement (7.4), the imidazole exists defining the accuracy of the kinetic and thermodynamic
as a mixture of two states: imidazolium (Imii which can parameters characterizing the proton-binding sites of the
act as a proton donor for the pyranine, and imidazole, which native BR. The protonation of pyranine, in the presence of
is a proton acceptor. Accordingly, two parallel reactions will the wild-type protein, was recorded for many independent
follow the perturbation: the imidazole will compete with kinetic measurements, which were gathered when the
the pyranine for the free protons, while the imidazolium will concentrations of the protein and pyranine and the prepulse
react in a collisional proton transfer reaction with the pH were varied independently. The results were subjected
pyranine anion generated by the laser pulse. Thus, theto kinetic analysis as described in Materials and Methods.
dynamics in the presence of imidazole will vary with its This analysis was carried out as a re-evaluation of the
concentration and its initial state of protonation. As seen in accuracy of the parameters that were determined with the
Figure 1B, at a low concentration the imidazole hardly affects fluorescein-labeled BR preparations, (16, 17) and for
the initial relaxation of the pyranine, but after somgs$ a determining the extent to which the parameters determined
slower relaxation is imposed. At higher imidazole concentra- by the analysis of a single observed dye were consistent with
tions, the capacity of ImHto serve as a proton donor is those determined while monitoring both the pyranine and
augmented and the relaxation of the pyranine is fast. the bound fluorescein.

Compounds that are more acidic than acetate (such as Figure 2 depicts an experimental curve and its reconstruc-
formate, X = 3.75) or more basic than imidazole (such as tion. The excellent quality of the fit is shown in the inset,
trimethylamine, i = 9.81) were found to have no effect where the deviation of the predicted function from the
on the measured dynamics (data not shown). The formatemeasured signal is presented. Except for a minor deviation
anion retains the bound proton for a time too short to (~3% of the amplitude) during the firstv4 us, the
modulate the kinetics of the reaction, while the basic reconstruction fits the measured data within the limits set
compound is initially protonated and cannot compete for free by the electronic noise. The fitting of a single kinetic record
protons. However, as such compounds are more basic tharcan be attained within a wide range of variance of the rate
pyranine, they will not transfer their proton to the dye. constants. The reconstruction of many experiments, gathered

The study of binary mixtures, consisting of pyranine and under varying initial conditions, by a single set of parameters
buffers, clearly demonstrates that the shape of the chemicalis a more restraining, leading to a narrower variance of the
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Table 2: Kinetic and Thermodynamic Parameters Characterizing the Dynamics of Proton Transfer between the Bulk and Surface of the
Wild-Type Proteid

N pK X + H* X + D38 X+ D36 X+ ¢O-
$OH 1 7.74£0.1 (7.3+ 0.4) x 1010 <3.0x 10 <5.0x 10° NA
D38 1 6.5+ 0.1 (0.5+ 0.1) x 101 NA >1 x 101 <3 x 108
D36 1 45+0.1 (1.5+ 0.2) x 1010 >1 x 101 NA <5x 10°
cluster 3 5.5k 0.05 (4.0 0.65) x 10 6.0+ 1.1) x 10° <1 x 101© (44 0.3) x 10°
COQuy 1 5.1+ 0.3 (0.54 0.3) x 101 (9+2) x 10°

@ The experiments were carried out at three pyranine concentrations (17.4, 23,av)l @8 varying pH values. The analysis fits 57 independent
measurements. The rate constants are given in units éfsM, except those of the virtual second-order reactions that are typed in italics.
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Ficure 3: Effect of the various parameters on the shape of the reconstructed dynamics. Each frame depicts a single experimental curve
with three reconstructed dynamics, where one of the parameters, characterizing the cluster, varies within the range indicated in the legend
and marked in the figure. All other parameters were set as in Table 2. (A) The number of residues assigned to the €ldst8r and

5). The inset shows the expansion of the first40 (B) The X of the cluster (K = 5.0, 5.5, and 6.0). (C) The rate of protonation of the

cluster k=2 x 10%, 5 x 109 and 7x 10 M~1 s71). The inset shows the expansion of the firsti4) (D) The rate of proton transfer

between the cluster and the pyranine anior@ x 10°, 4 x 10° and 5x 10° M~1s71). (E) The rate of proton transfer between the cluster

and D38. These rate constants are of virtual second-order readtiend (x 10°, 5.5 x 10°, and1 x 109).

rate constants. According to our accumulated experi?®e ( affects the dynamics and to what extent the modulation of

when more than 15 experimental curves are fitted by one the curve’s shape by one parameter differs from the effect
set of parameters, the variance in the rate constants isof the others. These calculations are presented in Figures
sufficiently narrow to differentiate between two types of 3—5. In each figure, there is an experimental curve and three
cytochromec that differ by a single charged residue on their reconstructions of the signal: the best-fit curve (obtained

surface. In the study presented here, for each mutated proteinby the values given in Table 2) and two others where one of
the analysis was carried out for 16 and up to 50 independentthe parameters is varied above and below its best-fit value.

observations,_ aphieving a high level of redundancy. The Three-Carboxylate ClustefThe most dominant proton
standard deviation of the rate constants, as calculated foracceptor on the BR surface has been shown to be a cluster

the whole population of fitted curves, wa20% of the mean ot three carboxylates at the cytoplasmic face that, due to
value or even lower. the merging of their coulomb cages, generates the strongest
The quantitation of the kinetic and thermodynamic pa- proton-attractive site on the BR surfack 6, 17). Figure
rameters characterizing the wild-type protein was based on3 summarizes the effects of the kinetic and thermodynamic
57 experimental curves that were all fitted by the rate parameters of the cluster on the observed dynamics. Panel
constants listed in Table 2, with the same quality as in the A depicts how varying the number of residues (from 1 to 5)
inset of Figure 2. The values given in the table are a set of affects the dynamics. The effect of the cluster’s size on the
parameters that fit all measured signals within the margins dynamics changes during the observation time. In the short
set by the noise level. These values are also consistent withtjme range (see the inset of panel A), a small cluster will be
the parameters derived from the fluorescein-labeled bacte-a |ess effective competitor for free protons, with fast
riorhodopsin preparationd,(17). relaxation of the pyranine. On the other hand, a large cluster
As the dynamics are controlled by the parameters given will better trap the discharged protons, leading to a slower
in Table 2, it was necessary to establish how each of themreprotonation of the free dye. During the later phase of the
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reaction { = 30 us), the mechanistic role of the cluster is and D38 are only 5.4 A apartl{) and carry out proton
inverted and it functions also as a proton donor to the dye. exchange between them with a virtual second-order reaction
Accordingly, a large cluster will be a better donor, leading at a rate constant of0'? (in this publication, all virtual
to faster relaxation during the late phase of the reaction. second-order reactions are printed in italickd)( For sites
The (K of each residue is defined as the ratio of the rate that are more remote, the virtual second-order rate constant
constants of its protonation and dissociation. Consequently,is smaller. When the value is1(° it means that the
the kinetic analysis can determine th€ @f a site, even when  proximity enhancement is no longer effective, and the
the pH of the measurements is far from it§ palue. Thus, mechanism is a simple dissociation followed by dispersion
the evaluation of the cluster’s contribution to the pyranine and diffusion through the bulk. As demonstrated in Figure
relaxation can be investigated by both the effect of tke p  3E, the reaction between the cluster and D38 should be larger
value (Figure 3B) and the rate constant of its reaction with than10°.
free protons (Figure 3C). The best fit for the experimental ~ Dynamics Features of D3&esides the cluster, the other
curves, measured with the wild-type protein, was obtained proton-binding sites on the cytoplasmic side of BR are D36
within a very narrow range offpvalues (5.5+ 0.05). Either and D38. Both residues were identified as proton-binding
higher or lower values distort the fit beyond the noise level. sites on the protein through the quantitative analysis of the
Reconstructed dynamics that were carried out withiKaop protonation dynamics of a fluorescein molecule attached to
>5.5 generated curves where the protein exhibited a reduceceither the D36C or the D38C mutart (L6, 17). In the study
capacity to compete for and retain free protons. A cluster presented here, where the pyranine reprotonation dynamics
with a high K will be in a protonated state before are the only measured signal, the contribution of D36 to the
perturbation and will thus have a lower buffer capacity and dynamics is rather small. Accordingly, we were satisfied to
a higher efficiency in acting as a proton donor with respect note that the kinetic and thermodynamic parameters previ-
to the more basic pyranine anionKp= 7.7 under the ously assigned to D36 were consistent with the present
experimental conditions). A cluster with a loweK fhas a reconstructions.
different kinetic feature, and after a fast initial phase, the  The carboxylate of D38 is the native proton donor to D96
relaxation of the pyranine is slowed. Generally, the qf during the M, N, and O steps of the photocycls)( The
the cluster modulates the reprotonation dynamics mostly atpK of D38 was deduced, on the basis of kinetic analysis of
the time frame of~50 us until the end of the observation. protonation dynamics of a fluorescein residue attached to
On the other hand, the rate of protonation of the cluster the D36C mutant, to be 6.3), and because of that, it should
modulates the initial phase of the reaction, as shown in Figureaffect the reprotonation of the pyranine. Figure 4A depicts
3C and its inset. Accordingly, the fitting of the experimental the effect of the K of D38 on the reconstructed dynamics
signal by the reconstructed curves can be used to determineof the wild-type protein. The three curves, which were
the (K of the cluster and its rate of protonation. calculated for K values of 6.0, 6.5, and 7.0, exhibit almost
The reprotonation of pyranine in the presence of bacteri- identical dynamics during the first 2@0s, but with the
orhodopsin is a sum of two pathways: a collisional proton progression of time, the reaction pathway reflects it depen-
transfer from the protein to the pyranine and a reaction with dence on the g and the curves spread out. The pronounced
protons that spontaneously dissociated from the protein. Thedependence of the shape on thisadlowed us to determine
former pathway is the dominant one. Figure 3D demonstratesthe K of D38 with a high level of accuracy. The highkp
the sharpness of the dependence of the relaxation on theof this residue (6.5) is in accord with its location inside the
magnitude of the collisional pathway; varying the rate of proton-conducting channel of the BR, where the low
the reaction within a narrow range<{3 x 10®° M~! s71) dielectric constant of the environment favors the protonated,
suffices to shift the reconstructed curves from above to below uncharged state of the carboxylate. The limited exposure of
the experimental one. Careful analysis of the 57 measuredD38 to the bulk is also deduced by the rate constant of proton
curves narrowed the range of this rate constant to 44.0 transfer between the carboxylate and the free-diffusing
03)x 1M tsL pyranine anion. The proton exchange reaction with the cluster
The last reaction through which the cluster modulates the will eventually lead the proton to D38 that, thermodynami-
reprotonation dynamics of pyranine is the proton transfer cally, is the most attractive site on the cytoplasmic side on
from the cluster to the carboxylate of D38 that, due to its the protein. As a result, toward the late phase of the
high pK (see below), should have a longer dissociation time relaxation, the reprotonation of the pyranine is at the expense
(28). Thus, a fast proton transfer from the cluster to D38 of deprotonation of D38. As seen in Figure 4B, the relaxation
will affect the relaxation time of the pyranine. As shown in dynamics of the pyranine necessitate that the accessibility
Figure 3E, this reaction modulates the curvature of the line of the dye, with a gyration radius of5 A, should be rather
by a mode that is not attained by the other parameters. Thesmall and that the rate constah) Ehould have an upper
rate constant of the proton exchange reaction reflects thelimit of <10° M~ s
proximity of the two sites, and its magnitude is quantitated  Carboxylates of the Extracellular Face of Bacteriorhodop-
by a virtual second-order reactiohd). The mechanism of  sin. Measurements carried out with wild-type BR labeled at
the reaction is a proton exchange through the solvent, butkK129 (17) revealed that, of the five carboxylates on the
due to the proximity of the reactants, the probability of proton extracellular side of BR (E1, E9, E74, E194, and E204), only
transfer from the donor to acceptor is larger than the one proton-binding site was seen to affect the protonation
dispersion of the proton into the bulk. Accordingly, the dynamics of the fluorescein. In the analysis presented here,
virtual second-order rate constants can be larger than thewe adhered to the previous conclusions and verified that
diffusion-controlled rate constants, but the units of\g* incorporation of the kinetic parameters assigned to the
are not applicable. The carboxylate moieties of residues D36 extracellular carboxylate indeed complies with the present



Dynamics of the Proton Transfer Reaction Biochemistry, Vol. 40, No. 14, 20014287

3.5 T T T 3.5 T T T
0.3
3 A 4 o 02
3 a 4
92 0.1
25 - €
& 25 g °
g B ] i £-0.1 7]
g 2 £ n=0
g (sl 1 5 0zr
£ : c 2 0.3 I I ) 4
K=7.0 E
b ° 0 50 100 150 200
1 g 5 micro seconds
E 15 ]
05 —
pK=6.0
0 1 1 1 I~ .
0 50 100 150 200
micro seconds
3.5 T . ; 0.5 | .
O 1 1 1 T ¥
0 50 100 150 200

micro seconds

Ficure 5: Effect of the number of extracellular carboxylates on
the reconstructed dynamics. Three reconstructed curves are pre-
sented in this figure, calculated for one, two, or three carboxylates
on the extracellular face. All other parameters were set as in Table
2. The inset shows the deviation from the experimental signal.

micro molar

cluster on the cytoplasmic surface, and (3) mutations that
caused major modulation of the proton binding capacity of
0 50 100 150 200 the protein’s surfaces. The third group of mutants will not
micro seconds . .
be discussed herein.

Ficure 4: Effect of the various parameters on the shape of the  The analysis of the signal measured with the mutated
reconstructed dynamics. Each frame depicts a single experimental

curve with three reconstructed dynamics where one of the param-prOteInS was based on the parameter_s needed fqr the
eters, characterizing the carboxylate of D38, varies within the range rfeconstruction of the wild-type protein using the following
indicated in the legend and marked in the figure. All other algorithm. At first, the reconstructions were carried out using
\Fl)v%rrfélg%ttetrs \év%fessgt gﬁéHYTg%lSe ﬁq a(ﬁ()e'lcil’ifﬁvﬁ:geﬁs 3“réhe(é¢)9—°+iﬂléerate the standard parameters of the wild-type protein (as in Table
of proton transfer between D38 and the pyranineg ankpmvas set 2). Ifthe parameters of the. W”d. type geperated a curve with
to 1 x 105, 5.5 x 10, and 1x 1C° as marked in the figure. slower relaxation dynamics, it was interpreted that the
mutated protein had a smaller capacity to compete for the
measurements and reconstructions. The modulation of thefree protons and the kinetic features of the cluster were
pyranine signal by the extracellular carboxylate is rather modified until a fair fit was obtained. Once that was
feeble, yet as shown in Figure 5, the best fit of the measuredachieved, a detailed analysis was carried out with refinement
curve is attained with one carboxylate per BR molecule. of all rate constants. Double mutants (like D104N/D38C)
Reconstruction of the dynamics, assuming that the extracel-were analyzed by taking the parameters determined for the
lular face carries either one or two carboxylates, causesD104-less protein as a first approximation, and eliminating
systematic errors that extend beyond the noise level (see théhe kinetic parameters of D38 (as given in Table 2) from
inset). Using the same criteria, we estimated tKeop the the kinetic scheme. In all cases, this modular operation was
reactive extracellular carboxylate to be &:D.3 (not shown).  sufficient to obtain a fair reconstruction of the signal, and
Dynamics Measured in the Presence of Mutated B the parameters were later refined to obtain curves where the
data presented above demonstrate that the pyranine relaxatiofdeviations were within the electronic noise level.
dynamics are very sensitive to the proton binding capacity = The results of the analysis of the transients measured with
of the protein, and for simultaneous fitting of a large number the mutated protein are listed in Table 3 that summarizes
of measured signals & 57), the kinetic and thermodynamic the rate constants andpvalues of the carboxylate cluster
parameters of the surface groups fall within narrow limits. on the cytoplasmic surface of the membrane. The analysis
These parameters, listed in Table 2, are defined as the wild-of the results also yielded rate constants akdvplues for
type parameters, and serve as the basis for the analysis 0D36, D38, and the extracellular carboxylate. However, as
the kinetics measured with the mutants described in detail their values were within the range of the wild-type param-
below. The signals, measured with the mutated protein, wereeters, they are not given in the tables. In the following
first tested to see whether they could be simulated by the section, we shall discuss how each mutation affected the
wild-type parameters, and when a good fit was not attained, reactivity of the cytoplasmic side of the membrane.
the features of the surface groups were varied. Role of D102 and D104 in the Dynamics of Bulkurface
During the replacement of the surface carboxylates and Proton TransferThe two carboxylates, D104 and D102, are
after measuring the effect on the pyranine reprotonation located on the cytoplasmic loop connecting helixes C and
dynamics, we observed three patterns of relaxation: (1) D, with a distance of 6.7 A between their carboxylate
mutations where the relaxation of the pyranine signal was moieties (1). When this proximity was considered, it was
identical with that of the wild type (D102C and E74C), (2) expected that their kinetic role would be the same. Yet, the
mutations that specifically affect only the three-carboxylate two mutants (D102C and D104C) markedly differ in the
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Table 3: Parameters of the Proton Transfer Reaction of the Cluster on the Cytoplasmic Surface of Variou$ Mutants

sample nP cluster size K X+H"(Mts?) X+ ¢O" (M~1s)
1 wild type 57 3 5.5k 0.05 (4.0% 0.6)(5) x 101 (4.0£0.3)x 10°
2 D102C 22 3 5.5 0.05 (5.04 0.9) x 10t (3.0£0.8) x 10°
3 D102N/D38C 34 3 5.5 0.05 (2.4£0.7) x 10 (3.1£0.9) x 10°
4 D104C 26 2 6.5+ 0.05 (3.94 0.3) x 10t (5.0+ 0.5) x 10°
5 D104N/D38C 26 2 6.@ 0.05 (3.8 0.8) x 10 (3.6£1.1)x 10°
6 E161C 18 2 5.5 0.05 (4.3+ 0.5) x 101 (3.2+1) x 1¢°
7 E161N/D38C 18 2 5.5 0.05 (3.1£0.8) x 10 (22+£1) x 10°
9 EDC-treated 16 #1 5.5+ 0.05 (1.7+0.3) x 10%° (1.8+0.8)x 10°
8 E234Q/D38C 26 1 5.5+ 0.05 (2.1£1.1) x 10%° (1.0£0.5) x 1¢°
10 D36C 35 3 5.6 0.05 (7.7 0.6) x 1010 (2.6+£0.9)x 10°
11 D36C/D38R 25 3 5.3 0.05 (0.94 0.12) x 1010 (1.0£0.5) x 10

aThe values are those characterizing the cluster. All other rate constants are within the limits set in Tallerthted the number of experiments
carried out with each preparation that was reconstructed.

no effect on the rate of proton uptake from the bulk, as
detected by the pyranine anion. A full analysis of the D102C
mutant was carried out. The dynamics of 22 independent
measurements, each under different initial conditions, were
reconstructed by a set of parameters that did not deviate
significantly from those of the wild type (compare rows 1
and 2 of Table 3). The carboxylate moiety of D102 is well
exposed to the bulk, and is likely to react with free protons.
Thus, its negligible contribution to the reaction we measured
suggests that itskpis downshifted by the positive charge of
K159 to a level sufficiently low so as not to modulate the
microsecond dynamics of butksurface proton transfer,
which is reminiscent of the vanishing effect of formate anion
on the reprotonation dynamics of pyranine.

Another mutant, D102N/D38C, was employed for evaluat-
ing the role of D102 in the butksurface proton transfer
reaction. In this protein, an amide residue blocks the D102
carboxylate, and the negative charge of D38, located at the
entry to the proton-conducting channel8], was also
removed. Taking the wild-type parameters (which are very
close to that of D102C) and omitting the reaction in which
D38 participates from the kinetic scheme vyielded the
reconstruction of the transients. This modular operation was

micro seconds sufficient to generate curves which were close enough to
FiGURE 6: Reprotonation dynamics of pyranine in the presence of the measured signals SO that only a minor adju_stment of the
the D104C, D102C, and E161C mutants of bacteriorhodopsin. (A) "ate constants was required to reconstruct 34 independently
The reaction with the D104C mutated protein (1) was measured signals (see row 3 in Table 3). The elimination of
measured as described in the legend of Figure 2 at pH 7.06 and inthe negative charge of D38 somewhat reduced the surface
w:spégfﬁgge()SI \}v?tﬁl\{lhgyrzrr];nrﬁét-{a?se ﬁit\t/igr? i‘;f 'tl'g%gls?‘lTﬂgnv?ill 4. Charge density near the reaction cluster, and a lower rate
type signal is representedpby its recongstructed dynamics. The insetconStan.t of protonation was needed for the.reconstructlon
depicts the deviation of the signals measured with the D102C and Of the signals. Thus, the results gathered with D102C and
D104C mutants from the curve generated by the wild-type D102N/D38C indicate that the carboxylate at position 102

parameters. Note that the dynamics measured with the D102Cis not a member of the three-carboxylate cluster of the native
mutant exhibit no systematic deviations from the values calculated protein.

with the wild-type parameters. (B) The E161C mutant (4\3 . .
was suspende)c/ipat SH 7.3in the(pr)esence of mwaning' ar)1d The carboxylate moiety of D104 located in the BR state
the absorbencies were measured at 458 nm. The parameters thadf the protein, only a few angstroms apart from D102, has
simulate the signal are given in Table 3. For comparison, the wild- a major function in the bulksurface proton transfer reaction
type signal is represented by its simulated dynamics. The deviationyf the BR protein. The reprotonation dynamic of the
ic;f é?\?e':?r?stﬁ;eﬁ]:gnal from the wild-type reconstructed dynamics pyranine, as measured in the presence of the D104C protein
(Figure 6A), is much faster than that measured with the native
reprotonation dynamics of the pyranine. BR (represented by the reconstructed curve). A faster
The transients measured with D102C were readily recon- relaxation implies that the elimination of the D104 carboxy-
structed by the parameters determined for the wild-type late reduced the capacity of the protein to compete with the
protein, as shown in the inset of Figure 6A, which depicts pyranine for the free protons, and as a result, the pyranine
the difference between the experimental signal and dynamicsregains its initial state of protonation within a shorter time
reconstructed by the wild-type parameters. Apparently, the period. The systematic deviation of the signal, measured for
elimination of the carboxylate residue at position 102 has D104C, from the reconstructed curve calculated by the
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parameters of the wild type (see the inset of Figure 6A), ' 02 B—_— B —
necessitated fitting of the signals measured with the mutant 4 wi-E2adanasc 7
with their own specific rate constants. These parameters are

given in row 4 of Table 3. Reducing the number of
carboxylates in the cluster from three to two and assigning

them a higher K with value yielded the fitting of 26

©
=

1.2

micro molar
(=)

5 0.1 F -
transients, each measured under different initial conditions. § 08 |
Thus, it appears that D104 is a member of the three- e 0.2 ! ! ! !
carboxylate cluster on the cytoplasmic side of the membrane. & 0 20 A0 by 100

The fact that one component of the cluster was removed
while the remaining two carboxylates maintain a fast rate

of protonation (3.9x 10 M~! s%) implies that the o4

remaining two carboxylates are still close to one anotherso ,, |

that the pair has a higher attractivity for free protons than

that of two, noninteracting carboxylates. Still, the highkr p 0 .

value and a somewhat faster proton transfer between the two 0 20 40 60 80 100

. . micro seconds
carboxylates and the pyranine anion suggest that the Sur-FIGURE 7: Dynamics of reprotonation of pyranine in the presence
rounding environment was slightly modified by the removal of the E234Q/D38C double mutant. The PM (410 protein) was

of D104. suspended in water at pH 7.7 in the presence of AB1§yranine
Experiments were also carried out with the D104N/D38C and measured as described in the legend of Figure 2. The measured

double mutant. The reconstruction of 26 independent kinetic Sigr?f" \t{\i/asnretcl:’loni\t/{lL(ijEEdeb)S/i t?}z Ipizrérléﬂfggn?é\éeg initlas?:ﬁu?étggr
tracings led to a solution, .Wh'Ch Was. b&}SEd on the para}met_ers‘é;n;’;icss? It, sh?)uld beyFr)lotedg that the ICI;elaxation o¥the mutant is
of the D104C system, with the omission of the reaction in aster than that of the wild type, indicating a reduction in the buffer
which D38 is involved. The values were subjected to final capacity of the protein.
refinement until the deviation of the reconstructed curve from
the experimental one was within the electronic noise level. Residue D38 has a distinct effect on the measured dynamics
Role of E161 in the Cluster FunctionThe kinetics and is not a component of the cluster (its kinetic features
measured with the mutant E161C significantly deviated from are documented above).
those of the wild type, resembling the curves recorded with  The signals measured with the EDC-treated protein (not
D104C (Figure 6B). Analysis of 18 independent experimental shown) are characterized by a fast relaxation of the pyranine
observations led to the solution given in row 6 of Table 3. signals, indicating a reduction of the proton binding capacity.
The analysis indicates that the removal of the negative chargeThe diminished capacity of the cluster to react with free
at the site of residue 161 affects the proton binding capacity protons is in accord with the observation of Dencher and
of the mutant in a mode similar to the removal of D104. In Verclas (unpublished results), who found that the EDC-
both mutants, the cluster is reduced to two carboxylates, buttreated BR regains protons from the bulk at a significantly
still retains the high rate of protonation and ld palue of slower rate than does the wild-type protein.
>5. Experiments with a double mutant (E161Q/D38N) were  The reconstruction of the measured signals could not be
carried out and analyzed. The solution was consistent with attained by the wild-type parameters with the omission of
the set of parameters determined for E161C with the the contribution of D38 from the reaction mechanism, as
omission of the kinetic and thermodynamic parameters was sufficient in the case of the D102N/D38C and D104N/
associated with D38 (row 7 of Table 3). D38C double mutants. Thus, E234 appears to be an active
Residue E161 is located on the loop connecting helix E component of the proton-attracting cluster. The analysis of
with helix F. This loop had not been resolved in some models 26 independent measurements was attained by parameters
(30), while in others 11), it is quite blurred, with a high listed in row 8 of Table 3. Further verification of E234 as a
temperature factor. Recent EPR studig$) (ndicated that member of the cluster was attained by measurements with
the loop forms a shomi-helix structure running parallel to  the E234Q/D38C double mutant (Figure 7). The observed
the membrane surface. Spin labeling of the E161C mutantdynamics were practically indistinguishable from those of
(32, 33) indicated that the residue is exposed to the bulk, the EDC-treated enzyme, and were perfectly fitted by the
which is in accord with the results of the study presented same parameters determined for the EDC-treated protein.
here. The kinetic features of the two preparations are consistent
On the basis of our kinetic analysis, and supported by the with two carboxylates that react with a rate constarf
EPR measurements, we conclude that E161 is a member ofl..7—2.0 x 10'° M~1 s71, This value is only 50% of a rate
the three-carboxylate cluster of the wild-type protein. measured for the intact cluster or for the D104C and E161C
Involvement of the Carboxylate on the C-Terminal Tail mutants. The rate constants of the protonation of the surface
in the Cluster FunctionThe third residue associated with carboxylates of the EDC and E234Q/D38C mutants are
the cluster is E234, which is located only two residues from compatible with the protonation rate of a single carboxylate
the last structurally resolved amino acidl). The first on a structure of a membrane or a micelB)( It seems
identification of E234 as a component of the cluster was that the elimination of the negative charge of E234 fragments
based on EDC labeling experiments. Treatment of BR with the overlap in the coulomb cage and the three-carboxylate
EDC exclusively modifies the carboxylates of E74, D38, and cluster was severely damaged, causing it to consist of two
E234 @6). The first one has no effect on the pyranine independent carboxylates. That feature was not noticed in
relaxation dynamics (S. Checover, unpublished results).the case of the other two residues (D104 and E161). When
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2 . 1 . . parameters (curve C). Thus, the lower proton binding
capacity is due to the positive charge of arginine replacing
the anion of D38. The kinetic analysis of 25 measurements
indicated (Table 3) that the positive charge of the arginine
had disentangled the cluster with a subsequent loss of all its
kinetic advantage. In the D36C/D38R mutant, the carboxy-
lates of the cluster function as three independent moieties,
L ] each reacting with free protons with a rate constant of 0.9
1020 30 40 50 60 70 80 90100 x 10* M~1s™1, which is a typical value for a single surface
carboxylate 27, 35). The positive charge, inserted a little
below the proteirwater interface, disrupted the charge

micro molar

0.5 L 1 cooperation between the three residues.
DISCUSSION
LU -,.‘..um;ﬂm:mu AL AN mhr&! i i i i
0 The previous proton pulse experiments, carried out with
0 20 40 60 80 100

micro seconds bacteriorhodopsin, indicated that the cytoplasmic side of this

FIGURE 8: Dynamics of the reprotonation of pyranine in the membrane protein is characterized by a high-affinity proton-
presence of the D36C and D36C/D38R mutants. The PM®18  binding site consisting of three carboxylatds {7). Such

protein) was suspended in water at pH 7.3 in the presence of 22.7unique kinetic features can serve as a structural marker,
uM pyranine. The main frame shows the signal measured with the indicating the proximity between the carboxylates. Consider-

D36C mutant with its reconstructed dynamics using the parameters; . . :
listed in Table 3. The inset shows the dynamics measured with the'"9 that the interconnecting loops on the cytoplasmic surface

D36C/D38R double mutant. Curve A corresponds to the measuredOf the enzyme are structurally poorly resolved, the kinetic
signal and its reconstructed dynamics using the parameters givenobservation can assist in identifying some of the transient
in Table 3; curve B represents the reconstructed dynamics of the conformations of the protein. For this reason, we investigated
"‘r’]"d't)/lge protein, and parve Ch 'Egée r%C%%SBtrUCted dY”aré“]?S of a large number of mutants, in a search for those residues
the wild-type protein when bot an were omitted form - b ose elimination will reduce the capacity of the cluster to

the kinetic model. -
react with free protons.

the fact that the distance between them~id6 A is The experimental procedure was to challenge each mutant
considered, the E234 may be located as a bridge betweerPy a brief proton pulse from the aqueous bulk phase and
them, thus linking the three into one effective cluster. from the reprotonation dynamics of the pyranine, to deduce

Modulation of the Cluster by Nearby Charg@e special the capacity of the protein to react with free protons and to
kinetic features of the three-carboxylate cluster of the native retain them on its surface. By this mode of observation, we
protein are attributed to the proximity between the residues could avoid modulation of the protein’s surface caused by
that overlap their coulomb cages. However, examination of attachment of F-reporter groups.
the kinetic parameters of the cluster indicates that its features The reconstruction of the dynamics measured with the
are modulated by the charges of D36 and D38 located atwild-type protein yielded a set of rate constants amd p
the orifice of the proton channel,(18). values with sufficient accuracy to state with certainty that

As shown in Figure 8, the elimination of the negative some of the mutants exhibit kinetic properties that differ from
charge of D36 caused a peculiar modulation of the pyranine those of the wild type. What is more, the observation that
relaxation dynamics, in a mode compatible with enhanced two mutations [D102C (this study) and D74C (S. Checover,
reaction of the protein with the free protons. To reconstruct unpublished results)] were described by the wild-type
the measured signal, the rate constant of the cluster protoparameters is evidence that each not mutation alters the
nation had to be almost doubled (row 10 of Table 3). kinetic properties of the enzyme. This negative observation

The interaction between the charges, at the orifice of the implies that when the parameters deviated from those of the
proton-conducting channel, with the three-carboxylate cluster wild-type protein, there is a structural chemical reason for
can be detected by the rate constants of the cluster ast.
determined for the two double mutants, D102N/D38C and  Of the three residues forming the cluster, only D104 is
E161Q/D38C (Table 3). In both cases, the reaction of the structurally well resolved. The second carboxylate of the
cluster with free protons is slower than that of the wild type. cluster, E161, is located on the less resolved EF I&@).
Accordingly, it was expected that replacement of the negative The third component of the cluster, E234, is located on the
charge of D38 with a positive one (as in the D36C/D38R) C-terminal section of the protein, which until now, had been
will further reduce the proton attractivity of the domain. resolved only for the M state of the protein (PDB entry

The dynamics measured with the D36C/D38R mutant are 1CWQ). A comparison of the interaction between the
presented in the inset of Figure 8, and the rate constants ofcharged residues on the cytoplasmic surface reveals gross
the cluster’s reactions with free protons and the pyranine deviations between the two states of the enzyme. Thus, the
anion are given in row 11 of Table 3. The mutant appears interrelation between E234 and the other carboxylates of the
to have a much lower capacity to compete for free protons, cluster must be derived from the kinetic analysis. The kinetic
and the relaxation of the pyranine is much faster than that features of the cluster are consistent with a transient structure
assessed in the presence of equal concentrations of the wildwhere the coulomb cages of the carboxylates merge to a
type protein (curve B) or as expected by the elimination of single high-proton attractive site. What is more, the elimina-
the contribution of both D36 and D38 from the wild-type tion of D104 or E161 reduces the cluster to a two-carboxylate
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of the cluster with free protons. This linkage suggests that
the cluster is located close to the D36/D38 region on the
cytoplasmic surface. Close examination of the structure
depicted in Figure 9 implies that to satisfy this requirement,
the cluster on monomer B should interact with the D36/D38
region of monomer A, which is much closer than within the
same monomer{10 vs~15 A, respectively). The fact that
until now, and under all experimental conditions, the last
section of the C-terminal region of the BR state of bacteri-
orhodopsin was not properly resolved may suggest that it
can occupy more than one conformation, and that these forms
rapidly alternate between states that are almost equipotential.
Thus, the location deduced from the kinetic analysis implies
that one of the possible configurations of the C-terminal
section places E234 between D104 and E161 of one protein
and the D36/D38 region of the counterclockwise neighbor
at a sufficient frequency or probability to serve as an efficient
proton-conducting link between the two proteins. The
FiGURE 9: Cytoplasmic surface of the bacteriorhodopsin trimer implication of the proton exchange reaction between mono-
based on the model of Essedl), highlighting the residues  mers implies that the headgroups of the charged lipids may
investigated in the study presented here. The two residues at thenave a crucial role in the reaction, in accord with some recent

entrance 1o the proton-conducting channel (D36 and D38) are ,pcenations (S. Checover and N. A. Dencher, unpublished
colored yellow, and the distance between the carboxylates is 5.4

A. D102, D104, and E161 are given in the CPK colors. Please "€SUlS). o .
note that the basic nitrogen of K159 (black) is closer to the  The results presented in this study probe the interconnec-

carboxylate of D102 (3.9 A) than to that of D104 (5.3 A) The tions between the proton-binding sites on the surface of the
distance from the carboxylate moieties of D104 to that of E161 is gRr state of the enzyme. We have demonstrated that the

16.1 A; the distance from the carboxylate of D104 to D38, on the e - : - .
same monomer, is 15 A, and the distance from D104 to D36 of SPeCific, probably transient, configuration of proton-binding

the next monomer is only 9.2 A. Gly231, which is the last resolved Sites endows the protein with an enhanced capacity to pick
residue next to the C-terminus, is in green. Somewhere, within a up protons from the bulk. It is likely that such a function,

radius of~10 A, residue E234 may be located. According to that which is not essentia”y based on the same residuesl may

assignment, the carboxylate of E234 is located between the : ;
carboxylates of D104 and E161, while the proton picked by the characterize the other states of the enzyme. On measuring

cluster is transferred either to the proton entry domain of the same € effect of carboxylate replacement on the photocycle,
monomer or, via D104, to the D36, D38 domain of the next, Brown et al. 0) had observed certain modulations of the

clockwise protein. M decay dynamics by some specific residues; D102N had
no effect on the M decay rate, while D104N slowed the
structure, while removal of E234 abolished the proton reaction by 50%. Similarly, while we noticed that the D36N
attractor function of the site. Accordingly, the E234 should mutation amplified the kinetic properties of the cluster,
be placed between the two other carboxylates. On the basisBrown et al. 20) reported accelerated protonation of the M
of these data, we can speculate about the possible locatiorstate. Apparently, even though the time frames of our fast
of E234 with respect to the structure of the trimeric proton probing reaction and the photocycle measurements
arrangement of the bacteriorhodopsin. Figure 9 depicts theof Brown differ 100-fold, some similarities between the
BR trimer as seen from the cytoplasmic side of the velocities are persistent.
membrane. The proton entry domain of the channel is marked ~ Bacteriorhodopsin is a small, well-studied protein whose
by D36 and D38, colored in yellow, while the last residue structure-function correlations are rapidly revealed. Yet the
next to the C-terminus is G231, colored in green. The other structural information is mostly derived from time invariant
residues are colored according to the CPK code. Please notgneasurements, thus missing the role of the protein dynamics
that the positive charge of K159 is very close to the in the photocycle reactions. The fast proton transfer measure-
carboxylate of D102, which accounts for its lolK walue  ments are not the key for reconstruction of the physiological
and it marginal effect on the transient protonation of the function of the protein; some of the photocycle steps are
protein. D104 and E161 are too far apart to merge their orders of magnitude longer than a simple proton transfer
coulomb cages. Yet placement of E234 between the two will reaction. These studies are a measure of the transient
form a set of three carboxylates that are close enough toconfigurations of the protein, and can reveal aspects unde-
function as a high-proton attractive cluster. The second cluetected with the static presentations of the enzyme. The
for the position of E234 is that the cluster can function as application of the time-resolved proton transfer kinetics for
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