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ABSTRACT Pyranine (8-hydroxy pyrene-1,3,6-trisulfonate) is a commonly used photoacid that discharges a proton when
excited to its first electronic singlet state. Follow-up of its dissociation kinetics reveals the physicochemical properties of its
most immediate environment. At vanishing ionic strength the dye adsorbs to the Escherichia coli lactose permease with
stoichiometry of 1:1 and an association constant of 2.5 X 10° M~ . The reversal of the binding at high ionic strength and the
lower pK value of the bound dye imply that positive charge(s) stabilize the dye in its site. The fluorescence decay curve of the
bound dye was measured by time-correlated single photon counting and the measured transient was subjected to kinetic
analysis based on the geminate recombination model. The analysis indicated that the binding domain is a cleft (between 9
and 17 A deep) characterized by low activity of water (@watey = 0.71), reduced diffusivity of protons, and enhanced
electrostatic potential. The binding of pyranine and a substrate are not mutually exclusive; however, when the substrate is
added, the dye-binding environment is better solvated. These properties, if attributed to the substrate-conducting pathway,
may explain some of the forces operating on the substrate in the cavity. The reduced activities of the water strips the substrate
from some of its solvation water molecules and replace them by direct interaction with the protein. In parallel, the lower
dielectric constant enhances the binding of the proton to the protein, thus keeping a tight seal that prevents protons from
diffusing.

INTRODUCTION

The lactose permease (lac permeaseEstherichia coli  time constant of 100 ps. This rate of dissociation is very
catalyzes the coupled translocation @fgalactosides and sensitive to the capacity of the immediate vicinity to solvate
H™, in a stoichiometry of 1:1, across the cytoplasmic mem-the proton within a timeframe comparable to the stretching
brane of the bacterium (reviewed in Viitanen et al., 1986;frequency of the OH bond (Huppert et al., 1982). Thus,
Kaback and Wu, 1997). The enzyme is composed of amonitoring the fluorescence of the pyranine molecule can
bundle of loosely packed, rigid transmembranal helices withreflect a local variation of the activity of the water within
a few residues that are essential for the mechanism. Sitehe most immediate vicinity of the dye. The pyranine mol-
directed structural approaches and extensive mutation@cule has three negative charges and an extendmtbital
analysis have led to a proposed helix packing model for lagurface that can participate in hydrophobic interactions with
permease (Kaback et al., 1997; Frillingos et al., 1998the protein. The combination of these two forces enables it
Kaback, 1997) to adsorb both to neutral phospholipid membranes (Clement

The transported substrate is an uncharged hydrophiliand Gould, 1981; Rochel et al., 1990), or to charged do-
molecule that is driven by vectorial binding and dissociationmains on a protein (Yam et al., 1991). In the present study
of a proton. Thus, there must be a mechanism that couplege noticed that, at low ionic strength, the pyranine forms a
the reversible charging of the protein with a replacement ofi:1 tight complex 4G ~—7.5 Kcal/mol) with the protein,
the hydration shell of the free substrate by protein-substrat@/hich is stabilized by electrostatic interactions.
interaction. In the present study we looked for evidence for The observed parameter in this study is the well-docu-
modulation of the hydration of the protein during its inter- mented property of pyranine to gain thermodynamic stabil-
action with its substrate. The detection of the hydration levelty in its excited state by dissociating to an ion pair
is based on time-resolved fluorescence measurements of @0*~ + H™*) (Forster and Volkers, 1975; Weller, 1961).
excited pyranine molecule (8-hydroxy pyrene-1,3,6-trisul-The dynamics of dissociation are detected by picosecond
fonate,)OH). In its excited state, the redistribution of the  fluorescence measurements (Rochel et al., 1990; Gutman
orbital electrons lowers the pK of the hydroxy moiety from and Nachliel, 1993), and analyzed by the geminate recom-
pK, = 8.2 to pK* = 1.4 and the proton dissociates with a pination model of Agmon (Agmon and Szabo, 1990; Kris-
sinel and Agmon, 1996). The analysis is based on numerical
reconstruction of the translational diffusion of a proton
Received for publication 24 March 2000 and in final form 6 Decemberwithin the electrostatic field of the excited anion, according
2000. _— e
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the transition probabilities, reconstructs the observed fluoi) the diffusion coefficient of the proton that regulates how fast the proton
rescence decay dynamics (Pines et al., 1988). By thi¥ill probe the reaction space.

. . - . The analysis of the observed signal combines all these terms into a set
method, we had mveStIgated the phySICal properties of aof transition probabilities that define the probability that a proton in a

micrOSCOpiC space at th.e heme binding S_ite of apqmy()gloéoncentric shellif will progress to the next ong)(as given by Eq. 1:
bin (Gutman and Nachliel, 1993), the anion-specific chan- )
nel of PhoE ofE. coli (Gutman et al., 1992), and the TPj = Du./Ar?-fO(r/r)-exd—Ro/2- (L — )] (1)

intermembranal space in multilamellar phospholipid VeSIThe first term in Eq. 1 is the diffusion coefficierd(, ) of the proton and

cles (Rochel et al., 1990). the width of the shellsXr = 1 A). This term sets the basic frequency of
The analysis of the fluorescence decay dynamics of theénhe transition between the shells and its value~i8-9 X 10** s™%
pyranine when bound to lac permease revealed that it igepending on the diffusion coefficient. The second teff(;/r;)) repre-
located in a rather deep cleft, where the water molecule&e"ts the preference of the proton to diffuse from shlio(shell {) that
. . . . . differ in the number of equipotential sites wherés the dimensionality of
Strongly Interact Wlth the protein. Th? b'_”d'”g site appear§he diffusion space. Far = 3 the value of (3)(ri/rj) is equal tor;/r;, while
to be coupled with the substrate binding site but is Nnotor a one-dimensional spack)(r/r)) =1. The last term in Eq. 1 denotes
identical with it; the substrate or its analog modulates thehe gradient of the electrostatic pair potential. The Debye raéiys(see
fluorescence properties of the dye without displacing it fromEd. 2) is the distance at which the dielectric constant of the diffusion
its binding site. We regard this observation as evidence thd{ledium reduces the electrostatic potential to the level of thermal energy
. - and its magnitude varies with the effective dielectric constant of the
the insertion of the substrate alters the structure of the . =

protein in a mode that affects the physical properties of its

solvation water. Ro = ZiZ, /eciksT 2
The program combines the chemical reaction at the surface of the excited
MATERIALS AND METHODS molecule,r,, defined as the rate of proton ejectiay {n s~ *) and recom-

bination rate &, in A s™%), with the diffusion process described by the
Purified lac permease was a generous gift from R. Kaback and J. Ldransition probabilities given in Eq. 1. It propagates the perturbation in time
Coutre, (Howard Hughes Medical Institute, UCLA, Los Angeles, CA). and space, calculating the probability density of the proton by the Cheby-
Pyranine (8-hydroxy pyrene-1,2,6-trisulfonate (Nsalt), laser grade) was shev expansion method (Agmon and Szabo, 1990).
purchased from Sigma, St. Louis, MO. In the present case the diffusion space is approximated as a well having

a radius ofr,, (r,, = ro) and a depth of 4 (Shimoni et al., 1993; Gutman

et al., 1992) In the present reconstruction we considered a proton that
Binding of pyranine to lac permease reaches the end of the channel to be irreversibly lost to the bulk.

The program in a simple PC version has been published (Krissinel and
The protein was dissolved in 0.018% LM-@odecyl-p-maltoside) to 2 Agmon, 1996) and is available upon request from Prof. Noam Agmon, the
final concentration of 5.4.M and the pyranine was added to the desired Fritz-Haber Institute, Hebrew University of Jerusalem, Israel.
concentration. To maintain a constant pH and low ionic strength, the
solution was buffered by low concentration (a®) of Hepes buffer (pH
6.8) in the absence of other salt. RESULTS AND DISCUSSION
Steady state fluorimetry was measured with a Shimadzu RF540 spec-

trofluorimeter. Time-resolved fluorescence was measured with ag200 Binding of pyranine to the lac permease
solution of the dye-protein complex. The instrumental setup for the time-
resolved fluorescence consisted of a mode-locked Nd-Yag laser, pumpinghe pyranine molecule can be excited at two wavelengths:

a cavity damped dye laser followed by frequency doubling (300 nm). Theat 450 nm onIy the ionized forrd)O* is excited and the
fluorescence of the protonated excited pyranip@H*, was monitored by  megsured emission is at 515 nm. Excitation at 400 nm
3;:;?@'22?;?:22 Z'tnglle f;g’é;’” counting system (for more experimental,, o thehOH state and the measured emission appears as
’ ' amain band at 515 nm with a shallow shoulder-4#0 nm.

The reason for the enhanced emissiorp@f* ~, even when
Mathematical model of analysis ¢OH is the excited species, is the rapid dissociation of
The analysis of the fluorescence decayp@H* emission was carried out ¢OH* at a rate that exceeds the decay to the ground state
by the program of Agmon that reconstructs the experimental signal troug Y@m et al., 1991; Forster and Volkers, 1975). The fluores-
numerical integration of the differential form of the Debye-Smoluchowski cence lifetimes of the two formspQH*, $¢O*") are almost
equation for diffusion-controlled reaction (Agmon and Szabo, 1990; Kris-the same, 5.0 and 4.8 ns respectively, and are not affected
sinel and Agmon, 1996; Pines et al., 1988; Huppert et al., 1990; Agmon eby the solvent. Accordingly, the enhanced emission of

al., 1988). The reconstruction of the proton propagation, after the excita- _ . .. . . L
) P propag $O*", even when the excited speciegh®H, implies that in

tion, incorporates two parallel processes: 1) the reversible dissociation a ) ) .
the surface of the reaction spherg)(The process is quantified by two rate Water most of the excited dye molecules discharged their
constants: the dissociatior;{ and recombination of the proton with the proton before decaying to the ground state.

excited pyranine aniork(). 2) The dispersion of the proton in the reaction  The emission spectrum of pyranine in the presence of lac
space. This process is operative in the space defined byr, and is £ermease or in LM is shown in Fig. 1. The spectrum as

modulated by three parameters: i) the intensity of the electrostatic potenti easured either in re water or in the presence of the
that attracts the proton to the pyranine anion that is quantitated by thén u I In pure w I P

Coulomb cage radiusR(,); ii) the entropic term that favors the dispersion d€tergent, is identical in shape, and the intensity of the
of the proton. This term reflects the geometry of the dispersion space; an@mission of thepOH* is 5% = 0.05% with respect to that
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each sample the fraction of the bound ligand was calculated
and the data were drawn according to a Scatchard plot. The
intercepts yielded an association constant of the dye K
2.5+ 0.7 X 10° M~ and a dye/protein stoichiometry of
1:1. This ratio is also indicative that the dye is bound to the
enzyme and not to phospholipids that was carried over with
the protein.

The pK of the pyranine in the complex was calculated
from the ratio of the excitation bands of the two ground state
species (400 nm fogpOH and 460 nm for¢pO~). The
titration was carried out with 5.4M lac permease in the
presence of 300 nM pyranine, conditions wheré2% of
the pyranine was free. The apparent pK value of the bound
dye, where half of it was in the protonated state, was*7.4

0.05. This value is significantly lower than pK 8.2 that is
FIGURE 1 Fluorescence emission spectra of the pyranine-lac permead®easured in water at vanishing ionic strength (Pines et al.,
complex. The emission spectra were measured with excitatiana850 1988). However, as we could not exclude the possibility that
nm with a solution containing &M lac permease, 0.018% LM, 100M the titration curve was distorted by the emission of some

Hepes buffer, pH= 6.5. Traces aandb were recorded in the presence of .
80 nM pyranine or 80 NM pyranine plus 20 mM sucroSeace cwas free dye, the actual pK of the bound pyranine could be even

recorded after addition of 20 mM TDGIrace dwas measured after lower. )
addition of NaCl to final concentration of 50 mM and is identical with the ~ The low pK value of the bound pyranine and the reversal

spectrum recorded with 80 nM pyranine in LM. of binding at high ionic strength indicate that the binding is
attained through electrostatic interaction of the dye with one
or more positive charges in the protein. The steady-state

of the $O*~ (data not shown). This ratio implies that there fluorescepce measurement§ clgarly |nd|ca}te that the envi-
ronment in which the pyranine is bound differs from bulk

is no adsorption of the dye to the detergent micelles. In the . . . ; . .
L water, yet it provides no information on its nature and which
presence of the enzyme the emission~a440 nm was

L . o . . mechanism leads to the diminished emissio®H in the
significantly intensified, up to 27% of the intensity mea- resence of the substrate. For this reason, the time-resolved
sured at 515 nm (Fig. turve 3. The enhanced emission of b : '

the pOH* implies that the dye is in a new environment, Onefluorescence was investigated.
that slows the dissociation with respect to the fluorescence

lifetime of the dye. Addition of sucrose had no effect on the
emission spectrunc(rve B, but addition of 20 mMB,ga-
lactopyranosyl 1-thig3,galactopyranoside (TDG) lowered
the ratio to 19% ¢urve 9. Considering the high affinity of

Time-correlated single photon counting

Kinetics measurements of the fluorescence decay of excited
) ) ._pyranine bound to the lac permease were carried out, and
TDG to the enzyme, the marginal reduction of the ratioy,o regits are shown in Fig./2 The fastest relaxing curve
|r_an|es that TDG dlq .not dlsplace_the dye.from its bln_dlng line &) was measured for the dye (300 nM) in the presence
site, b“:[ rather modified the physicochemical properties okt o 01894 M. The relaxation commences with a fast decay
the dye’s binding site. Thus, the site we are probing by thg.,responding to the dissociation of the excited molecule,
pyranine molecule is not that to which the substrate isq|iowed by a slow, shallow “tail” where the recombination
bound, but is close enough to detect the conformationaheteen the proton and the excited anion regenerates some
changes caused by its binding. The selective deformation gif the ¢OH*. This kinetic is identical with those measured
the dye's emission by a substrate analog, and not by @& pure water (not shown). In the presence of EM lac
molecule of comparable mass and solvation properties, impermeaselie b), the dye is partially bound to the protein
plies that the binding site is within the protein itself and is and its relaxation dynamics has new features. The most
not some traces of co-purified lipids that were carried intojnjtial rate of the relaxation (first 100 ps) is significantly
the micelle. At high ionic strength (100 mM NacCl) the dye slower (see inset for the expansion of the first 3 ns), and the
dissociates and the intensity of the emission at 435 nnfajl is more prominent. Addition of substrate (14.3 mM
(curve g is identical to that measured for the free dye.  lactose line c) accelerated the decay, but not to the level
The binding of pyranine to the lac permease was meameasured in the absence of the protein. Thus, either some of
sured by a fluorescence titration, monitoring the ratio of thethe pyranine was released from the protein or the substrate
two emission bands as a function of the dye/protein ratio(lactose) modulated the physicochemical features of the
and analysis of the results according to Gutman and coeye’s environment. This effect was specific to the protein
workers (Shimoni et al., 1993; Gutman et al., 1982). Fordye complex, as comparable concentrations of lactose
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Kinetic analysis

The analysis of the measured signals was carried out by the
algorithm of Agmon (Gutman and Nachliel, 1993; Agmon
and Szabo, 1990; Krissinel and Agmon, 1996; Pines et al.,
1988; Shimoni et al., 1993; Gutman et al., 1992a,b) and the
results are shown in Fig. 3 where the analysis was carried
out for the control signal as measured in 0.018% LM. The
main frame depicts the observed dynamics and its recon-
structed curve on a linear scale. The inset depicts the same
e A S A T data on a logarithmic scale, emphasizing the accuracy of the
b 10 15 20 fit at the longer time scale, where the signal had decayed to
Time {nsec) 1% of its initial size. The deviation of the reconstructed
; T —F curve from the experimental one is presented in the bottom
part of the main frame, where for the sake of clarity the
baseline was shifted te-0.1. The kinetic parameters char-
" acterizing the reactions at the solvation shell of the dye (
and k,), the dielectric constant of the reaction space and
o o diffusion coefficient of the proton, were identical to those
, O et | determined for the reaction in pure water (Table 1, column 2).
1 2 2 The first step in the analysis of the dye-protein complex
was to eliminate the contribution of the free dye. Using the
g - measured dissociation constant and the reactant concentra-
10 15 20 tions, the fraction of the free dye equilibrated with 7.V
Time {n=ec) protein at 300 nM and 600 nM pyranine was calculated to
be ayon ree = 42% and 46%, respectively. To correct for
FIGURE 2 @) Fluorescence decay curves of pyranine complexed withthe contribution of the free dye to the measured signal, the
lac permease. The measurements were carried out in 0.018% detergent, $h6rmalized fluorescence decay curve measured with the

uM enzyme, and 14.3 mM lactose (as indicated) atH6.8. Excitation | | diusted b btracti th
wavelength 300 nm; emission 435 nm. Total observation time 20 ns. Th(gye' ac permease complex was adjusted by subtracting the

ordinate is the fluorescence intensity normalized with respect to the max@ppropriate fractiom o, ¢ Of the free dye signal from the
imal measured valueTrace ais a control curve and corresponds with measured signal. The adjusted signals were subjected to
pyranine dissolved in lauryl maltoside and in the absence of enzyaoe kinetic analysis, and experimental curves together with the

b was measured for the pyranine lac permease complex stabilized in 'a”“fjeconstructed dynamics are shown in Fig. 4. The adjusted
maltosidetrace cwas measured for the sample definediafter addition L
of 14.3 mM lactose. The inset expands the transient during the first 3 ns.

(B) Titration of lac permease by increasing concentrations of pyranine.

=

.caence intensity

fluore
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fluorescence intensity

Fluorescence decay curves measured a)nw(th increasing pyranine T T T 00 ¢ T T T =
concentrations. The top curva)(vas measured with 300 nm pyranine. The

bottom curve @) was measured in the absence of lac permease and = -
corresponds with the signal of the free dye. The other two curves from top 1e-M 3

to bottom were measured with 600 and 1500 nM pyranine, respectively. F —
The inset expands the dynamics during the first 3 ns. 1e-02 ;_

added to the dye in water or in LM solution had no effect on
the relaxation dynamics (not shown). ey
Fig. 2 B depicts the fluorescence decay curves as mea-

sured in the presence of increasing dye concentrations. For 2 4 & E{ 1012 14
comparative purposes all signals were normalized to max- Time {nsec)
imal amp“tUde‘ At low dye Con_cemra_tlon (300 nourve a FIGURE 3 Reconstruction of the fluorescence decay curve of pyranine
the fraction of the bound dye is maximal and the measureg 0.018% LM The signal is the one presented in FigA2curve a The
decay is indeed the slowest of the whole series of measurerdinate is the fluorescence intensity normalized with respect to the max-
ments. At increasing pyranine concentrations the fraction ofmal n_]easured value. The reconstructed curve is s_uperpositioned over the
the free dye increases and the measured dynamics graduaﬂo§PeT'me,ma' one. The curves are presented on a linear soals framg

. logarithmic one ifise). The bottom section of the main frame shows the
qssume the features of the freg dye. At pyrar_nn_e co_ncentr ifference between the reconstructed signal and the experimental one. For
tions of 2.0uM and above the signals are undistinguishabléeihe sake of clarity it was shifted o= —0.1. The parameters reconstruct-

from those measured for pyranine in a LM soluticaorge g. ing the experimental curve are listed in Table 1.

fluorescence intensity
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o
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TABLE 1 The characteristic parameters of the pyranine analysis. The parameters determined for the complexed dye
binding environment in lac permease are given in Table 1, column 3.
Pyranine in Pyranine in Pyranine in lac
Parameter lauryl maltoside lac permease permeaset lactose .
% 107 py——— D8 107 The effect of lactose on the pyranine

Ky 2 X s .65 S 8% s .

Ky 70X 1°PAst 0.75x 10°Ast 08x 10°As? decay dynamics

g(water) ;-go 105 ol 30-7110 - 30-7310 - Lactose in the range of 10-100 mM has no effect on the

a .3 X 107° cnr/s* 3 X 107° cnr/s X 107° cnr/s : : ;
R 283 AT 50 A 425 A fluorescence decay of pyranine, either when measured in

water or in LM solution. This is in accord with our previous
+The diffusion coefficient of proton in bulk water. _ observation that sugars affect the decay dynamics of pyra-
The Coulomb cage radius of pyranine in water is the theoretical value . . .
nine only at concentrations exceeglih M (Gutman et al.,
1992a). Addition of a substrate, either TDG or galactose,
affected the steady state and the fluorescence decay emis-
signals as measured with 300 and 600 nM pyrankar{d  sion of the bound pyranine (see Figs. 1 and 2). The modu-
B, respectively) are practically identical and were simulatedation of the emission can be attributed either to displace-
with the same set of parameters. The adjusted signal of thment of some of the dye by the substrate, or to the altered
experiment carried out with 1M dye was similar to the environment of the bound dye caused by the binding of the
previous two signals, but was too noisy for precise kineticsubstrate to another site on the protein.
To find out whether the lactose displaced the pyranine,
we tried to subtract increasing fractions of the free dye
Tel0 g1 signal from that measured in the presence of lactose. In the
absence of lactose, the ratio (bound/free of the pyranine),
calculated on the basis of the dissociation constant, was
0.58/0.42. When lactose displaces some of the pyranine
from the site, a lower ratio is expected. Accordingly, we
Loy subtracted an increasing fraction of the free-dye signal from
- the signal measured with 14.3 mM lactose. This procedure
g 10 12 14 . . :
caused an unacceptable distortion of the signal. The pyra-
MWWW nine fluorescence rise time is the sum of the laser pulse
width plus the instrumental response time, and is 45 ps
5 10 with the present setup. Yet, as seerhjnncreasing the free
Time (nsec) dye fraction by as little as 4% distorted the shape of the
curve by introducing an artificial rise time that is much
longer than the instrumental one. A careful adjustment of
the a,on rree Value for the signal measured in the presence
of lactose was carried out, in a search for a subtracted signal
with no artificial rise time. The search yielded the curve
shown in B, where the ratio of bound/free equals (0.59/
0.41), which is essentially identical to that determined in the
absence of the substrate. We conclude that the lactose did
not displace the dye from the protein, but rather altered the
| immediate environment of the pyranine. This observation is
5 10 in accord with the proposed conformation changes caused
Time {nsec) by binding of substrate (Wu et al., 1995; Pazdernik et al.,
1997; Jessen-Marshall et al., 1997). The reconstruction of
FIGURE 4 Kinetic analysis of the fluorescence decay curves of pyraninghe fluorescence decay measured in the presence of lactose
adsorbed to lac permeas#) @nd @) correspond with the transients of the g presented in Fig. B, and necessitated alteration of some

signals measured with 300 nM and 600 nM, respectively, after subtractio . . )
of the contribution of the free dye. The ordinate is the fluorescenceril)]c the parameters. These values are given in Table 1, col

intensity normalized with respect to the maximal measured value. ThedMnN 4.

main frame depicts the reconstruction on a linear scale while the insets

present the dynamics on a logarithmic scale to emphasize the quality of the .

fit on a longer time scale. The bottom section of the main frame shows thaEvaluation of the accuracy of the

the fit has no systematic deviation from the experimental data. The fracsimulating parameters

tions of bound dye forA and B are 58% and 54%, respectively. The .

measurements were carried out with &M lac permease in 0.018% Lm Before we evaluate the magnitudes of the parameters that

at pH 6.8. characterize the reaction space, it is necessary to establish

calculated for a charge & = —4 at 25°C.
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1 Hdi I I T ] The propagation is carried out at successive time intervals
Fn) “'l ih A and the probability density of the proton in calculated for
nn g |l I l% - each step along the pathway. The probability density inside
“‘ul the space enclosed within= r is equated with the calcu-

=
o
T
T

cule {$OH*} . The product of {{OH*}, times the radiative
- (plus nonradiative) decay of the excited molecule=(4.8

Mo
%*\‘MMW ns), constitutes the predicted fluorescence decay as mea-
g

ru sured at 435 nm.

i)
\J‘b . lated fraction of the undissociated excited-pyranine mole-
“f\*mw

flucrescence inten
o o
N
i T

0= , " y c (l439) = [{pOH*};- exp(—t/7)]
,Tlme (nsec) : The fitting of the experimental signals was attained through
- | Te+00 E ' ' an iterative search over the parameters’ space, looking for a
w08 s set that reproduced the experimental observations. Although
@ Te-01 3 a search in a five-dimensional space seems extremely labo-
06 i rious, it was facilitated by the fact that each parameter
2 04 3 affects the dynamics in a very particular mode and within a
§ ' limited time interval.
» 0.2 Fig. 6 depicts the effect of these parameters on the
5 reaction kinetic, using a logarithmic Y scale. This presen-
= 0 tation expands the later phase of the dynamics and allows
op WWW evaluation of the contribution of each parameter during the
[ A 10 full length of the observation time. In each frame the middle
Time (nsec) line corresponds with the best-fit values as listed in Table 1,

while the other two were calculated with higher and lower
FIGURE 5 Fluorescence decay dynamics of pyranine adsorbed to lagalues as detailed in the Iegend, For each frame only one
permease in the presence of saturating concentration of lactose. The Or%'arameter was varied. while all others are as listed in Table

nate is the fluorescence intensity normalized with respect to the maxim -
measured valueA] Depiction of the distortion of the shape of the kinetic ai In A the rate constant of the proton ejection from the

when the fraction of free dye was increased to 45%. Please note thBYranine moleculex) to the surrounding solvent was var-
appearance of an artificial rise time followed by a delay in the appearancéed within the~50% of the best-fit value. It can be seen that
of the decay. ) Kinetic analysis of the signal measured with 14.3 mM deviation of the lines from the experimental data is noticed
lactose corregted for 4_1% free dye. The kinetic‘ parameters are Ii_sted “i‘ight fromt=0 (please note that the time scalefois only
Table 1. The inset depicts th_e same _reco_nstructlon ona logarithmic sca}lg ns). Actually,k is the only term that controls the dynam-
and the absence of systematic deviation is presented in the bottom section ™’ . . .
of the main frame. ics right from its most initial point. In the present case, any
k; value that exceeds the range 0.650.1 x 10° st
generates a systematic deviation that cannot be adjusted by
the accuracy of these magnitudes. Five parameters amaodulation of all other parameters. The rate of recombina-
needed to reconstruct the measured dynanmkgsk, R, tion at the surface of the reaction sphere is givencpyAs
Dy., andrg. discussed before (Gutman and Nachliel, 1997) this param-
The parameters;, k, are the respective rate constants ateter is somewhat ambiguous and is not suitable for unique
which the excited dye ejects or recombines with a proton amechanistic interpretation. For this reason its value will not
the surface of its reaction spheng & 6 A) (Pines et al., be discussed.
1988). R, is the effective Debye radius of the pyranine The other frames in Fig. 6 depict the effect of parameters
anion and reflects the charge of the dye and the dielectricharacterizing the dispersion space. FraBngemonstrates
constant of the environment (see Eq. 2 abovg). s the  the effect of the diffusion coefficient on the dynamics. The
diffusion coefficient of the proton (in watdd,, = 9.3 X diffusion is expected to have a minor effect on the early
10~ °cn? s~ Y). Finally, the dimensions of the cleft are given phase of the reaction, while the probability density of the
by its cross section (considered to be comparable wjth proton is still clustered near the pyranine anion. Indeed, we
and its depthr(y). Once the discharged proton diffuses outfind that during the first 1-2 ns the diffusion coefficient has
of the cleft, it is irreversibly dispersed in the bulk of the no effect on thepOH* decay curve. With the progression of
solution (Shimoni et al., 1993). time, as the proton probability density spreads over an
The reconstruction of the measured signal is a propagdncreasing fraction of the diffusion space, the effecDef,_
tion of the proton, in space and time, along the whole lengtlon the reconstructed curves increases. A small diffusion
of the trajectory according to the transition probabilities.coefficient implies that the proton will remain near the
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FIGURE 6 Evaluation of the accuracy of the simulating parameters. In each frame one of the parameters was varied and its effect on the dynamics was
investigated. The range of variance is indicated below. The middle curve was calculated by the best-fit parameter as listed in Table 1. Thelwdinate is
fluorescence intensity normalized with respect to the maximal measured @)U effect ofk; on the reconstructed dynamics. Traces 1, 2, and 3 were
calculated withe, = 4, 6.5, and 9x 10° s™, respectively. Please note that the time scale of the frame is 8nghe effect of the diffusion coefficient

on the reconstruction dynamics. Traces 1, 2, and 3 were calculate®wjth= 1, 3, and 9x 10~° cn? s~ 2, respectively. €) The effect of the electrostatic

force, given by the Debye radius. Traces 1, 2, and 3 were calculatedRyith80, 50, and 28.3 A, respectivel\D) The effect of the length of the binding

cavity on the dynamics. Traces 1, 2, and 3 were calculated nyith 25, 17, and 9 A, respectively.

pyranine anion with a subsequent increase in recombinatioalectrostatic potentials, exhibits “spreading” from a com-
probability, and a larger fraction of th¢OH* population  mon time point earlier than iB. The best-fit curve has a
would decay by the relatively slower radiative pathway.value of ~50 + 10 A, indicating that the electrostatic
Fast diffusion would let the proton escape from the cleft andattraction of the bound dye extends beyond the dimension of
the fast dissociation apOH* would dominate fluorescence the cavity where it is located. Such an extension of the
dynamics. The lower curve iB was calculated with the electrostatic field suggests that a low dielectric constant
normal value of the diffusion coefficient of proton in bulk matrix surrounds the space where the dye is bound.
water (9% 10~°cn? s~ %), while the upper one corresponds  In D we investigated to what extent the geometry of the
with only 10% of this value. Reconstruction carried out with reaction space affects the reconstructed dynamics. The cal-
Dy, = 3 = 1 X 10 ° cn? s exhibited no systematic culations were carried out for a cylindrical cavity having a
deviations from the measured transient. radius comparable to that of the pyranine anion and a depth
FrameC depicts the effect of the intensity of the electro- of 9 A (upper curvg or 25 A (bottom curvg In a deep
static forces expressed by the Debye radius (see Eg. 23avity, the proton will remain for a long time under the
Strong electrostatic attraction between the reactants (largefluence of the intensified electrostatic attraction so that the
Rp) implies that the proton will remain in the vicinity of the probability density of protons in the cleft is prolonged with
pyranine anion for a long time, and recombination thatsubsequent slower relaxation of t®H* population. Ac-
regeneratespOH* will be a frequent event. In such a cording to the shape of the curve we estimate the depth of
scenario the decay afOH* emission will be slow lpwer  the cleft to be between 9 and 17 A. The shape of the curves
curveg. A weak electrostatic interaction will reverse the calculated with varying depths of cavity exhibit a special
situation and thebOH* population will vanish rapidly. The feature not observed in the other frames; the time point at
shape of the curves, calculated with varying intensity of thewhich the lines are “spreading” varies with the depth of the
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cavity. Thus, each of the parameters leaves a distinct marBrooker, 1999) so that the scissors motion of the helices,
on the shape of the relaxation curve, a feature that assists induced by the substrate (Wu et al., 1999), propagates the
the fitting of the parameters to the measured curve. perturbation to other sites of the protein.

During the reconstruction of proton dissociation in other The diffusion coefficient D) of the proton in the
proteins such as apomyoglobin (Shimoni et al., 1993) or theavity is ~30% of its diffusivity in bulk water. Considering
PhoE channel (Gutman et al., 1992b) an additional paranthat the diffusion of proton in water proceeds by the Grot-
eter had to be incorporated in the reconstruction: the readhuss mechanism, which is sensitive to the rate of random
tion of the discharged proton with the carboxylates liningrotation of the water molecules (Agmon, 1999), the reduced
the cavity. In the reconstruction of lac permease we foundliffusion coefficient is in accord with the lower activity of
no evidence for that reaction. Moreover, inclusion of anthe water in the site. We wish to point out that although the
intracavity proton-carboxylate reaction distorted the dynam-estimation ofa,er ON the basis ok; mostly reflects the
ics to a point where no combination of the other parametersvater molecules next to the dye, the measured diffusion
could make them fit the experiments. coefficient suggests that most, or all, of the water in the cleft
is effectively immobilized by the protein.

The electrostatic potential in the binding site was derived
according to Eg. 2 using the value &, as needed to
The adjustable parameters reproducing the measured dyeconstruct the measured signals. In comparison with the
namics are listed in Table 1. The first parametgr,is the  standard value for pyranine anion in wat&, = 28.3 A
rate constant of proton dissociation from the excited pyra{25°C), the values determined for the pyranine binding site
nine molecule and controls the most initial phase of theand in the presence of lactose were 50 A and 42 A, respec-
decay. This parameter can be easily measured with afively. Both values correspond with an environment that
accuracy of =5%. The modulation of this rate by the amplifies the electrostatic potential within the cleft, and
environment can be used for quantitating the activity of theexpands the region of influence of a charge beyond the
water at the first solvation shell of the excited moleculelimits measured in water. Reflection of similar properties to
(Table 1, row 2) (Huppert et al., 1982). The rates measurethe substrate-binding site suggests that the enhancement of
for the lac permease-bound pyranine are much slower thailie charge-dipole attractions tighten the interactions be-
in bulk water, indicating that the water molecules in thetween the substrate and the protein. Addition of lactose
cavity strongly interact with the protein. The ordering of the reduced the pyranine’s appard®y value beyond the limits
solvent molecules by the protein retards their capacity t@f experimental error. Thus, the conformation change im-
rotate and solvate the discharged proton at a rate that igosed by the binding of lactose modulated the electrostatic
competitive with the proton’s tendency to recombine with potential within the pyranine-binding site in a mode corre-
the excited anion. The activity of the water as estimated bysponding with better screening of the anion’s charge. Com-
the rate of dissociation is rather low .y = 0.71), and  bining this effect with the acceleration of the dissociation
comparable with the activity measured for the heme-bindingeaction, we suggest that the binding of the substrate en-
site of the apomyoglobin, where the pyranine almost fillshanced the solvation of the pyranine-binding cleft.
the whole intraprotein cavity (Shimoni et al., 1993). After
the addition of saturating concentrations of lactageyas
increased by 25%. This effect is not to be confused with aCONCLUDING REMARKS
general feature of concentrated solution of sugars (over In this study we present evidence for the binding of pyra-
M) where enhancement of the protein’s solvation shell wasiine to lac permease at a site that differs from the substrate-
reported (Timasheff, 1992; Arakawa, 1982). For this reasoibinding site, yet the two can interact with one another
we consider the effect to be a specific one, resulting fronthrough the flexible matrix of the protein. In the bound state,
the interaction of the substrate with its native binding site.the pyranine exhibits physical and chemical properties that
Although the acceleration of; is experimentally signifi- differ from those of the dye in bulk water. The analysis of
cant, because of the logarithmic correlation between rates dghe fluorescence decay signals indicates that the pyranine-
dissociation and the,,..., (Huppert et al., 1982; Gutman et binding site is a cleft (some 9 to 17 A deep), where at least
al., 1982; Gutman and Nachliel, 1990), the calculated in-a single positive charge is present. Water molecules, which
crement of water activity is rather small. Both lactose andstrongly interact with the protein’s side chains, fill the
the TDG used in the steady-state fluorescence measur@tracavity space. As a result, the diffusion coefficient of the
ments failed to eject the pyranine from the binding cleft, proton, the chemical potential of the water, and the effective
suggesting that the dye is not located within the space wheraielectric constant generate a local environment that differs
the substrate is bound. However, the two domains are ndtom the bulk. In such a space the enhancement of the
isolated and binding of the substrate affects the environmerglectrostatic potential affects polar molecules through
of the dye. The lac permease is sufficiently flexible andcharge-dipole or dipole-dipole interactions, and the reduc-
dynamic in nature (Patzlaff et al., 1998; Johnson andion of the activity of the water suppresses the dissociation

Quantitative evaluation of the parameters
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of acidic residues. These properties, if attributed to theSutman, M., and E. Nachliel. 1997. Time-resolved dynamics of proton
substrate conducting pathway, may explain some of the transfer in proteinous system&nnu. Rev. Phys. Chem8:329-356.

. . - utman, M., E. Nachliel, and S. Kiryati. 1992a. Dynamic studies of proton
forces operating on the substrate in the cavity. The reduceﬁ diffusion in mesoscopic heterogeneous matrix, the interbilayer space

activity of the water strips the substrate from some of itS between phospholipids membrangsophys. J.63:281-290.
solvating water molecules and replaces them by direct inGutman, M., Y. Tsfadia, A. Masad, and E. Nachliel. 1992b. Quantitation of
teraction with the protein. In paraIIeI, the lower dielectric  Physical-chemical properties of the aqueous phase inside the PhoE ionic

. . channel Biochim. Biophys. Actal109:141-148.
constant enhances the binding of the proton to the prote|q_‘uppert’ D.. E. Kolodney, M. Gutman. and E. Nachliel. 1982. Effect of

thus keeping a tight seal that prevents protons from leaking water activity on the rate of proton dissociatiah. Am. Chem. Soc.
though the enzyme. 104:6949-6953.

The lac permease is a flexible protein that assumes mor‘éuppert'_g-' E. P_i”efv and N-b_AgT_O”- 199?_- '—m?”%':imesbe“axim of
. e -_reversiple geminate recombination reactions. C. S0C. Am.
than one conformation. The transition between the states is 7:1545_1558.

associated with the catalytic cycle. Both protonation of thejessen-Marshall, A. E., N. J. Parker, and R. J. Brooker. 1997. Suppressor
protein and the binding of substrate shift the dominant analysis of mutations in the loop 2-3 motif of lactose permease: Evi-
conformation of the enzyme The present study demon- dence that glycine-64 is an important residue for conformational

trated that | d t with . b changesJ. Bacteriol.179:2616-2622.
strate at lac permease could react with pyranine, by gohnson,J. L., and R. J. Brooker. 1999. A K319N/E325Q double mutant of

combination of electrostatic and hydrophobic interactions, the lactose permease cotransports With lactose. Implications for a
to form a complex where the dye is inserted into a rather proposed mechanism of Hlactose symportJ. Biol. Chem.274:
deep cleft in the protein. Furthermore, the dye’s binding site 4074-4081. ) o

. in th bstrate-conducting cavity. as the addition o#(aback, H. R. 1997. A molgcular mechanism for energy ‘cogpllng‘ in a
IS not In the substra u _'. g cavi Y' ) 1 ) membrane transport protein, the lactose permeadesoifierichia coli.
lactose (but not sucrose) modifies the site without expelling Proc. Natl. Acad. Sci. U.S./84:5539-5543.

the dye. We suggest that the inter-helix, scissor-like motiorkaback, H. R., J. Voss, and J. Wu. 1997. Helix packing in polytopic
imposed by the substrate binding (Wu et al., 1999) causes membrane proteins: the lactose permeasdestherichia coli Curr.

. . Opin. Struct. Biol.7:537-542.
the pyranine site to be better solvated. Kaback, H. R., and J. Wu. 1997. From membrane to molecule to the third

amino acid from the left with a membrane transport prot€n.Rev.
Biophys.30:333-364.
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