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ABSTRACT. Bacteriorhodopsin is the light-driven proton-pumping proteiiafobacterium salinarunthat

extracts protons from the well-buffered cytoplasmic space within the time limits set by the photocycle
turnover. The specific mechanism of the proton uptake by the cytoplasmic surface of the protein was
investigated in this study by the laser-induced proton pulse technique. The purple membrane preparations
were labeled by fluorescein at two residues (36 or 38) of the cytoplasmic surface of the protein, sites that
are close to the orifice of the proton-conducting channel. The membranes were pulsed by protons
discharged from photoexcited pyranine [Nachliel, E., Gutman, M., Kiryati, S., and Dencher, N. A. (1996)
Proc. Nat Acad. Sci. U.S.R3, 1074710752). The reaction of the discharged protons with the pyranine
anion and the fluorescein was measured with sub-microsecond resolution. The experimental signals were
reconstructed through numeric integration of differential rate equations which quantitated the rates of all
proton transfer reactions between all reactants present in the system. The interaction of protons with the
orifice of the cytoplasmic channel is enhanced by the exposed carboxylates of the protein. A cluster of
three carboxylates acts as a strong proton attractor site while one carboxylate, identified as D36, acts as
a mediator that delivers the proton to the channel. The combination of these reactions render the surface
of the protein with properties of a proton-collecting antenna. The size of the collecting area is less than
that of the protein’s surface.

The structure of the intramembranal section of bacterior-  The rate of proton transfer between sites that which are
hodopsin (BR} is well established1—3), yet, due to the  very close to each other is extremely sensitive to the distance
flexibility of the loops connecting the transmembrane helices, and the angle between thehl(-14). Consequently, even
the organization of the amino acid residues at the protein/ marginal transient motion of carboxylates on the surface, one
water interface is not fully resolved. In this study we with respect to the other, will modulate the probability of
monitor, by time-resolved kinetics, the interaction of protons proton transfer between them. Such structural transients can
with the groups on the protein’s surface and deduce the provide a proton-collecting surface with an efficient mech-
functional organization of the proton reactive moieties. On anism for preferential delivery of protons toward the orifice
the basis of these measurements, we deduce how the surfacef the protonic channel. Consequently, the detection of
supports the physiological function of the protein. temporary bridging structures has to rely on dynamic

Under physiological conditions the cytoplasmic (CP) Mmeasurements of proton transfer between the bulk of the
surface of the protein has to pick up protons from the well- Solution and the orifice of the channel. In these measure-
buffered, neutral pH cytoplasmic matrix. For efficient Ments the participation of the surface groups and their
functioning, the protein must bind protons and retain them contribution to the effective flux of protons toward the or!flce
for a time frame comparable with the reprotonation time of €an be quantitated. Such experiments had been carried out
D96 (5-10 ms). To attain this kinetic competence the DY the application of the laser-induced proton pulg).(
protein is assisted by the negatively charged head groups offhe measurements are based on the synchron_lzed release of
the lipids interspaced between the BR molecutess) and protons from_ a water soluble molecule, pyranine, that due
the carboxylates of the protein itself<10). to its negative charges is not adsorbed to the purple
membranes. The dye is excited by a short laser pulse which
shifts the X of the dye from Ko = 7.7 down to x* = 1.4

T Part of the research is supported by the Deutsche Forschungsge- i i i i
meinschaft SFB 472 and the Fonds der Chemischen Industrie (N.A.D.). and the proton dissociates from the excited molecule with a

*To whom correspondence should be addressed. time co_nstant_ofs = 120 ps (6). After the r_elaxati.on pf
¥ Tel Aviv University. the excited anion to the ground state 6 ns) it regains its
¢ Technische Hochschule Darmstadt. high pK, but the excessive dissociation in the excited state
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1 Abbreviations: BQs, BOsg, bacterioopsin labeled with fluorescein poised the system in a temporary state of disequilibrium.

on its 36th or 38th residue, respectively. BPBRsg, bacteriorhodopsin ~~ The discharged protons react in a diffusion-controlled
labeled with fluorescein on its 36th or 38th residue, respectide@H, reaction with all of the components present in the system.

®0", pyranine (8-hydroxy-1,3,6-pyrenetrisulfonate) in its protonated Tha yelocity of the reaction with each protonatable moiety
and deprotonated states, respectively; Flu, fluorescein; CP and EC are . L . :
the cytoplasmic and extracellular surfaces of the purple membrane, IS iN accordance with its concentration, charge, and avail-

respectively. ability to the bulk. Following the perturbation, the system
S0006-2960(97)01754-6 CCC: $14.00 © 1997 American Chemical Society
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relaxes to the prepulse state. The dynamics of the relaxation(15). Thereafter, the retinaloxime that formed and was
are determined to a large extent by thé\mlues of the sites  residing in the membrane was removed completely by a
that were protonated; a compound witk pf 4 will retain bovine serum albumin washing procedure.

a proton for less than a microsecond, while those wkh p Selective labeling of Cys 36 and Cys 38, respectively, in
= 7 will retain a proton for~500 ms (2). Because of this BR and BO was achieved using fluorescein-5-maleimide
free energy correlation the dynamics of pyranine anion’s according to Heberle et al2Q). The Cys-mutant protein in
reprotonation are modulated by thi palues of each of the  the membrane sheets (a31) was preincubated with 160
present reactants. In simple cases, it is possible to deduce,M dithiothreitol in the presence of 1 mM EDTA, 150 mM
from these observations the dynamic and thermodynamicKCI, and 20 mM sodium phosphate buffer at pH 6.9 and 20
characteristics of the reactant$7{. However, when a  °C with stirring under an argon atmosphere for 70 min.
second indicator is covalently attached to the surface underThereafter, the sample was treated with 1.6 mM fluorescein-
study, much more refined information can be obtainkEs) (  5-maleimide dissolved in dimethylformamide (final concen-
18). The simultaneous monitoring of the state of protonation tration of 2.5%) under argon in the dark for 15 h, followed
of the two chromophores allows us to calculate the rate by washing with 150 mM KCI (five times) and dialysis. The
constants of protonation of all reacting groups, theft p labeling efficiency was determined from the absorption
values, and how fast they can exchange a proton amongspectra of the samples and found to be 42%, 51%, 42%,
themselves. and 35% for the B, BOsg, BR3s, and BRg, respectively.

In a previous study, we employed this method for
guantitation of the proton reactions with the EC side of purple
membrane15). Two types of membrane preparations were
investigated: native purple membranes, which were labeled The purple membranes were suspended in—m uL
on their EC side by fluorescein molecule attached to the (final volume) of -2 mM NaCl containing 16-30 uM
e-amine moiety of lysine 129, and membranes made with pyranine. The sample, placed in a four-face quartz cuvette
the retinal-devoid protein (BO), which were labeled at the (1 ¢m x 1 cm), was constantly stirred by a magnetic bar
same position. The experiments indicated that the EC facewhijle the pH was monitored by a glass electrode. The
of the protein, either BR or BO, bears only one carboxylate excitation beam (Nd:Yag laser} & 335 nm, 2 ns FWHM,
that, within the time frame of our observation (less than 1 1 6 mJ/pulse, 10 Hz) excited the full width of the cuvette,
ms), is actively involved in reversible proton binding. On  and the transient absorbencies, following the excitation pulse,
the CP face of the membrane we found two to five protonable yere monitored by a probing beam of an Ar laser (496 and
moieties: the BO samples contains only two to three 458 nm for fluorescein and pyranine, respectively) that
protonable sites on the CP face, while the photoreactive crossed the cell perpendicular to the excitation beam. The
purple membranes had four to five carboxylates which were sjgnals were collected by a Tektronix digital oscilloscope

found to be very efficient in picking up protons from the (TpS-540A) and averaged. For more details see Nachliel
solution. The reaction of these groups with protons in bulk et g|. (15).

was so fast that it appeared as if they formed a cluster in
which the charge of one assists the protonation of the otherKinetic Analysis of the Absorbance Transients
(15).

In the present study we introduced the fluorescein probe
on the CP surface at two different sites. In one case the
probe was attached to the 38th position of the protein (using
the D38C mutant), which is in the orifice of the protonic
channel §). In the other case, the fluorescein was linked to
the 36th position (D36C) which is on the short loop
connecting helices A and B. Each preparation was studied
both in its retinal-devoid form (B& and BQg) and in its
native form (BRes and BRg). The advantage of having a
reporter close to the site of action increased the resolution
of the kinetic analysis so that a clear discrimination between
the various carboxylate of the CP side could be obtained.

Kinetic Measurements of Proton Transfer between Bulk
and Membrane

The absorbance transients were converted to molar con-
centration using differential (alkaline minus acidic) extinction
coefficients of fluorescein (50 000 Mt cm™, 496 nm) and
the pyranine (24 000 M! cm ~1, 458 nm). The concentra-
tion transients of the fluorescein and the pyranine were also
adjusted for the spectral contributions of one at the wave-
length where the other was measured.

The simulation of the dynamics was carried out as
described in our previous papet5). Each group on the
surface of the protein, that can interact with proton within
the observation time, is explicitly defined by a set of rate
constants. These groups are given in the model presented
by Scheme 1. The participating reactants are the proton
emitter (@OH) which is present on both sides of the
MATERIALS AND METHODS membrane, the various carboxylates (CQQvhich are

Derivatization of Thiol Groups in Cysteine-Containing present in unequal quantities on each side of the membrane,

Bacteriorhodopsin Mutants with Fluorescein-5-maleimide 2and the covalently bound fluorescein (Fju The EC side
of the protein is represented by a single carboxylate while

Site-specific Cys-mutants of bacteriorhodopsin, D36C and the CP surface carries two to five carboxylates (depending
D38C, were prepared according to Ferrando et &9).( on the nature of the preparation, BR or BOB). As the
Mutated proteins were isolated as purple membrane sheetsefficiency of labeling was 3650%, the unlabeled fraction
A spectroscopic and functional characterization of D36C and was represented in the calculations by its full quota of
D38C bacteriorhodopsin is given in Riesle et 8). (Protein carboxylates. The unlabeled protein is referred to in the
lacking the chromophore retinal, i.e., bacterioopsin (BO), was tables as COQ.
prepared by illumination of mutant BR in the presence of  To convert the multiequilibria system into a kinetic model,
hydroxylammonium chloride as described in Nachliel et al. all of the reactions were combined into a set of coupled,
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Scheme 1 Table 1: X Values of Fluorescein Attached to BR Preparations at
Low and High lonic Strength

60"
‘\\ " pK
- — ~ I <10*M [1=204M o(e/A?) charge/protein
/ \ Flu—BOgs 8.18+0.055 7.514-0.19 3.3x 10 -0.38
- ~ ~ Flu—BOsg 7.98+0.05 7.47+0.05 3.0x 104 —-0.34
coo- coo ——o0) o Flu-BRss 858+011 7.47t003 4.1x 10¢  —0.47

Flu-BRsz 8.15+0.05 7.49+0.01 4.1x 10* —0.47

Flu (free) 6.60+ 0.05 6.32+£0.05 — -

Flu-BRy» 8.40+£0.05 7.30£0.05 8.2x 10* —-0.94

EX 2 The surface area of the protein on its cytoplasmic side was taken
co00 as 1150 & ° The value is taken from Nachliel et aB)(

HT in this publication is the simplest one that could reconstruct
\ all of the measured transients.
v0" RESULTS

nonlinear, parametric differential rate equations which pH Titration of the Bound Fluorescein

complied with the detailed balance principle. A perturbation o .
was introduced as an increment of the pyranine anion and “Spectrophotomtric titrations of the fluorescein attached to
the free proton concentrations (the concentration of the €ither the 38th or 36th position, both for the BO and the BR

undissociated pyranine was reduced by the same magnitude)preparations, were (_:arr[ed out in solutions of varying ionic
The perturbation was propagated to the other reactants bystrength. In these titrations we took care to correct for the

the reactions indicated by the arrows in Scheme 1. The slow reversible formation of the bleached tautomer of
dimensions of the rate constants areMs® or st fluorescein molecule that appears upon the protonation of

depending on the order of the reaction. In these reactionsth® dye’s carboxylate. The resultingpalues of the four

in which one of the reactants was a free diffusing molecule, Preparations are listed in Table 1. -
the rate constants are of diffusion-controlled second-order | he dye, when bound to the membrane, exhibits a large
reactions. In reactions in which a proton is exchanged pK shift with respect to its free form. Part of the shift is

between moieties that are fixed on the surface of the protein,du€ o the local hydrophobicity, as evident from thi¢ p
we utilized the mechanism ofzdrtual second-order reactign ~ alues measured at ionic strengths higher than 0.4 M. The

the reactants exchange a proton among themselves as if the ther cause for thelpshift is the_ele.ctrostatic potential. From
can collide with each other. A detailed description of the e dependence of th&mn the ionic strength we calculated
model is given in ref14). The rate constants of the virtual e charge density] and the total charge per BR molecule

second-order reactions have no direct physical meaning, yet?@S€d on a surface area of 1150 per protein 23).
their values are suitable for comparative purposes. The 1h€ membrane carries a large number of sulfonated
differential equations were integrated numerically using the 9!ycolipids and phospholipids. Due to the lo pf these

rate constants as adjustable parameters. Each pair of signal§/0UPS they cannot retain a proton for more than a fraction
(pyranine and fluorescein signals) measured for the same0f @ Microsecond. Some of the protein's carboxylates may

value of initial conditions was simulated by solving the have a partial accessibility to _the bulk. These carboxylates
differential rate equations. An acceptable solution was a setWill hardly be protonated within the few microseconds that

of rate constants that reproduce the measured dynamicéhe free proton concentration is above the equilibrium level.
within the boundaries set by the electronic noise of the As a result, not all carboxylates are detectable in the kinetic

measuring system. The same procedure was repeated fofXPeriments.
all tracing _g_athered_f_or each preparation as measured unOIekinetics of Protonation of Fluorescein Bound to the CP
varying initial conditions (pH, concentration of reactants) Side of Purple Memb
. : ) ple Membranes

looking for this set of constants that will reconstruct the
dynamics irrespective of the specific initial conditions (for ~ Typical results of a proton pulse experiment are given in
details and elaboration on the method see refs 17, 21, andrigure 1. An aqueous solution of pyranine together with
22). fluorescein was irradiated by a train of laser pulses, and the

The number of reacting moieties per protein was taken asabsorption transients after each pulse were measured and
measured beforelb). The strategy in the assignment of the averaged. In this figure we present results obtained either
pK values was to allocate for all carboxylates the satde p with the free fluorescein (curves A and B) or with the dye
values and kinetic rate constants that are similar to thosebound to the 36th position of a BO preparation (curves C
measured for the BR preparations labeled by fluorescein onand D). At zero time, the pyranine was excited by a laser
the EC side 15). Yet, due to the higher resolution gained pulse and dissociated into a free proton and pyranine anion,
by the introduction of fluorescein on the cytoplasmic side having a strong absorbance at 458 nm (curves A and C).
of the membrane, these parameters were insufficient for theThe released protons interacted in a diffusion-controlled
reconstruction of the dynamics. Consequently the various reaction with the pyranine anion, the fluorescein, and the
surface groups were allowed to diverge in their properties, protein (if present). The reaction with pyranine was mea-
while keeping the complexity of the system (the number of sured by the fast decay of the absorbance at 458 nm, while
nonidentical moieties) to a minimum. The solution given the protonation of the fluorescein was monitored by the
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. Ficure 2: Dynamics of pulse protonation of a fluorescein-labeled
0 25 50 75 e BOsg preparation. The protein (53.@M containing 27.4uM
MICRD SECONDS attached fluorescein) was suspended atspH.2 in presence of

Ficure 1. Kinetic measurements of pulse perturbation of a pyranine 27.54M pyranine. The upper transient, of the pyranine anion, was

solution containing fluorescein. Aqueous solutions of pyranine (18.5 Measured at 458 nm. The lower one, of the fluorescein, was
M) and fluorescein (10.5M, pH = 7.65) were irradiated by a recorded at 496 nm. The experimental curves are fitted by numeric

train of laser pulses (1.6 mJ/pulse, 355 nm, at 10 Hz), and the simulation using the parameters given in Table 2. For clarity, the

absorbencies were measured at 458 nm (curves A and C) and 4géluorescein signal, depicted at the lower part of the figure, is drawn

nm (curves B and D). The absorption transients were converted to on an expanded scale.
concentrations as described under Materials and Methods. Curves

A and B were measures for the free fluorescein, while for Curves ~ The characterization of the observed dynamics in physical
C and D, the fluorescein (10.58/) was bound to the 36th position ~ terms such as rate constants ahdvalues of the reacting
of the BO preparation (25.uM of protein). Each pair of  moieties is attainable through the numeric analysis of the
measurements was normalized with respect to the amount Offsignals. A precise analysis of the dynamics calls for
g?’é?;;?%g;;zwgsﬂd;ﬁ?fﬂﬁg pbryéstlenrc]ecgacherth%ugg rlqneg?)srgrr:gg ° simultanepus reconstruc;ion of a set o.f.measurefments that
the light scattering reduces the intensity of the laser pulse and 100%Were obtained under a wide range of initial conditions. The
= 1.054M. The inset expands the tracings measured in the absencemost convenient parameter for altering these boundary
of the protein over the first 10s. conditions is the pH of the solution. Increasing the pH will
enrich the prepulse concentration of the fluorescein anion
decrement of the absorption at 496 nm (curves B and D). gnd deplete the population of the proton emiteOH.
There is a clear distinction between the reactions measuredowever, the measurements have to be conducted within a
with free fluorescein and with fluorescein in its protein-bound pH range where the concentration of the protona’[ed pyranine
state. In the absence of protein (curves A and B) both dyesis still high while the fluorescein is mostly in its deprotonated
react with the released protons in a diffusion-controlled state. Out of this range, either the pyranine will not serve
reaction until all of the released protons are taken up. Thisas an efficient proton emitter (pH pKoon) or the
phase of the reaction is shown in the inset to Figure 1, which fluorescein will be mostly protonated, a state that is not
expands the events during the first 48 of the reaction.  suitable for reaction with the released protons @EHKr).
The rest of the reaction is much slower, proceeding mainly In the present case the range of pH that could be employed
through collisional proton transfer between the protonated was rather narrow. The higtKpvalues of the protein-bound
fluorescein and the pyranine anion. The binding of the fluorescein (K ~ 7.5—8.5) are close to that of the pyranine
fluorescein to the BO membranes alters the magnitude andmolecule (K = 7.7 at I~ 1-5 mM). The pH range selected
the shape of the signals. The smaller signal is attributed to for the measurements (74 pH < 8.5) allowed the ratio of
the scattering of the laser pulse, which lowers the efficiency the proton donor concentratio®[DH] to the deprotonated
of the pulse-driven dissociation of the pyranine. The state of the fluorescein [Fijito vary over more than 1 order
reprotonation of the pyranine anion is very similar to that of magnitude (0.56< [®OH)/[Flu~] < 6.36).

measured in the absence of the protein (compare curves A ) ) . )
and C), indicating that the buffering moieties of the Protonation of the Cytoplasmic Surface of Bacterioopsin

membranes react with the released protons and offer fair Figure 2 depicts the transients measured withyBThe
competition with respect to the pyranine anion. The dynam- flyorescein protonation attains its maximal value some 15
ics of the bound fluorescein are very different from that of us after the laser pulse and relaxes to the prepulse level
the free dye (curves B and D): the reaction is stretched overwithin ~250us. The reaction of the pyranine anion with
the time frame in which all of the released protons are already the protons commences with a very fast phase lasting 1
bound to the buffering moieties on the protein. This s, after which velocity of the reaction slows down consider-
observation is direct evidence that the protonation of the ably. The slowing of the reaction corresponds with the
protein-bound indicator occurs not only through the reaction relaxation of free protons increment to the initial prepulse
of the fluorescein with free protons but also through a major level (24). As was found with the B preparation, the
pathway in which the protons bound to the various carboxy- protonation of the fluorescein on Bgcontinues well within
lates of the protein can reshuffle and migrate to the bound the time frame in which the free proton concentration already
indicator. In the rest of this study we shall quantitate this declined to a level where the reaction with the pyranine anion
reaction by well-defined kinetic terms. is in the slow regime. This implies that the protonation of
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Table 2: Kinetic and Thermodynamic Characterization of Fluorescein and the Carboxylates on the Cytoplasmic Surface of the Batterioopsin

F|U—8036 BlU—BO33
reaction n pK k n pK k

1. ®0 + H* (4.94 0.4) x 1010 (4.0+ 2.0) x 101
2.Flu™ +H* (6.6+ 2.5) x 10° (4.0+1.9)x 1¢°
3.COOgc+ H* 1 5.0 (8.0+£1.0)x 1 1 4.5 (8.0+£1.0)x 1
4.COO o+ H" 3 5.5 (1.00+£ 0.1) x 10 3 5.4 (8.0£0.3)x 1(®
5.COO A + H* 1 5.5 (1.7 0.5) x 101 1 47 (5.2+0.24)x 1¢°
6.COO§g + H" 1 45 (3.0+0.3)x 1 1 45 (5.0+0.4) x 1
7. Flu" + COOH, (3.5+ 0.4) x 10 (1.54+ 0.5) x 10
8. Flu~ + COOH; (5.0+2.0)x 1 (5.0+0.5) x 1
9. o0 + COOH, k<1.0x 10 k<1.0x 10
10.0~ + COOH, k<1.0x 10 k<1.0x 10
11.®0~ + COOH, k<1.0x 10 k<1.0x 10
12.®0™ + COOHs k<1.0x 10 k<1.0x 10
13.®0 + FluH (3.2+0.3) x 1¢® (1.5+0.1) x 1¢
14. COOH, + COO g (1.5+0.8) x 1C¢ (1.0+0.8) x 1¢

a2 COO (reaction 4) represents the carboxylates on the unlabeled protein and consists of 58% and 41% of the total buffer capacitysof the BO

and the B@s, respectively. The I§ of these groups is an average value.

the fluorescein occurs not only by reaction of the dye with The second carboxylate CO®is located very close to the
free protons but that a fair fraction of the proton pickup by fluorescein-binding site; the virtual second-order rate of
the surface-bound dye is due to reshuffling of the protons proton transfer from the A type carboxylate to the dye (see
among the surface groups. The continuous line, shown inTable 2, line 7) is larger than 0M~1 s71. The A type
the figure, that follows the experimental transient within the carboxylates in the two preparations are not identical; they
level of the electronic noise is the numeric reconstruction differ both in their )Ks and in their rates of protonation
of the reaction. (line 5). The BQg protein has an A type carboxylate with
The observed tracings of either the BO or the BR a lower (K and a slower rate of reaction with free protons
preparations were simulated by numeric integration of the than does Bg. The difference between the preparations is
differential rate equations that correspond with the experi- a consequence of the amino acid sequence. Thg BO
mental system using the model defined in Scheme 1. tains its D36 moiety while Bg has the D38 as the near-
The proton transfer reactions in the scheme fall into two by carboxylate. On the basis of these observations we
categories: one is the second-order diffusion-controlled identify the carboxylate next to the fluorescein at the 36th
reactions of the free protons and the free pyranine anion with position as D38 and that close to the fluorescein label on
the protein bound reactants. In the other category are theBOsg as D36.
reactions having virtual second-order rate constants for the The reactivity of the fluorescein moiety varies with the
exchange of proton among the surface groups. The mag-site of attachment. Both of the free diffusing ions, proton
nitude of the virtual rates constants are useful for comparative (line 2 in Table 2) and or pyranine (line 13 in Table 2),
purposes, but they have no physical meanit¥.( exhibit faster reaction with the dye when attached to the

The reactions represented in Scheme 1 were linked by aexposed 36th residue rather than when bound at the orifice
set of coupled, nonlinear, differential rate equations that of the channel (position 38).

comply with the detailed balance principle. Numeric inte-  the o preparations are a simple model for the study of
gration of the equations with the appropriate rate constants,he dynamics of bulk to surface proton transfer: the protein

which are intro_duced as adjustgble parameters, reproducegs photo-inactive, and the number of proton binding sites is
the observed signals. The continuous smooth curves showrga|| However, the analysis of this system facilitated the

in th% figures that follow were reconstructed by this jhyestigation of the more complex system, BR preparations.
procedure.

Table 2 lists the [ values and the kinetic parameters of Protonation of Surface Groups of Labeled
the carboxylic moieties on the two sides of the BO Bacteriorhodopsin
membranes and their relative content with respect to the
protein molecule. The parameters that significantly differ =~ The measurements of pulse protonation of the photo-
between the two preparations are printed in bold letters. Justreactive BR preparation calls for discrimination between
as in wild type BO protein15) the two BO preparations  protonation of the fluorescein driven by the discharge of
used in the present study exhibit only one proton-binding protons from the pyranine molecule and those released by
site on the EC face of the membrane (CQg and two the BR itself. For this reasons all observations were made
carboxylates on its CP face. Each of the kinetically as depicted in Figure 3.
discernible proton-binding site has its own thermodynamic  Figure 3A depicts the transients as measured withsBR
and kinetic characteristics. preparation in the absence of pyranine. The top tracing was
The BO preparations are characterized by two carboxylatesmeasured at 458 nm, while the bottom curve was monitored
on the CP surface of the protein. One of them, marked asat 496 nm. Under these conditions the only source for
COO; (see Table 2, line 6), has &pof 4.5 and reacts  protons is the light-driven photocycle of the protein. Ac-
with free protons at a rate (8 10° M1 s™%) that is slower cordingly, the 458 nm trace corresponds to minor contribu-
than a diffusion-controlled reaction. Because both&dd tion of the photocycle intermediates while the protonation
BOss exhibit one carboxylate with similar properties, it is of the fluorescein is slow and marginal in size. Comparable
assumed to be the same in both of the two BO preparations.signals were measured by other grou@2Q, 25—27). The
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sk cantly differ between the two preparations are printed in bold

A letters.
The kinetic measurements as shown in Figure 3 were
K carried out with BRg and the result of a typical experiment
together with the fitted dynamics is shown in Figure 4.
o These experiments with both BR preparations were carried
51

out in the pH range 7:48.5, and each was simulated by a
single set of adjustable parameters. In accordance with the
o WWWWWW*WMVWWWWA higher charge density on the CP surface of the native pro-
M, tein (Table 1) and its higher buffer capaciti5], the sim-
et ulation of the dynamics necessitated a larger number of car-
Tty boxylates on the CP surface. The minimal number of car-
i | boxylates was found to be five, having nonidenticidlgnd
kinetic rate constants. TheKpvalues, the stoichiometric

sk B relation between the reactants, and the rate constants required
‘ to reconstruct the measured transients are given in Table 3.

l The two preparations are characterized by a cluster of three

carboxylates (COQ:) having a fast rate of reaction with
free protons and a relatively highkg(see line 7 in Table 3).
There are also two carboxylates, CQGnd COOy, which
differ from each other in theirlo, rates of proton binding,
and rates of proton exchange with the fluorescein (lines 5,
6, 8, and 9 in Table 3). The A type carboxylate exchanges
proton with the fluorescein at an extremely fast ratex(2
102 M~t s71). This group is identified as the carboxylate
adjacent to the dye (D36 and D38 for the 8Rnd BRs,
respectively). The second carboxylate (C@Ppis of the
remote type like the one identified for the BO preparations
(see Table 2).
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DISCUSSION

Effect of the Protein on the Rate of Protonation of the
Bound Indicator

MICRO MOLAR

The experimental curves measured under the various initial
conditions (pH, reactant concentrations, and magnitude of
the perturbing pulse) appear to be similar in shape. Con-
sequently, to demonstrate that each preparation follows its

o2} own dynamics it is necessary to execute the measurements
J . L . under identical conditions, which is technically impossible.
° 100 200 On the other hand, the numeric simulation can easily
MICRO SECONDS reproduce a “virtual experiment” where all of the empirical
Ficure 3: Kinetics of protonation of fluorescein attached to BR conditions are identical while the kinetic and thermodynamic
at residue 36. The protein 19.484, containing 8.17uM bound parameters were as determined for each of the different

fluorescein, was suspended in 1 mM NaCl at pH7.4. (A) : : : ;
Transients measured at 458 nm (top) and at 496 nm (bottom). (B) preparatlons. These Calqwatlons are shown in F'gur? o
The same kinetics after addition of 2M pyranine. (C) Product  Figure S5A represents the signals reconstructed for the retinal-

of vector subtraction of the transients in B minus those in A. The devoid membranes, while Figure 5B was calculated for the
continuous line in C is the numeric reconstruction of the observed BR preparations. From the top curves of each frame, which
ﬁ'gna's using thel pféramet%rs “Srt]edl in Table 3. fF%r Cf'_a“tyv the represent the reprotonation of the pyranine anion, we evaluate
Hrapeocai Signe: epicted at the lower parts of the figure, are o 1 \tfering property of the sample; the larger the buffer
panded scale. . .

capacity, the slower the observed relaxation. The exchange
signals in Figure 3B were measured with pyranine as a protonof protons among the surface groups can be derived from
source. In this case, theO~ signal (top trace) is large and the shape and amplitude of the fluorescein signal (bottom
the fluorescein protonation (bottom curve) is much faster. curves in Figure 5). Faster protonation implies that the
On subtraction of the transients in Figure 3A from those surface carboxylates are assist in the transfer of protons to
given in Figure 3B we obtained the protonation of the the fluorescein. As clearly demonstrated by the shape of
fluorescein by the protons released from the pyranine. Thethe curves, the dynamics are characteristic for each prepara-
shape of the curve is similar in size and in temporal tion. The faster relaxation of th&@O~ signal in the BQg
characteristics to that recorded with the photo-inactive BO sample indicates that its buffer capacity is smaller than that
preparation. The continuous line in Figure 3C is the of BOss. In parallel, the protonation of the BgXluorescein
reconstructed dynamics using the kinetic and equilibrium is less extensive than that bound to the more exposed 36th
parameters listed in Table 3. The parameters that signifi- residue. The fluorescein curves shown in Figure 5A
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Table 3: Kinetic and Thermodynamic Characterization of the Fluorescein and the Carboxylates on the Cytoplasmic Surface of the
Bacteriorhodopsth

FlU*BRge FlU*BRgg

reaction n pK k n pK k
1.0 +H* (3.5+2.8) x 10% (3.44 0.9) x 10
2. Flu + H* (4.2+0.7) x 1010 (1.0+0.7) x 1010
3.COOgc+ H" 1 5.1 (1.0+£0.5) x 10° 1 5.1 (1.0+0.5) % 1@
4.COO,+ H* 5 4.7 (5.04 0.1) x 10w 5 4.7 (5.0+ 0.5) x 1010
5.COO A + H* 1 4.8 (1.8+ 0.5) x 10 1 45 (3.0+ 0.5) x 10
6. COO g + H* 1 5.1 (1.0 1.1) x 10w 1 5.1 (1.0+ 0.5) x 1010
7.COOC+ H* 3 5.7 2.6+ 1.1) x 10 3 5.7 (5.84+ 0.9) x 10
8. Flu + COOH, (2.184+1.12) x 102 (2.05+ 1.1) x 10%?
9. Flu" + COOHs (5.0+£0.5) x 10 (1.04+ 0.5) x 10°
10. Flu + COOH: (1.0+0.5) x 10° (1.284+ 0.17) x 10t°
11. 40" + FluH (2.1+£0.1) x 108 (10.4+ 0.3) x 1C®
12. O~ + COOH:c k< 1.010 5.0x 10°
13.90~ + COOH, k<1.0x 10/ 1.7x 1@
14. O~ + COOHa k<1.0x 10 1.0x 10
15.90~ + COOH; k<1.0x 10/ 1.0x 1¢°
16.90O~ COOH: 5.0x 10° (1.58+ 0.05) x 10°
17. COO + COOH: k<1.0x 10/ k<1.0x 10°
18. COO ¢ + COOH,y k<10x 10 k<5.0x 1C°
19. COO A + COOHs k<1.0x 10° k<1.0x 10°

aCOO (reaction 4) represents the carboxylates on the unlabeled protein and consists of 58% and 65% of the total buffer capacitysof the BR
and the BRs, respectively. The I§ of these groups is an average value.

40f tions with two ions: the free proton and t@e= —4 pyra-

nine anion. The reaction with proton is faster when the
dye is attached to the BR at the 36th position than at the
38th one (4.2x 109 vs 1 x 10° M~ s7%, respectively).
Such a difference can be due to local electric charges and/
or variation in its exposure to the bulk. The rate of colli-
sional deprotonation of the fluorescein by the free diffusing
pyranine anion is faster with the BRthan with the 36th
adduct (compare lines 2 and 11 in Table 3). The apparent
discrepancy between the rates of reaction with the two free
ions suggests the presence of an electric potential that affects
the accessibility of the ions according to their charge.

' , The rate constants for the protonation of the fluorescein
50 75 100 . . g

MIDRY SECONDS on the CP surface of the BO preparations are significantly

FiGURE 4: Kinetics of protonation of fluorescein attached to BR SMaller €5 x 10° M™* s™) than those measured for the

at residue 38. The measurements were carried out as described iBR. This finding, together with the reduction in the number

Figure 3 using 9.24M of the protein containing 3.2M bound of exposed carboxylates, suggests that the removal of the

fluorescein in the presence of 20/ pyranine at pH= 7.4. For retinal distorts the structure of the protein.
clarity, the fluorescein signal, depicted at the lower part of the figure, .. .
is drawn on an expanded scale. 2. Reactiity of the Carboxylates with the BulkBoth

BR3s and BRg have five carboxylates on their CP side of
demonstrate that the proton-binding dynamics of the very the membrane that differ in their kinetic and thermodynamic
same molecule are a function of its local environment, and properties. The protein labeled on the 38th position has one
a minor shift in its point of attachment is sufficient to alter cluster of three carboxylates (COg) characterized by K
the whole profile of its dynamics. = 5.7, which is a rather high value for carboxylates that are

The different pattern seen in Figure 5B, depicts the dy- exposed on the surface. The rate of protonation of each
namics of the BR preparations. The top curves imply that residue in the cluster (5.8 10'°° M~! s™) is faster than the
BRsg has a higher buffer capacity than the BRExamina- rate of protonation of the free diffusing pyranine anion. To
tion of the fluorescein signals reveals that the dye at the 38thattain such a fast rate the negative charges of the carboxylates
residue, the orifice of the protonic channel, is more inten- must be placed sufficiently close so that their Coulomb cages
sively protonated than that attached to the more exposed 36ttwill merge to generate a common proton attractive sifg (
position. The enhanced protonation of the indicator attached28). On the basis of the highkpvalue and the unusual rate
to the orifice implies that the proton entry to the channel is constant of their proton binding, we define the three
not only due to reaction with bulk protons but that it is carboxylates as a functional cluster.
heavily assisted by the funneling of protons on the surface  The two other carboxylates of the CP surface of the8R
of the protein. are well distinguished from each other. The major difference
is in their rate of proton exchange with the fluorescein. The
A type carboxylate delivers its proton to the fluorescein with

1. Reactions with the FluoresceiiThe fluorescein moiety  a virtual second-order rate constant ofx210> Mt s71,
on the protein participates in diffusion-controlled reac- (line 8, Table 3), indicating a very close proximity between

MICRO MOLAR
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Ficure 5: Comparison of the proton pulse dynamics of the four studied preparations. The curves are the output of a virtual experiment in
which the initial conditions of the four systems are identical (24 protein containing 3.2«M bound fluorescein, at pk= 7.2, in the

presence of 20.8M pyranine). At zero time, 3.8M of the pyranine was dissociated and the resulting reactions between the reactants were
calculated with the appropriate parameters listed for each preparation in Tables 2 and 3. The fluorescein signals and their simulated curves
are drawn on an expanded scale.

sp reduced to 2.6< 10'°°M~1 st The lower rate implies that
the residues making the cluster are less compact.

3. Proton Transfer between the Surface Grougdhe
virtual rate constants of proton exchange between the A type
carboxylate and the fluorescein on the CP surface are ex-
tremely fast reactions that exceed those measured for micellar
systems or fluorescein bound to bovine serum alburb@) (
21). Comparable rates were measured only for proton
transfer within the heme binding site of apomyoglot28)(
or between sites located on small molecules such as dicar-
boxy fluoresceing1). The proton transfer from the C type
cluster to the fluorescein is also of a significant rate, indi-
cating that the cluster is sufficiently close to the fluorescein
to sustain a rapid, efficient proton transfer among them. The
-03 e combined reactions of the A and the C type carboxylates
@ 20 40 o0 s 80 100 with bulk protons provide the surface of the CP side of the

membrane with an effective proton-collecting antenna.
Ficure 6: Kinetic simulation of the partial reaction involved in The B type carboxylate is operatively disconnected from
proton transfer to BB by protons released in the bulk. The main - yha proton-collecting antenna. The measured rates imply that

frame depicts the transient of the pyranine ani®®(), the C type
carboxylates (COOH, and the fluorescein anion (Fii The the transfer of the proton from the B carboxylate to the

fluorescein signal together with its experimental signal are drawn fluorescein proceeds only after dispersion of the proton to
on an expanded scale. The inset shows the protonation dynamicghe bulk.

of the A type (COOH), B type (COOH) and the extracellular

(COOH() carboxylates. The simulations are the same as for the petajled Mechanism of Proton Transfer to the Orifice of
sample described in the legend to Figure 4 except that the pH Wasiha channel

8.0.

NANO MOLAR
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) ) The protonation of fluorescein on residue 38 is a sum of
the donor and acceptor sites. This group has a IKw47) many parallel reactions in which all groups of the surface
and a fast reaction with free proton. The A type carboxylate are involved. The detailed dynamics of each moiety is drawn
moieties, as in the BO samples, can be identified as D38in Figure 6. The dynamics of the three carboxylates are
and D36 for the BRs and BRg, respectively. marked as COOH lts initial rate of protonation is fast: it

The second carboxylate (COg) has a slower rate of  gathers some 30% of the released protons and retains them
protonation and is rather remote from the orifice of the over a period of almost 5@s. All other reactants exhibit
protonic channel (line 9, Table 3). much smaller signals, and their dynamics are expanded in

Comparison of the pyranine dynamics of the two BR the inset to the figure. Of the three moieties shown in the
preparations indicate that the BRhas a larger buffer inset, the one corresponding with the A type carboxylate
capacity (see Figure 5). The binding of the fluorescein at (D36) has a very distinctive feature (CO®H Its initial
the 36th position changes the pattern of the reactive car-protonation is very fast, almost as rapid as that of the cluster,
boxylates. The highly reactive cluster of BfRas lost some  yet within the time frame of a microsecond, its dynamics
of its proton attractivity and its rate of proton binding is reverses its direction and the loss of the proton coincides
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Ficure 7: Simulation of the dynamics of protonation of the

fluorescein bound on residue 38 under virtual conditions of a step
function perturbation by 3.8M H™ released in the bulk. Curve A

depicts the dynamics when all surface carboxylates participate in
proton binding and delivery. In curve B the three carboxylates
cluster is inoperative in proton transfer to the fluorescein. Curve C
is calculated when the A type carboxylic acid does not deliver its
proton to the fluorescein. Curve D is calculated when all proton

Biochemistry, Vol. 36, No. 45, 19973927

The presence of a proton-collecting antenna, as described
above, raises the questions what are its dimensions and is it
limited to the size of a single protein or does it span the
entire membrane? The size of an efficient proton-collecting
antenna was investigated in previous studies and deduced
to be about 30 A. These estimations were based either on
a theoretical modell, 14, 28) or on measurements with
phospholipid membrane2Z, 32). In the present study we
may have a more precise estimation that is based on the
dynamics of the B type carboxylate on the CP surface, a
moiety that does not assist in the protonation of the
fluorescein. Thus this carboxylate is either too remote from
the channel or the proton passage to the channel is obstructed
by the repulsive potential of a positive surface residue that
disrupts the connectivity. Whatever the mechanism, the
observation itself implies that the dimension of the antenna
is comparable to, or smaller than, the dimension of the
bacteriorhodopsin molecule.

Finally, we wish to point out that the same conclusions
which connect the structure of the CP face with its physi-
ological functionality had been advocated by Kimura (per-
sonal communication). On the basis of the structural study

transfer reactions between the surface groups are eliminated. TheKimura et al. detect a negatively charged domain that
calculations were carried out for the sample described in the legendsurrounds the orifice of the channel plus a positively charged

to Figure 4 at pH= 7.5.

with the protonation of the fluorescein. The other two

rim that encircled the perimeter of the protein. The position
of that proton repulsive barrier indeed insulates one BR
molecule from the others, limiting the surface of the proton-

carboxylates drawn in the inset are the one on the EC surfaceyg|jecting antenna to be equal to or smaller than the protein’s

(15) and the slow-reacting one (type B) on the CP face. Their
dynamics look uncoupled with that of the fluorescein or of
the other moieties.

To demonstrate the efficiency of the proton delivery
system we simulated in Figure 7 the scenario which
approximats the function of the BR under a step function
perturbation. The initiation of the reaction in this figure is
by instantaneous generation of a8 H* in the bulk of the
solution, and their accumulation on the fluorescein at residue

surface.
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