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Abstract

The lactose permease of Escherichia coli coupled proton transfer across the bacterial inner membrane with the uptake of
L-galactosides. In the present study we have used the cysteine-less C148 mutant that was selectively labeled by fluorescein
maleimide on the C148 residue, which is an active component of the substrate transporting cavity. Measurements of the
protonation dynamics of the bound pH indicator in the time resolved domain allowed us to probe the binding site by a free
diffusing proton. The measured signal was reconstructed by numeric integration of differential rate equations that comply
with the detailed balance principle and account for all proton transfer reactions taking place in the reaction mixture. This
analysis yields the rate constants and pK values of all residues participating in the fast proton transfer reaction between the
bulk and the protein's surface, revealing the exposed residues that react with free protons in a diffusion controlled reaction
and how they transfer protons among themselves. The magnitudes of these rate constants were finally evaluated by
comparison with the rate predicted by the Debye^Smoluchowski equation. The analysis of the kinetic and pK values
indicated that the protein^fluorescein adduct assumes two conformation states. One is dominant above pH 7.4, while the
other exists only below 7.1. In the high pH range, the enzyme assumes a constrained configuration and the rate constant of
the reaction of a free diffusing proton with the bound dye is 10 times slower than a diffusion controlled reaction. In this state,
the carboxylate moiety of residue E126 is in close proximity to the dye and exchanges a proton with it at a very fast rate.
Below pH 7.1, the substrate binding domain is in a relaxed configuration and freely accessed by bulk protons, and the rate of
proton exchange between the dye and E126 is 100 000 times slower. The relevance of these observations to the catalytic cycle
is discussed. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The lactose permease (lac permease) of Escherichia
coli is a membrane protein that utilizes the proton's
electrochemical gradient (vWH�) for accumulation of

L-galactosides. The protein was solubilized, puri¢ed
to homogeneity, reconstituted in lipoprotein vesicles
and shown to be the only component needed to drive
the transport of galactosides (for a comprehensive
review, see [1,2]). Until now, the enzyme has not
been crystallized and its proposed structure is based
on numerous mutations coupled with chemical mod-
i¢cations and physical measurements. These studies
indicate that it has a structure of 12 cross-membranal
K helices interconnected by hydrophilic loops [3^6].
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Extensive mutations and evaluation of their catalytic
activity indicated that out of the 417 amino acids of
the enzyme, only six polar residues, located in the
cross-membranal section of the enzyme (E126,
R144, E269, R302, H322 and E325), are essential
for the catalytic activity [2]. The catalytic cycle of
lac permease is associated with conformation transi-
tion [7,8]. In these transitions some non-polar moi-
eties are essential components [9].

The catalytic function of lac permease is the com-
bination of two processes [2]. One is the mechanism
that converts the vWH� into a substrate driving force
by imposing vectoriality on the binding and release
of the galactoside. The other process prevents a pro-
ton slip during the catalytic cycle; otherwise the en-
zyme would function as an inherent uncoupler that
dissipates the vWH�. The large size of the trans-
ported substrate, and the strict requirement to main-
tain a proton leak-proof seal, imply that the protein
must undergo extensive conformation transformation
[6,10]. Considering that the transported substrate
carries no net charge, a model based on direct elec-
trostatic interactions between the enzyme and the
substrate cannot account for the proton-galactose
co-transport. Accordingly, the substrate transport is
probably mediated by timed conformational changes
of the protein, which are coupled with replacement
of protein^substrate interactions by solvent^sub-
strate stabilization.

In the present study, we monitored the accessibility
of the substrate binding domain to the bulk by label-
ing it with a covalently bound pH indicator (£uores-
cein maleimide) and monitored the rate of its reac-
tion with protons released in the bulk. The site for
labeling was the native cysteine residue (C148) which
stabilizes the substrate in the conducting cleft and
blocking it by a maleimide derivative inhibits the
£ux through the enzyme [7,11^14]. The lac permease
has a substrate binding site that can accommodate a
hydrophilic moiety as large as a disaccharide while
maintaining a tight seal conformation that does not
allow a proton to leak through the protein. Thus, by
probing the proton accessibility into the protein we
gain a quantitative parameter for characterizing the
inner cavities, which are comparable in depth with
the penetration of the native substrate. The usage of
an indicator with a molecular weight comparable to
that of the substrate (427 and 342 respectively),

which is attached to the same residue (C148) that
was implicated in the binding of the native substrate,
o¡ers the opportunity to probe the inner space of the
enzyme under conditions that mimic the state of the
enzyme when loaded with the substrate. Indeed, the
£uorescein and the lactose are not identical in hydro-
phobicity, charge and geometry; however, this dye
o¡ers the best opportunity to analyze, for the ¢rst
time, the dynamics of proton transfer between the
amino acid's side chains with a reporter group lo-
cated in the substrate binding site. Thus, even though
the binding of a residue that di¡ers from the sub-
strate could have modulated the probed space, the
measurements provide novel information about the
interaction between moieties within the substrate
binding site.

The selection of a pH indicator as a reporter group
o¡ers the possibility to probe the environment of the
dye by free di¡using proton, particles that drive the
substrate £ux through the enzyme and are the best
gauge particles for probing an environment. The sol-
vated proton is the most studied ion in solution and
its equilibration and kinetics are well recognized [15^
19]. The rate constant of protonation of a residue by
a free di¡using proton is given by the Debye^Smo-
luchowski equation. For a well-exposed site, the rate
constant is 1^2U1010 M31 s31 [20]. A slower rate
constant implies that the site is located in a hydro-
phobic environment or that an intensive, positive
potential repels the proton. The very same parame-
ters, hydrophobic environment, or a nearby electric
charge also a¡ect the pK value of a residue. Thus,
the chemico-physical properties of the site can be
deduced by combining kinetic and thermodynamic
information.

The measuring system in the present study is based
on the laser induced proton pulse technology [21^28]
where the labeled enzyme is dissolved in a dilute so-
lution of pyranine (8-hydroxypyrene 1,3,6-trisulfo-
nate (POH)) and subjected to a train of short laser
pulses. Each pulse excites the pyranine to its ¢rst
electronic singlet state, lowering its pK from 8.4 (in
the ground state at I = 0) to pK* = 1.4, and the hy-
droxyl proton dissociates before the molecule relaxes
to its ground state [29]. Some 10 ns after the pulse,
the excited pyranine relaxes to the ground state and
the system is poised in a temporary state of disequi-
librium where both products (PO3 and free protons)
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are above their pre-pulse level. The released protons
react in a di¡usion controlled reaction with all avail-
able proton binding sites, and the dynamics of the
reaction are followed at 458 and 496 nm, where the
pyranine anion and the £uorescein are selectively
measured. The dynamics of the chromophores are
coupled with the state of protonation of all proton
binding sites. The recorded signals are subjected to a
kinetic analysis that accounts for the manifold reac-
tion pathways through which the perturbation can
relax [31,30].

The analysis reveals that the lac permease £uores-
cein adduct excites in two conformation states, which
are controlled by the pre-pulse pH. In the low pH
range (pH 97.1), the accessibility of the proton to
the substrate binding site is of a di¡usion controlled
reaction, while the interaction of the dye with the
nearby carboxylate of E126 is poor. In the high pH
regime (pH v7.4), the proton accessibility is reduced
while the carboxylate of E126 and the dye exchange
protons at a very high rate, suggesting that the two
residues are not more than one water molecule apart.
The correlation between these conformations and the
catalytic mechanism will be discussed.

2. Materials and methods

2.1. Preparation of lac permease

The enzyme used in the present study was a gen-
erous gift of H.R. Kaback and J. Le-Coutre. The
preparation was a six His-tagged enzyme, on the
C terminus, Cys-less background, enzyme that was
back mutated (S148C) to introduce a single cysteine
at the native C148 site, reconstructing the native sub-
strate binding site with no other maleimide binding
domain on the whole enzyme. The labeling was
carried out at pH 7.5 at 0³C in the dark with a
¢nal yield of 90^95% labeled protein. Before usage
the protein was eluted from a P10 column by
0.018% lauryl maltoside and 100 NaCl to remove
the phosphate bu¡er in which the enzyme was sus-
pended.

2.2. Kinetic measurements

The kinetic measurements were carried out with

solution containing pyranine (15^35 WM) and £uo-
rescein labeled lac permease. The enzyme was sus-
pended in 100 mM NaCl, 0.5 mM lauryl maltoside
to a ¢nal concentration of 5^10 WM (with respect to
the bound £uorescein) and its precise concentration
was determined by its absorbance at 500 nm. The
sample was placed in a four-face quartz cuvette
and continuously stirred, while the pH of the solu-
tion was constantly monitored by a pH electrode.
The excitation beam of the Nd:Yag laser (355 nm)
and the monitoring beam of a CW Argon laser
(458 nm or 496 nm) were crossing each other. The
transient absorbencies were monitored at two wave-
lengths: at 458 nm, where the pyranine anion has an
extinction coe¤cient of 24 000 M31 cm31, and at
496 nm. During its protonation the absorbance of
£uorescein at 496 nm is not totally bleached and its
di¡erential extinction coe¤cient (basic minus acidic)
of the £uorescein is vO{Flu3

�basic3acidic�} = 50 000 M31

cm31 [23,32]. The conversion of the recorded signals
to concentration accounted for the spectral contribu-
tion of each dye to the absorbance of the other at
the wavelength where it was monitored. The cor-
rection values are as follows: the contribution of
the £uorescein to the absorbance of the pyranine is
vO{Flu3

�basic3acidic�}458nm = 5000 M31 cm31, while the
pyranine's absorbance at the wavelength where £uo-
rescein was monitored was vO{PO3

�basic3acidic�}496nm =
1440 M31 cm31.

A train of excitation pulses irradiated the sample
and care was taken to maintain the pH, during the
observation period, within þ 0.05 unit from the ini-
tial value. After each measurement, the pH was var-
ied by increments of 0.1^0.3 pH unit through the
addition of small aliquots of NaOH or HCl
(10 mM) and the measurements at the two wave-
lengths were repeated. The pH range used in the
present study was limited between 6.0 and 8.05. At
the lower end of this range, the enzyme became un-
stable and tended to precipitate. Measurements at
the higher end of the range were limited by the
ground state dissociation of the pyranine (pK = 7.7;
I = 0.1 M), which depleted the ground state popula-
tion of POH to a level too low to perturb the system.
Altogether, 56 pairs of signals (pyranine and £uores-
cein) were measured under varying initial conditions
(pH, ratio of pyranine/enzyme, and total concentra-
tions of reactants). All of them were subjected to
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analysis and their measured signals were recon-
structed in silico.

Each sample was subjected to 1000 laser pulses
(1.6 mJ/pulse at a repetition rate of 10 Hz) and the
transient absorbencies were measured using a Tek-
tronix TDS 540 digital oscilloscope. The signals
were stored as a vector of 15 000 data points with
a temporal resolution of 2^20 ns/data point. The
signals were averaged and subjected to kinetic anal-
ysis as described in the text. For a more detailed
description see [24,26^28,33].

2.3. Kinetic analysis

The response of the reaction system to the pH
perturbation is the summation of many parallel,
tightly coupled reversible reactions that fall into
two categories. The ¢rst category is the di¡usion
controlled reaction between the proton (or free dif-
fusing pyranine anion) and the protein bound proton
binding sites. The second mechanism is a proton ex-
change between the ¢xed proton binding sites of the
protein, which proceed in a local environment where
the density of the reactants, separated from each
other by 3^10 Aî units, is comparable to that of a
homogeneous solution having a concentration of 1^4
M.

For the purpose of analysis all proton transfer re-
actions taking place within the perturbed space were
de¢ned and linked by equilibrium and rate equation.
In principle, each of the protein proton binding site
should be individually expressed, but this require-
ment is too demanding. In the present analysis, the
system was simpli¢ed by grouping the reactive resi-
dues into subpopulations, each characterized by
average equilibria and rate constants. The equilibria
were converted into a set of coupled, ¢rst order, non-
linear di¡erential rate equations that complied with
the detailed balance principle and the conservation of
mass [27,30,31]. The integration of these equations
over time is an in silico reconstruction of the chem-
ical reactions. With the right selection of rate con-
stants, the integration is a reconstruction of the ob-
served dynamics. This mode of analysis has the same
rationale as the deduction of the structural model

from the X-ray di¡raction pattern, where a number
of independent observations are reconstructed by a
single set of di¡racting elements placed at de¢ned
coordinates. In the same way, all the independently
measured kinetic tracings that had been recorded
were simulated by a single set of rate constants. To
increase the accuracy of the reconstruction, the sig-
nals were analyzed in pairs, each pair consisting of
the pyranine and £uorescein signals that were mea-
sured at the same pH value [26,27]. The reconstruc-
tion of the two signals, as in Fig. 3, is a summation
of all parallel reactions that link the transient proto-
nation of the moieties in the bulk, on the protein's
surface, the two dye molecules and the protonable
residues located inside the cavity. The mode of
analysis and its results will be described in the text
while the rate constants are summarized in Tables 1
and 2.

Table 1 lists the reactions of free protons with the
various proton binding sites. These parameters are
the minimal number of reactants needed to recon-
struct the whole set of observations. In accordance
with the structure proposed by Kaback and cowork-
ers [4^7] and Brooker and coworkers [8^10], the
number of exposed residues was estimated and set
as the maximal number of residues that react with
free protons in a di¡usion controlled reaction. The
cytoplasmic surface of the enzyme was e¤ciently rep-
resented by two populations of proton binding sites:
one consisted of six carboxylates and the other of
three histidine residues (it is of interest to point out
that, though the enzyme was expressed with a His
tag of six residues, its contribution to the proton
binding dynamics of the protein was rather small).
Each subpopulation was assigned an average pK val-
ue and rate constants of proton exchange with other
types of proton binding sites. The periplasmic surface
was also satisfactorily represented by only two sub-
populations, one consisting of ¢ve carboxylates, the
other of two histidine residues. Within the substrate
transporting cavity, the analysis was consistent with
one carboxylate (E126) and one histidine residue
(H322) that were each characterized by speci¢c rate
constants, and three more carboxylates that were
characterized by average values.
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3. Results

3.1. Physical properties of the covalently bound
£uorescein

The binding of £uorescein maleimide to C148 of
lac permease shifts the absorption maximum of the
anionic state of the dye from 490 þ 1 to 500 þ 2 nm,
indicating that the local environment modulates the
molecular orbitals of the dye (Fig. 1A). In the ¢rst
singlet state, the electronic orbitals are more prone to
delocalization by the intra-protein electrostatic ¢eld
than in the ground state. Thus, the red shift of the
absorption band of the bound £uorescein implies
that the cavity provides a polarizing force that nar-
rows the energy gap between the ground state and
the excited one. Considering the proposed structure
of the substrate binding site [6,12,13], it is plausible
that the polarization is caused by the positive charge
of R144 and the negative charge of E126 that £ank
the substrate from both its sides.

The pK of the bound dye was measured by mon-
itoring the excitation spectrum of the bound dye
while the pH of the solution varied gradually from
5.5 to 9.5. The results, presented in Fig. 1B, follow a
smooth titration curve with an apparent pK value of
pKapp = 7.0 þ 0.08. This value is signi¢cantly higher
than that of the free dye (pK = 6.3 þ 0.05 at I = 50
mM). The slope of the titration curve is larger than
1 (K= 1.35; R = 0.98), indicating that, during the ti-
tration, the protein as a polyelectrolyte responded to
the pH variation by changing its surface charge dur-
ing the titration. As the pH was raised, the surface
became more negative with an appropriate downshift
of the apparent pK. The pK shift of the bound dye is
attributed to an extra stabilization of the protonated
state of the dye by two forces. One is the hydropho-
bicity and low dielectric constant of the binding cav-
ity, which favors the uncharged state of the dye. The
second force comes from the nearby negative charges
that enhance the proton attraction of the domain.
Measurement of the pK of the £uorescein bound to
the glutamate 126-less mutant (E126A) supports this
assumption. As seen in Fig. 1B, the elimination of
the charge caused a small but systematic shift of the
titration curve to slightly lower values, indicating
that the immediate vicinity of the dye is less nega-
tively charged.

3.2. Protonation kinetics of free and bound £uorescein

The dynamics of the acid^base perturbation, im-
posed during a proton pulse experiment, are demon-
strated in Fig. 2. The protons, discharged from the
excited pyranine molecule, are released within the
response time of the measuring system, and an equal
quantity of free protons and pyranine anion is
formed. The protons react with the pyranine anion

Fig. 1. Absorption spectra of the C148^£uorescein maleimide
adduct of lac permease and its pH titration curve. Panel A de-
picts the absorption spectra of the alkaline state of free £uores-
cein (4.7 WM, pH 8.0) (line A), and of the £uorescein^lac per-
mease adduct (line B). For the sake of clarity, line B was
shifted upwards with respect to line A. The maxima of the two
spectra are at 493 and 500 nm respectively. Panel B depicts the
pH titration curves while monitoring the £uorescence (excita-
tion at 500 nm, emission at 515 nm) of the £uorescein C148^
lac permease adduct (a) and of the adduct with a protein
where E126 was mutated to alanine (E126A; R). Please note
that the systematic shift of these data points to lower pH val-
ues. The titrations were carried out in 0.5 WM lac permease in
100 mM KCl, 5 mM Tris^MES bu¡er.
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(curve 1) and with the £uorescein (curve 2) in a dif-
fusion-controlled reaction. During the ¢rst phase of
the reaction, lasting approx. 5 Ws, both dyes react
with the free protons and reduce their concentration
to an almost pre-pulse level [27,28]. At a later phase
(ts 5 Ws), the relaxation proceeds by a collisional
proton transfer, where the rate limiting step is the
encounter between a protonated £uorescein molecule
and a pyranine anion. This mechanism is evident
from the mirror symmetry of the relaxing curves;
all protons not present on the pyranine (curve 1)
reside on the protonated £uorescein molecules (curve
2).

Repeating the same measurements with a protein
bound £uorescein generates a di¡erent kind of relax-
ation curve (Fig. 2, curves 3 and 4). The protein,
with its many proton binding sites, competes with
the pyranine for the free protons and the rapid phase
of pyranine re-protonation is missing. What is more,
as the protons are bound to the protein, the main
mechanism of relaxation is a collisional proton trans-
fer from the protonated site on the protein with a

free di¡using pyranine anion. This modulation of the
pyranine transient is the kinetic signature of the pro-
tein bu¡ers' capacity [26,27,30]. The pyranine signals
measured with the native lac permease or with the
£uorescein adduct were identical within the limit set
by the electronic noise, indicating that the £uorescein
residue makes a minor contribution to the total bu¡-
er capacity of the protein and that its binding does
not modulate the structure of the protein in a way
that a¡ects its proton binding capacity.

The dynamics of £uorescein, bound to lac perme-
ase, are characterized by fast rise and slow relaxation
times. The fast protonation indicates that the protein
facilitates the access of proton to the dye, while the
slow relaxation suggests that the presence of a local
proton reservoir replenishes the dye with protons.
Accordingly, the reconstruction of the dye's dynam-
ics should account for these processes.

3.3. E¡ect of pH on the protonation dynamics

The velocity of a chemical reaction is a function of
the reactants' initial concentrations. Accordingly,
variation of the pre-pulse [ionized]/[protonated] ratio
of the reactants through modulation of the pH
should a¡ect the velocity of the proton transfer re-
actions that follow the pH jump. For this reason, the
kinetic measurements were repeated at varying initial
pH values and the dependence of the reaction on the
pH was investigated. However, the procedure is lim-
ited to a certain pH range. At pHs pKPOH

0 the con-
centration of the POH species decreases and a small-
er perturbation is expected. Similarly, at pH6pK�flu�
the dye will mostly be in its protonated state and the
incremental protonation, in response to the proton
pulse, will diminish.

Fig. 3 depicts a set of kinetic measurements carried
out at varying initial pH values. Fig. 3A depicts the
pyranine relaxation signals as they vary with the ini-
tial pH. As the pH increased from 6.0 to 8.03, the
initial POH population decreased, reducing the
amount of protons released by the laser pulse (Fig.
3A). The pH also a¡ected the shape of the curve, and
at high pH values a slower phase appears, represent-
ing an increment in the protein's bu¡er capacity.

The £uorescein signals retain their general shape
over the whole pH range, even when below 7.2 its
relaxation is faster than at the higher pH range (com-

Fig. 2. Transient absorbencies associated with acid^base pertur-
bation of pyranine and £uorescein in solution. The experiments
were carried out with pyranine (29 WM) and either free £uores-
cein (9 WM) (curves 1 and 2) or £uorescein labeled lac permease
(9 WM with respect to the bound £uorescein, curves 3 and 4).
The measurements were carried out in 100 mM KCl at pH
7.70. The upper two curves were measured at 458 nm and re-
cord the re-protonation of the pyranine anion. The bottom
curves were measured at 496 nm and monitor the reversible
bleaching of the £uorescein chromophore due to its protona-
tion.
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pare Fig. 3B and C). The initial pH also a¡ected the
amount of £uorescein protonated during the pertur-
bation. As the pH increased, the maximal yield of
protonated £uorescein, normalized with respect to
the increment of PO3, increased from 3.2% at pH
6.0 to 9% at pH 8.03. This enhancement is surprising
considering the enhanced proton binding capacity of
the protein and an approx. 40-fold increment in the
ground state PO3 population. To account for the
enhanced reactivity of the £uorescein at higher pH
values, it was suspected that the mechanism of the
bound £uorescein protonation varies with the pH,
thus necessitating a precise kinetic analysis of the
signals.

3.4. Numeric reconstruction of the measured
transients

The manifold shapes of the relaxation dynamics,
as shown in Fig. 3, can be reconstructed by a set of
coupled non-linear, ¢rst order, di¡erential rate equa-

tions that comply with the detailed balance principle
[19,22,34,35]. The equations account for all proton
transfer reactions between each component {Ri} and
each of the other proton binding sites {Rj} present in
the system as given by Eq. 1.

dRi=dt � kdissfRHig3kasfRigfH�g�

4 kjifRHigfRjg34 kjifRigfRHjg �1�
The term kdiss corresponds with the rate constant

of the acid dissociation of RHi ; kas is the re-proto-
nation of Ri ; 4kji{RHi}{Rj} is the sum of all reac-
tions where {RHi} functions as a proton donor to
other proton binding sites, and 4kji{Ri}{RHj} is the
sum of the back-reaction where {Ri} is the acceptor
with respect to all other proton binding sites. The
same equations, with the appropriate rate constants,
are given for each reactant in the system and are
linked in a model that ensured the mass conservation
law. Numeric integration of the whole set of the
equations is the mathematical equivalent of the

Fig. 3. The e¡ect of the pre-pulse pH on the protonation dynamics of labeled lac permease. The experiments were carried out in
100 mM KCl, 29 WM pyranine and 9 WM of £uorescein^lac permease. The transients shown in panel A were recorded at 458 nm and
the pre-pulse pH of the solution, where curves 1, 2, 3 and 4 were measured, was 6.0, 6.6, 7.45 and 8.03 respectively. Panels B and C
depict the transient protonation of the bound £uorescein measured at pH 6.0 and 6.3 (curves 1 and 2 in panel B). Panel C depicts the
£uorescein protonation curves as measured at pH 7.45 and 8.03 (curves 1 and 2, respectively). Each pair of curves is presented with
its simulated dynamics, which is the continuous line superpositioned over the experimental one. The set of rate constants that recon-
structs the observed dynamics is given in Tables 1 and 2. Please note the di¡erent scale of the ordinate corresponding to the £uores-
cein signal.
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chemical reaction. When the equations are supplied
with the correct values of the rate constants, the
computer generated dynamics will reconstruct the
measured reactions. The reconstruction of a single
pair of measured dynamics has a large leeway in
the selection of rate constants. Yet, as the number
of independent, non-identical signals increases, the
solutions converge to a single set of rate constants
that solves all experimental results. Recent applica-
tion of a genetic algorithm procedure for proton
pulse measurements, with 12 independent adjustable
parameters, indicated that the system converges to a
single global minimum (Fibich and Nachliel, unpub-
lished results).

The implementation of the di¡erential rate equa-
tions for the lac permease^£uorescein adduct neces-
sitates de¢nition of the various proton binding sites
involved in the reaction. Naturally, accounting for
each of the proton binding residues is a precise pre-
sentation of the system, but the penalty would be an
overwhelming increment in the complexity of the sys-
tem. For this reason, the number of independent
proton binding sites that were included in the
numeric reconstruction was reduced as described be-
low.

1. The two dyes, pyranine (POH) and £uorescein
(Flu), were explicitly presented by their formal
concentrations.

2. The proton binding sites on the periplasmic side
of the protein were grouped into two subpopula-
tions: the carboxylates (COO3

av)pri and the histi-
dines (Hisav)pri. The number of elements (ni) in
each subpopulation was an adjustable parameter
with the limitation ni9nmax; where nmax is the
number of residues on the surface as estimated
by Kaback's structural model [5].

3. The proton binding sites on the cytoplasmic side
of the protein were grouped into two subpopula-
tions; the carboxylates (COO3

av)cyt and the histi-
dines (Hisav)cyt. The number of elements in each
subpopulation was an adjustable parameter as de-
scribed above.

4. The intra-protein proton binding sites were equat-
ed with the reactive residues identi¢ed by Kaback
and coworkers [5] as essential for the enzymic ac-
tivity; histidine (H322) was treated explicitly while
the four carboxylates were split into two subpo-
pulations. The e¡ects of the E126A mutation on
the apparent pK of the bound £uorescein sug-
gested some coupling between the two proton
binding sites. Accordingly, one of the intra-pro-
tein carboxylates was treated as an explicit group
(COO3

E126), while the other carboxylates were
grouped in one subpopulation (COO3

in) that was
assigned by average parameters. Because of their
high pK, the lysine and arginine moieties were
assumed to be constantly protonated and made

Table 1
The kinetic and thermodynamic parameters of the reactions of free di¡using protons with proton binding sites on lac permease

Reaction n pH 6 7.1 pH s 7.4

Rate constant pK Rate constant pK

Cytoplasmic surface
1 H�+COO3

av 6 3UU109 4.0 7UU109 4.2
2 H�+Hisav 3 1U109 6.3 1U109 6.3
3 Hisav+PO3 3 1.5U108 1.5U108

Periplasmic surface
4 H�+COO3

av 5 1U109 4.8 1U109 4.8
5 H�+Hisav 2 1U109 7.5 1U109 7.1
6 HisavH�PO3 2 1.5U108 1.5U108

Protonation of intra-cavity residues
7 H�+Fluorescein 1 10UU109 7.0 2.5UU109 7.0
8 H�+COO3

E126 1 1UU109 5.7 2.5UU109 5.75
9 H�+HisH322 1 1U109 7.3 1U109 7.3

10 H�+COO3
av 3 1U109 5.0 1U109 5.0

All rate constants are given in M31 s31 units. Bold face reactions vary in their parameters when the pre-pulse pH shifts between the
high and low pH regimes. The value n represents the number of residues per protein.
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no contribution to the bu¡er capacity of the pro-
tein.

All proton binding sites were assigned rate con-
stants for their reactions with free protons, freely
di¡using pyranine anion and proton exchange reac-
tions with all other proton binding sites. The distinc-
tion between the sites located on the periplasmic vs.
the cytoplasmic side was attained by setting (kj=i = 0)
for all proton exchange between groups located on
opposite faces of the enzyme.

The set of parameters that reconstructs the exper-
imental system made of pyranine and the £uores-
cein^lac permease adduct, over the whole pH range,
is given in Tables 1, 2 and 3. The quality of the
reconstructed dynamics is demonstrated by the devi-
ation plots (insets to Fig. 6 below). Along the full
length of the observation time, neither the pyranine
nor the £uorescein reconstruction exhibits a system-
atic deviation from the experimental data.

3.5. Reconstruction of the pyranine signals

The relaxation of the pyranine anion is regulated
by the total bu¡er capacity of the protein, to which
the £uorescein makes a negligible contribution. As a
result, the relaxation of the pyranine signal is af-
fected by the concentration of the protein's proton
binding sites and their pK values. An attempt to
simulate the pyranine signals, assuming that all his-
tidine residues of the His tag reacted with free pro-
ton in a di¡usion controlled reaction, failed to ¢t
the observations. The number of histidine residues
on the cytoplasmic surface that participate in the
microsecond proton uptake reactions had to be
adjusted to three. By the same reasoning, the num-
ber of histidine residues on the periplasmic face was
set to be two. It seems that a combination of steric
hindrance and interaction between the surface
groups reduces the number of residues on the en-
zyme's surface which are capable of reacting with

Fig. 4. The e¡ects of the rate constants on the observed dynamics. The curves in each panel were generated by the parameters given
in Tables 1 and 2 except for one parameter which was varied within the indicated range, as given below. For comparative purposes a
£uorescein signal (measured at pH = 7.45, 100 mM KCl, 19 WM pyranine, 9 WM covalently bound £uorescein) is presented by the ex-
perimental points. Panel A depicts the e¡ect of the rate of reaction between the dye and free di¡using protons (Line 1.
k = 2.10931s31 ; line 2. k = 6.109M31s31 ; line 3. k = 1.1010 M31s31). Panel B demonstrates the e¡ect of the `virtual second order' rate
constant of proton transfer between the E126 carboxylate and the bound £uorescein (line 1, 1.1010 ; line 2, 1.1011 ; line 3, 2.1012). Pan-
el C depicts reconstructed dynamics where the proton exchange rate between histidine 322 and the £uorescein was modulated (line 1,
2.109 ; line 2, 6. 109 ; line 3, 1.1010). Panel D corresponds with the dynamics calculated for three pK values of histidine 322 (line 1,
pK = 7; line 2, pK = 7.3; line 3, pK = 7.6).

BBAMEM 78129 3-8-01

E. Nachliel, M. Gutman / Biochimica et Biophysica Acta 1514 (2001) 33^50 41



the free proton within the 2 Ws time frame, where
the free proton concentration exceeds the pre-pulse
level [23,24,26,27].

The reconstruction of the experimental pyranine
signal, over the pH range, was essentially attained

by the same parameters (see Table 1) except for
two: the rate of protonation of the average carbox-
ylate population of the cytoplasmic face of the en-
zyme, and the pK of the average histidine residues on
the periplasmic side. Both parameters were found to

Fig. 5. Reconstruction of the measured dynamics by the rate constants of the high and low pH regimes. Panel A depicts the dynamics
measured at pH 6.0 with its reconstructed dynamics. Lines 3 and 4 were calculated with the parameters adequate for the high pH re-
gime. Lines 1 and 2 were reconstructed by parameters that were ¢tted for the low pH regime. The quality of the ¢tting is recorded in
the inset. Panel B depicts the kinetics measured at pH 8.03. Lines 3 and 4 were calculated with the parameters suitable for the low
pH regime. Lines 1 and 2 were calculated with the parameters of the high pH regime and the quality of the ¢t is recorded in the in-
set. In the two insets, for sake of clarity, the plots for the £uorescein and pyranine were shifted along the Y axis. Please note the dif-
ferent ordinate scale used for the £uorescein signals.

Table 2
The virtual second order reaction of proton exchange between the proton binding sites of lac permease

pH 6 7.1 pH s 7.4

Reaction on the cytoplasmic surface
1 COOHavCHisav 1U109 2U109

Reaction on the periplasmic surface
2 COOHavCHisav 10U109 10U109

CytoplasmicCcavity
3 COOHCCOO3

E126 10U109 8U109

4 HisavH�CHisH322 10UU109 Negligible
PeriplasmicCcavity
5 COOHavCC£uorescein 7.5UU109 Negligible
6 COOHavCCHisH322 1UU109 10UU109

7 HisavH�CCHisH322 0.1UU109 1UU109

Intra-cavity proton transfer
8 COOHE126CC£uorescein k6 107 2.5UU1012

9 Fluorescein HCCHisH322 5UU109 2.5UU109

Bold face reactions vary in their parameters when the pre-pulse pH shifts between the high and low pH regimes.
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vary between the two pH regimes in a range beyond
the limit of con¢dence in the analysis.

3.6. Reconstruction of the £uorescein signals

The reconstruction of a single pair of tracings can
be obtained by more than one combination of the
rate constants. Yet, as the number of independent
observations increases, the range of variance of the
rate constants converges. The limits of variance of
each parameter are given in Tables 1^3. In a case
where one parameter exceeds its boundary, the whole
set of measured signals cannot be reconstructed even
if all the other parameters are allowed to vary.

The protonation of the £uorescein is a summation
of two processes: reactions of the dye with free dif-
fusing species (protons and pyranine anion) and pro-
ton exchange between protonable residues located
within approx. 20 Aî from the dye [19,27,28]. The
shape and amplitude of the £uorescein signal are
mostly controlled by the parameters presented in
Fig. 4. Each frame in the ¢gure depicts the recon-
structed dynamics (measured at pH 7.45), where one
parameter varies within the indicated range. The rate
constant that mostly a¡ects the amplitude and initial
velocity of the reaction is the protonation of the
£uorescein by free di¡using protons. In Fig. 4A,
the well-¢tted curve was calculated with k = 2U109

M31 s31. This value is signi¢cantly smaller than a
rate constant of a di¡usion controlled reaction. At-
tempts to reconstruct the signal with larger rate con-
stants caused gross deviation from the experimental
curve. The slow protonation of the bound dye indi-
cates limited accessibility of protons to the substrate
binding cleft of the enzyme.

Fig. 4B demonstrates how the intra-protein proton
exchange with E126 a¡ects the £uorescein signal.
The variation of the rate constant from 2U1012

(characteristic to proton exchange between sites
that are less than 10 Aî apart) to 1U1010 a¡ects
both the amplitude and its evolution with time.
The quality of the measured signal is good enough
to establish that the rate constant of the reaction is
kW1012. The rapid accumulation of the protonated
dye is a consequence of a rapid shuttle mechanism,
where the carboxylate of residue E126 delivers pro-
ton to the dye.

The e¡ect of proton exchange between the £uores-
cein and the intra-cavity histidine (H322) is shown in
Fig. 4C. In contrast to the proton exchange between
the carboxylate and the £uorescein, the proton trans-
fer reaction between the dye and the nearby histidine
is much slower, and the best ¢t was calculated with
k = 2U109. Thus, at pH v 7.4, the mechanism of
proton exchange with the histidine is less e¤cient
than with E126. The shape of the £uorescein relaxa-
tion curve is very sensitive to the pK value assigned
to histidine residue H322 (Fig. 4D). The best estima-
tion, based on analysis of 27 independent measure-
ments, is pK = 7.3 þ 0.08.

3.7. E¡ect of pH on the lac permease conformation

To obtain a large number of experimental tracings,
with varying protein/pyranine ratios, the experiments
were carried out within the pH range 6.09 pH9 8.0,
where good quality data could be obtained. Alto-
gether 56 pairs of signals were recorded. The analysis
of the signals was carried out, starting with those
gathered at the high pH range, and proceeding sys-
tematically to the lower pH values. In the pH range
of 8.1^7.4, we analyzed 27 pairs of signals that were
all solved by one set of parameters. When the same
solution was tested on signals measured at pH 9 7.1
(see Fig. 5A, curves 1 and 2), they totally failed to
resemble the shape of the curve. Fig. 5A presents the
experimental signal measured at pH 6.0 together with
two reconstructed dynamics. The reconstructed
curves (lines 3 and 4, for pyranine and £uorescein
respectively) were generated by parameters suitable
for the results gathered above pH 7.4, and grossly
deviate from the experimental data. It is obvious that
these parameters are inadequate to reconstruct the
transients in the low pH regime. A new set of param-
eters should therefore be searched for. The results of
29 kinetic measurements, obtained below pH 7.1,
were subjected to kinetic analysis and a new set of
rate constants was obtained. These parameters were
appropriate to reproduce the results of the low pH
regime (see Fig. 5A, lines 1 and 2 and the deviation
plot in the inset). The new set of parameters was
found to be inadequate for the reconstruction of
the signals gathered at high pH range (see Fig. 5B,
lines 1 and 2). Thus we conclude that the proton
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pulse measurements revealed two states of the en-
zyme, each having its own kinetic parameters for
reaction with free protons.

The transition between the two conformations was
very sharp. Up to pH 7.1, all measurements could be
¢tted by the parameters of the low pH regime, while
above 7.4 all observations were simulated by the
other set of parameters. In the intermediate range,
the two conformations coexisted and the signals
could not be ¢tted by either set. The two sets of
solutions are given in Tables 1 and 2 and the di¡er-
ence between them is su¤ciently large to associate
each solution with a di¡erent conformation of the
enzyme.

3.8. Quantitative evaluation of the rate constants

3.8.1. Interaction of free protons with the protein's
surface

The following tables summarize the pK values and
rate constants associated with the reversible protona-
tion of the £uorescein maleimide attached to C148 of
the lac permease, and re£ect the combined features
of the covalently bound dye and residues of the sub-
strate binding site. Table 1 lists the rate constants of
the di¡usion-controlled reactions between the vari-
ous residues with free di¡using species (H� and
PO3). The reactive groups are de¢ned in the ¢rst
column. The two chromophores and the intra-pro-
tein residues E126 and H322 are marked as such,
while the others are labeled with generic names
(like Hisave etc.) The properties of the imidazole res-
idue of H322 were assigned to the high pK intra-
cavity residue that regulated the decay dynamics of
the £uorescein (see Fig. 4C,D). The kinetic features
of the E126 carboxylate were corroborated upon
analysis of the cysteine-less/C148/E126A double mu-
tant (see Fig. 5). The number of residues in each
subpopulation is given in the second column. It
should be pointed out that the number of residues
was equal, or smaller, than the estimation based on
the structure proposed by Kaback [5]. Taking the full
content of histidine residues, including the His tag
groups, yielded a proton binding capacity too high
to ¢t the measured signals. The reconstruction of the
signals was attained with only three, fast reacting
histidine and six carboxylate residues.

The other four columns in Table 1 refer to the rate

constants of protonation and the pK of each subpop-
ulation when the protein is either above pH 7.4 or
below 7.1 (the high and low pH regimes, respec-
tively).

Of all reactions with the free proton, only that of
the £uorescein, in the low pH regime, is fast enough
to comply with the di¡usion controlled reaction. All
other reactions are smaller than 1U1010 M31 s31, a
value measured for exposed residues on other pro-
teins [23,24,26^28,30] or for phosphatidylserine in a
lipid membrane [31]. Apparently, the surface carbox-
ylates of lac permease are well shielded from reaction
with bulk protons either by adjacent positive residues
or partial insertion in a non-polar environment. The
slow reaction of the surface groups with free protons
cannot be attributed to the presence of the support-
ing lauryl maltoside micelles as the same phenomen-
on has been found with lac permease in lipid vesicles
(Nachliel, unpublished results). Furthermore, the
surface groups of cytochrome oxidase [26,27], stabi-
lized by the same concentrations of lauryl maltoside,
reacted with free protons at rate constants compat-
ible with the Debye^Smoluchowski equation
(ks 1010 M31 s31).

The rate constant values listed in bold letters in
Table 1 merit special attention, as they di¡er mark-
edly in the high and the low pH regimes. The most
prominent value is the protonation of the bound £u-
orescein. In the low pH range, this rate constant is
compatible with that of the di¡usion controlled re-
action, indicating that the cleft where the dye is
bound is fully exposed to the bulk. (Kinetic analysis
cannot determine whether the opening is towards the
extracellular space or on the periplasmic side of the
protein.) In the high pH range, the reaction is 4 times
slower, suggesting that the cavity closed over the
bound dye thus barring the free entry of protons
into the cleft. In contrast to the £uorescein, the pro-
tonation of E126 and the cytoplasmic surface car-
boxylates is faster in the high pH regime. Thus, the
e¡ect of the pH on the accessibility of the proton
binding sites exhibits site selectivity and is not a gen-
eral property of the protein.

On the periplasmic side of the protein, the rate
constants are pH-insensitive but the pK of the histi-
dine residues varies between the two conformations
of lac permease. As evident from these data, the
transition of the protein from one conformation to
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the other appears to be selective, and the various
proton binding sites respond independently to the
transition.

Finally, we wish to emphasize that, although the
pK values of the carboxylates as listed in Table 1 are
lower than the pH range where the measurements
were carried out, their value was determined with
high accuracy. This con¢dence is gained from the
mode by which the pK is derived. Unlike equilibrium
titration, where the pK is measured by counting the
fraction of the population that is protonated at a
given pH, in the kinetic analysis the pK is determined
by the ratio of the rate constants for the reversible
protonation of the residue. As both rate constants
are independent, adjustable parameters, the pK can
be derived even when the system is far from its state
of equilibrium.

3.8.2. Proton transfer between ¢xed sites
The carboxylate and histidine residues of lac per-

mease are rigidly ¢xed on the sca¡olding of the pro-
tein and cannot di¡use one from the other. Still,
these residues can rapidly exchange protons amongst
them at a very fast rate. The probability and the rate
of proton exchange between surface sites are a func-
tion of the nearest approach between them and the
frequency at which they reach that transient con¢g-
uration. The reactions under these conditions are
reminiscent of proton dissociation in water, except
that the acceptor is not the water molecules but the
local proton acceptor that acts as the solvent. When
the local transient conditions are favorable, the pro-
ton transfer reaction to the acceptor can be faster
than the dissociation reaction, especially in a mi-
cro-cavity where the activity of the water can be
small [36]. Studies with model systems established
that the rate constant of proton exchange between
sites anchored on a rigid body could be expressed by
a `virtual second order rate constant' [27] and their
values can be as high as 1012. These rate constants
appeared to be proportional to the distance between
the donor and acceptor sites, as well as their state of
solvation and the electrostatic potential in the most
immediate vicinity [27]. On the other hand, due to
the virtuality of the concentration term used in the
calculation, the M31 s31 unit cannot be assigned to
these rate constants. In the present text, all virtual
second order rate constants are printed in italics. As

a rule, when two residues exchange protons at a rate
of 1012, the two sites are separated by either one or
two water molecules, which facilitate rapid proton
exchange between them. When the virtual rate con-
stant is approx. 109, the two sites are 10^15 Aî apart,
or a positive charge is inserted into the proton trans-
fer trajectory. A slower virtual rate constant implies
that the mechanism of the reaction is dissociation,
followed by random di¡usion until the proton en-
counter with the acceptor site.

The virtual rate constants measured for the proton
transfer reactions in the £uorescein labeled lac per-
mease are listed in Table 2 and those values that
exhibit a major variation to the pH regime are
printed in bold. The most dramatic diminution of a
virtual rate constant was noted for the proton trans-
fer from the intra-cavity carboxylate, identi¢ed as
E126, and the bound £uorescein (reaction 8, Table
2). As demonstrated by the reconstruction (Fig. 4B),
the rate of this reaction controls the velocity of the
protonation of the bound £uorescein. The mecha-
nism supporting this fast reaction is proton transfer
from the nearby carboxylate (E126) that shuttles the
protons from the bulk to the dye. The reconstruc-
tions presented in Fig. 4B indicate that the rate con-
stant of the reaction, in the high pH regime, is 1012.
In the low pH range, the same rate constant of pro-
ton is slowed by a factor of 100 000, indicating that
the connectivity between the two sites is lost.

The other intra-protein proton transfer reaction is
the proton exchange between the £uorescein and the
high pK residue located in the cleft (reaction 9). The
virtual rate constant of the reaction is approx. 1000-
fold slower than the one with the E126 and less sen-
sitive to the conformation change. Thus, the transi-
tion between the two conformations does not a¡ect
all intra-cavity proton transfer to the same extent.

The other virtual rate constant of proton transfer,
in which H322 is involved, also varies between the
two pH regimes, indicating that the conformation
change is not just limited to helix IV, that carries
E126, but is widespread over various domains of
the protein.

3.9. Positive identi¢cation of E126 by its kinetic
features

The kinetic analysis indicated that a single carbox-
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ylate residue is located at very close proximity to the
bound indicator and facilitates its protonation. Of
the four carboxylates located in the transmembrane
section of the protein, E126 has been implicated as
the residue which mostly interacts with the trans-
ported galactosides [37,38]. For this reason, the ki-
netic properties of the cysteine-less/C148/E126A mu-
tant were investigated.

The reprotonation of the pyranine, measured with
the E126A mutant, was indistinguishable from that

measured above, in accordance with the minor con-
tribution of E126 to the total proton binding ca-
pacity. On the other hand, the kinetic analysis of
the protonation dynamics of the £uorescein (Fig. 6)
failed to reveal the transition between the two pH
regimes. The analysis of the signals measured at
pH 6.85 was based on the parameters of the low
pH regime, while setting the rate constants of all
proton transfer reactions in which E126 is a reactant
to zero (ki=j = 0). The parameters that reconstruct the
signals measured with the E126 mutant are given in
Table 3.

At the high pH range, the amplitude of the £uo-
rescein signal measured with the E126A mutant was
found to be smaller than at pH 6.85, in contrast to
those measured with the E126 enzyme (see Fig. 3),
where the amplitude increased in the high pH regime.
The reduced, protonation of the dye indicated that
the proton shuttle pathway via E126, which sustains
the high £ux above pH 7.4, is indeed missing in the
mutant. The reconstruction of the curve, shown in
Fig. 6B, was attained by the rate constants used for
the reconstruction of the low pH conformation of
the enzyme, except that the accessibility of free pro-
tons to the bound £uorescein was reduced to approx.
50%, while in the parent protein the rate of the re-
action was slowed, with the pH change, to 25% of
the rate in the low pH regime. The rate constant of
proton exchange between the bound £uorescein and
H322 was found to vary with the pH, having the
same values as in the E126/C128 £uorescein. Thus,
the E126A mutant retains the pH dependent regime
but the absence of the proton shuttle mechanism
alters the protonation dynamics of the dye in the
substrate binding cavity. We conclude that the car-
boxylate of E126 is crucial to the protein^substrate
interaction but does not trigger the conformation
change.

Table 3
Comparison of the proton transfer kinetic parameters that vary with the pH upon mutating E126 to E126A

Reaction E126 E126A

pH 6 7.1 pH s 7.4 pH 6 7.1 pH s 7.4

COOE126H+Flu k6 107 2.5UU1012 k = 0 k = 0
Flu+H� 1.0UU1010 0.25UU1010 1.5UU1010 0.8UU1010

FluH+HisH322 5U109 2.5U109 5U109 2.5U109

Fig. 6. Experimental results and their reconstructed curves mea-
sured for the £uorescein adduct with the Cys-less background
E126A/S148C double mutant. The measurements were carried
out in 100 mM KCl, 30 WM pyranine and 0.9 WM of the bound
£uorescein. Panels A and B correspond with the dynamics mea-
sured at pH 6.85 and 7.65, respectively. The reconstructions of
both curves are based on the rate constants of the low pH re-
gime with the modi¢cations given in Table 3.
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4. Discussion

The lac permease functions as an enzyme that uti-
lizes the electrochemical gradient of protons built
across the bacterial inner membrane for the accumu-
lation of substrate. The reaction with the two sub-
strates (lactose and proton) is coupled and revers-
ible; thus the enzyme can build up a proton
gradient at the expense of unequal substrate concen-
trations. To carry out these reactions, the enzyme
should exist in at least four major con¢gurations.
Two of them represent the di¡erent protonation
states of the enzyme, while the other two di¡er in
their a¤nity to the substrate. The catalytic cycle al-
ternates between states where the stabilization of the
substrate is attained by strong interaction with ligand
groups of the protein, and those where water pene-
trates to the binding cavity and replaces the protein's
ligands by hydrogen bonds with the water molecules.
The transition between these two states is controlled
by the state of protonation of the enzyme [7,8,37,38].
According to a recent study where the e¡ect of pH
on the substrate binding was measured, it seems that
the a¤nity of the site to the substrate decreases with
the pH. Upon replacement of H322 by an unproton-
able residue, the binding was signi¢cantly weakened
and became pH independent [39]. While Kaback and
coworkers [39] quantitated the accessibility of a sub-
strate analogue to the site by measuring its capacity
to protect C148 from reacting with N-ethylmalei-
mide, in the present study the site is irreversibly la-
beled by £uorescein maleimide and the accessibility
of proton to the site was determined by real-time
kinetic measurements. Accordingly, the measured pa-
rameters are not identical but may converge to the
same conclusions.

The present studies were carried out with lac per-
mease stabilized in the micellar system: thus both
sides of the enzyme were exposed to the same pH.
Yet, as the enzyme maintains a leak-proof proton
seal, any event that is driven by selective protonation
of a site which is not accessible from both sides of
the protein will a¡ect the observations just as a mem-
brane embedded enzyme. On the basis of kinetic
analysis, we concluded that below pH 7.1 the sub-
strate binding cleft is fully exposed to bulk protons,
residue E126 is partially inaccessible to the bulk and,
as evaluated by the rate constant of proton exchange

between the carboxylate and the chromophore, the
connectivity between the bound dye and E126 is
rather weak. Based on these characteristics, the low
pH state of the enzyme is compatible with a con¢g-
uration where the cleft is well-solvated and the sub-
strate about to be released to the bulk. The results of
Sahin [39] suggest that, in the low pH regime, the
accessibility of the substrate analogue to the site is
high and 0.1 mM of TDG su¤ces to protect the
cysteine from reacting with the maleimide.

The second state of the enzyme, favored at pH
v7.4, is characterized by a closed cleft and high
proximity of the E126 carboxylate (on helix IV) to
the dye. In the high pH state, the two residues ex-
change a proton among them with a virtual rate
constant of 1012. This state of the enzyme corre-
sponds with the tight complex where the intra-cavity
polar groups fold on the substrate and hold it tight.
In this con¢guration [39], the interaction between
H322 and a substrate analogue is weakened, thus
resembling our observation that the rate constant
of proton exchange between the dye and H322 is
halved. It is of interest to point out that the two
pH regimes, measured in the present case by the
proton accessibility to a dye molecule attached to
C148, were also noted by the group of Kaback [39]
(pK = 8.1). Yet, as the mode of detection varied be-
tween the two modes of observation, the pH range
and transition are not identical. Thus the two modes
of observation corroborate each other.

During the catalytic cycle, some of the helixes in-
teract with the substrate in an alternating mode [40^
43]. The involvement of helix IV in the process may
be deduced by the alternating accessibility of E126 to
the bulk. In the high pH con¢guration, the £uores-
cein is secluded from the bulk, but E126 is better
exposed to reaction with bulk protons. This observa-
tion might suggest that the major proton pathway to
the bound £uorescein is through the side antipodal
to E126, i.e. the periplasmic one. In the low pH state,
the £uorescein (bound to the substrate anchoring
C148) is the better exposed moiety, while the E126
reaction with free protons is 4 times slower than in
the high pH state. This inverse relationship may re-
£ect a variation in the solvation of microdomains
inside the substrate conducting pathway and corrob-
orates the scissor mechanism of Kaback [5,6]. In a
previous publication [36] we reported that an intra-

BBAMEM 78129 3-8-01

E. Nachliel, M. Gutman / Biochimica et Biophysica Acta 1514 (2001) 33^50 47



protein space of lac permease indeed exhibits a var-
iation in solvation during conformation changes of
the protein.

According to current molecular models, the galac-
tose in its bound state appears to be sandwiched
between helix V and helix IV where residues C148,
M145 (both on helix V [12,13]) and E126 and R144
(on helix IV [37,40]) seal it from all sides (see Fig. 5
in [5]). In that state, the glucosyl and galactosyl res-
idues and the oxygen atom that links them are
roughly on the same plane. The £uorescein molecule
with the planar xanthene chromophore has a molec-
ular weight comparable to that of the galactose (342
vs. 427, respectively). When the £uorescein is an-
chored by a C^S covalent bond with the C148 sulfur
atom in the substrate conducting cavity, it may as-
sume a position similar to that of the substrate. This
location is in accord with the spectral red shift of the
dye (Fig. 1), as caused by the polarizing ¢eld gener-
ated by the positive (R144) and negative (E126) res-
idues in the cavity. Naturally, due to the rigidity and
planarity of the xanthene structure, plus the bulki-
ness of the benzoic acid-maleimide residue of the
£uorescein maleimide, the ¢tting of the dye inside
the cavity is not identical to that of the substrate
and some distortion of the protein's structure is ex-
pected. However, kinetic evidence for the involve-
ment of E126 in the protonation of the £uorescein
supports the proposed location of the dye.

The experiments we carried out indicate that the
£uorescein^lac permease complex retains the struc-
tural £exibility of the native enzyme. The protein
can alternate reversibly between two conformations.
One conformation, dominating in the low pH re-
gime, has an open cleft structure and protons react
with the chromophore in a di¡usion controlled reac-
tion. As the pH is raised, the other conformation
appears. The transition between the two states is
within 0.5 pH unit. Such a steep shift between the
conformers suggests a cooperative interaction, simi-
lar to that proposed by Kaback [38] and Brooker
and coworkers [41] between residues that trigger
the transition.

According to the current models of the catalytic
cycle [39], the transition between the two states is
tightly associated with the substrate pumping mech-
anism. The active transport by lac permease, as
shown by Kaback and coworkers [42,43], has a sharp

maximum at pH 7.0^7.5. This pH range is similar to
the region where the enzyme can easily transform
between the two conformers. It is of interest to point
out that only the active transport, and not the partial
reactions, exhibits maximum activity at approx. 7.5.
The equilibrium-exchange reaction is almost pH in-
dependent, and the e¥ux of lactose exhibits a con-
tinuous decrease in the activity between pH 4 and
pH 9.5 [43,44]. The downhill lactose accumulation
by whole cells was reported to be practically pH in-
dependent [8]. Apparently, the transition between the
two conformers is exclusive to the active transport.

The identity of the residue(s) controlling the tran-
sition has not been con¢rmed. The mutations de-
scribed by He et al. [43] suggest that an ion pair,
between residues D237 and K358, is essential for
activity, but in all these cases the pH optimum was
conserved. Thus, neither D237 nor K358 is involved
in the reported transition. The carboxylate E325
(with pKW10) is essential for catalysis and should
be in its protonated state before the substrate can
react with the enzyme [5,38]. There are two reasons
to negate E325 as the residue involved in the con-
formation transition; the ¢rst one is its high pK,
while the second is that the E325D mutant, just
like the WT, exhibits maximal transport at a pH of
approx. 7.5 [42]. It is of interest to point out that our
analysis revealed the presence of one intracavity pro-
ton binding site with a pK = 7.3. It is possible that
this residue, tentatively identi¢ed as H322, might
have a fundamental mechanistic function.

We propose that the catalytic cycle of lac permease
combines a shift of the protein between two un-iso-
tropic con¢gurations (periplasmic vs. cytoplasmic
orientation of the open cleft) together with high
and low a¤nity for the substrate. In one conforma-
tion, the substrate is readily accessed by water and its
interaction with the protein is weak. In the other
state, the substrate is stabilized by interaction with
the side chains of the residues in the active site. Dur-
ing the substrate release step, the lactose interactions
with the protein are replaced by its solvation. Our
observations with the bound £uorescein could record
these two states. The replacement of protein^dye in-
teraction by water^dye interactions was detected by
the protonation rate of the bound £uorescein. In the
high pH regime, the £uorescein is at almost contact
distance from the E126 carboxylate moiety, while the
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accessibility of free protons to the dye is slower than
a di¡usion controlled reaction. In the other con¢gu-
ration, the carboxylate^chromophore interaction was
canceled and the protonation of the dye is di¡usion
controlled. Thus, the transition from the high to the
low pH regime exhibits some of the characteristics
associated with the substrate expelling step of the
catalytic cycle.

Finally, the same basic features, where the enzyme
exhibits two conformation states that di¡er in the
accessibility of the bound £uorescein to bulk protons
with a sharp transition at the same pH range, were
recorded with lipoprotein vesicles of lac permease
(Nachliel and Gutman, unpublished results).
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