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ABSTRACT By adsorption of pyranine (8 hydroxypyrene 1,3,6 trisulfonate) to lysozyme we create on the positively charged protein
a fluorophoric site with a total charge of -3. Photo dissociation of the dye's hydroxyl proton changes its absorption and
fluorescence spectrum, permitting a continuous monitoring of the reprotonation dynamics. Absorbance measurements in the
microsecond time scale monitor how the bulk protons penetrate the Coulomb cage of the bound dye. Time-resolved fluorescence
monitors how the proton is escaping out of the Coulomb cage of the bound dye.

These probe reactions were studied with a series of dye-enzyme complexes where the number of free carboxylate was reduced
by amidation, increasing the total charge of the complex from +5 to + 12.6.

The time-resolved measurements demonstrate the complexity of the electric field in the immediate vicinity of the dye. It is
consistent with a negative potential wall (of the anion) surrounded by a positive potential wall of proteinaceous moieties.

INTRODUCTION

The electric field surrounding a protein affects its
equilibrium and dynamic properties. The interaction
energy with any ion in solution is affected by the sum of
forces applied, at the ion coordinates, by all charges and
permanent dipole of the protein. Consequently, the
probability of an ion to approach a given site on the
protein is a function of the potential field in the solvent
(Getzoff et aI., 1983). The paramount importance of this
concept is illustrated by the number of reviews published
in a single review journal in the past 5 y (Matthew, 1985;
Honig et aI., 1986; McLaughlin, 1989).

The effect of the total electric charge on the ionization
potential of proteins is calculated by the Tanford Kirk­
wood equation (1957) which is solved simultaneously for
all charges and permanent dipoles. This procedure
necessitates an accurate three-dimensional positioning
of all charged moieties and quantitation of the solvent
accessibility of each site. With this data at hand the
interaction potential of every site with a charged ion can
be calculated. The analysis, in most cases, is aimed at
reconstructing the total charge (2'01) vs. pH curve, and
its dependence on the ionic strength. The validity of the
analysis is confirmed by comparison of the measured pK
(or pK1/2) values with those predicted by the theoretical
calculations, as exemplified by Matthew et ai. (1979) or
Spassov et ai. (1989). Naturally, the Kirkwood Tanford
analysis necessitates the detailed information derived
from crystal x-ray analysis of a protein. It cannot be
operated in the reverse direction, to guess from the pK
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measurement in which environment the observed group
is.

This shortcoming can be circumvented by monitoring
the dynamics of proton interaction with the site. The
rate of proton binding is affected by electrostatic attrac­
tion-repulsion forces, which can direct the motion of the
proton into energetic preferential trajectory: for exam­
ple, the electrosteering of the superoxide anion to the
active site of the superoxide dismutase (Honig et ai.
1986).

At a long distance from the protein (due to protein
rotation and damping of the electric force by the
dielectric screening of water) an ion will respond to the
protein charge as if it is a point charge. At close distance
the electric field around the enzyme lobes forms a funnel
leading the substrate to the active site (Getzoff et aI.,
1983; Klapper et aI., 1986; Head-Gordon and Brooks,
1987).

The kinetic effect of an inhomogeneous electric field
is characterized by two features: (a) The rate constant of
the ligand interaction with the site will deviate from the
rate predicted for a diffusion-controlled reaction (calcu­
lated for uncharged reactants) while the activation
energy is typical for diffusion controlled reactions.

(b) The screening effect of a salt will contradict that
expected according to the charge product (Z~2) of the
reactants. Cudd and Fridowich (1982) noted that the
rate of catalysis of superoxide dismutase is decelerated
upon increasing the ionic strength of the solution. This
observation contradicts the repulsive force between the
net charge of the enzyme (Zl = -4) and the substrate
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(Z2 = -1). Consequently, it was proposed that a positive
charge near the active site caused a local attractive force
between the site and substrate.

The theoretical calculations of Honig and co-workers
(Klapper et al., 1986) (based on precise assignment of
charges on the protein surface) and those of Head­
Gordon and Brooks (1987) (based on monopole and
quadrupole truncation of the 76 charges dispersed on
the protein's surface) led to similar conclusions. The
electric field around the superoxide dismutase has two
(negative) repulsive lobes which repel the ligand and
two (positive) attractive channels through which the
anion is attracted to the active site. When the ionic
screening is increased, it blocks the attractive channels,
as is common for all anion-cation interaction.

The dynamic studies described above were based on
simulated Brownian trajectories (see Head-Gordon and
Brooks, 1987, and references therein). Imaginary
"particles" are formed in a computation space at a given
distance from a fixed charged "body" of a known electric
field and their "diffusion trajectory" is monitored. The
process is quantified by the fraction of trajectories which
ended at the "active region" of the target. The present
publication describes time-resolved experimental mea­
surements of proton kinetics with a protein bound
chromophore.

The experimental system consists of an excited-state
proton emitter, pyranine (8 hydroxy pyrene 1, 3, 6 trisul­
fonate) adsorbed to the positively charged protein
lysozyme. When the dye is photoexcited to the first
excited electronic singlet state it shifts its pK, becoming
a very strong acid and the hydroxy proton dissociates
with a time constant of 0::; 100 ps (Gutman, 1986). In that
system a short laser pulse synchronizes a massive proton
dissociation and detectable populations of anions are
formed. In our experiments we monitor the recombina­
tion of the protons with the parent anions using either
time-resolved fluorometry (monitoring the dynamics
within the first 2 ns after excitation) or transient absorp­
tion spectroscopy for following the events until the final
relaxation of the perturbation.

The dynamic measurements were carried out using
either a native protein dye complex or complexes with
modified enzyme (where the carboxylates groups were
amidated), thus increasing the total positive charge of
the complex (Carraway and Koshlan..d, 1972).

Our measurements demonstrate that the length of the
time window affects the apparent nature of the observa­
tions. Measurements in the microsecond scale monitor
the recapture of a bulk proton by the protein-bound dye.
When the positive charge of the protein was increased
by amidation, the local electrical field repulsed the
proton leading to a slower reaction. The subnanosecond
dynamics monitor the attempt of the proton to escape

from the Coulomb cage of the excited anion (Pines et al.,
1988). In this case the incremental positive charge of the
protein hinders the escape of the proton, indicating an
effective positive potential wall surrounding the (nega­
tive) potential well of the excited anion.

MATERIALS AND METHODS

Pyranine (8 hydroxy pyrene 1,3,6 trisulfonate), laser grade, was
supplied by Kodak. Lysosyrne (chicken egg white, grade I) was
purchased from Sigma. Glycine amide (HCl) and EDC (EDC, (l-ethyl­
3(3-dimethylaminopropyl)carbodiimide» used for amidation were by
Aldrich and Sigma, respectively.

Steady state fluorescence measurements were carried out using
Shimadzu RF 540 spectrofluorimeter with background correction.
Time-resolved fluorescence measurements were carried out in the
system described by Pines et a!. (1988). Transient absorbance kinetics
and their analysis were carried out as described by Gutman (1986) and
Yam et a!. (1988).

Arnidation of carboxylate moieties of lysozyme was executed as
described by Carraway and Koshland (1972). The enzyme (8 mglml)
was dissolved in 1 M glycinamide hydrochloride at pH = 4.75. The
carbodiimide derivative EDC was added as solid to a final concentra­
tion of 0.1 M while maintaining a constant pH by manual addition of 1
M HC!. The reaction was terminated at the desired time by addition of
acetate buffer (pH = 4.75) to a final concentration of 1.6 M. The
protein was dialyzed (4°C) against water before use.

RESULTS

Binding of pyranine to lysozyme

Adsorption of pyranine to lysozyme is associated with
intensified steady state emission of the undissociated
dye (<I>OH*). This is seen as the enhanced band at 440
nm shown in the insert to Fig. 1 (curve A vs. B). Similar
enhancement of <l>OH* emission was recorded in other
systems of adsorbed dye, like bovine serum albumin
(Gutman et al., 1982a), Apomyoglobin (Gutman et al.,
1982b) or when adsorbed to phosphatidylcholine mem­
branes (Nachliel, unpublished results).

The binding of pyranine to the lysozyme, as revealed
by the fluorescence emission, is pH sensitive. A group
with pK = 6.3 ± 0.1 must be protonated to bind the dye.
As this moiety is more acidic than the bound dye
(pk = 7.45 ± 0.05), the pH dependence of binding is
attributed to protonation of a proteinaceous group. The
amidation of the solvent accessible carboxylates of
lysozyme better resolves the role of this moiety in
binding and a pk = 6.3 ± 0.1 is measured. On this basis
we conclude that the bound dye is in its <l>OH form and
one of the anchoring groups has a pK = 6.3 ± 0.1.

The binding of pyranine to lysozyme follows a satura­
tion curve, corresponding with a 1:1 complex with an
association constant of 15.7106 M-1 (see Fig. 1).

The protein dye complex is mostly electrostatic. Addi-
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tion of low concentration of electrolyte weakens the
binding, as shown in Fig. 2 and in Table 1.
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FIGURE 2 The effect of ionic strength on the association energy of the
lysozyme (native) pyranine complex. The titrations were measured as
in Fig. 1, in the presence of varying concentrations of NaCl.

e~ 1
W= 2eRmkT'1 + RmK

(eo is the electron charge and K is the Debye length). For
lysozyme at diminishing small ionic strength W = 0.205.

Using this value we calculated the incremental charge
of the protein gained by amidation (see Table 1).

where W is the electrostatic work associated with charg­
ing a body, of radius Rm, dissolved in water (e = 78.3)
(Tanford,1955).

Amidation of the solvent accessible carboxylates in­
creases the net positive charge of the protein with
subsequent shift of the pK of the adsorbed dye (see
Table 1, column 1). The pK shift of the adsorbed dye was
attributed to the total charge increment of the protein as
given by the equation
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FIGURE I Scatchard plot for the binding of pyranine to lysozyme. The
binding was monitored fluorometrically from the emission spectra of
pyranine in presence of lysozymes and quantitated by the ratio of the
shortwave length emission (A = 440 nm) of <l>OH* to the long
wavelength emission (A = 515 nm) of <1>0*- (insert). The analysis was
carried out as detailed by Gutman et al. (1982b). The reaction was at
pH = 5.5 with 0.5 I1-M lysozyme and varying concentration 0.05-5 I1-M
of the ligand. The curves in the insert are the emission spectra of
pyranine in water (A) and lysozyme-pyranine complexes with (B)
native enzyme and enzymes subjected to amidation of carboxylate for
15 min (C), 40 min (D) and 180 (E). Excitation wavelength at 400 nM.

The effect of carboxylate amidation
on the lysozyme pyranine complex

Blocking the carboxylates of lysozyme does not prevent
the binding of the dye. On the contrary, the complex is
more stable. The concentration of salt needed to reduce
the enhanced emission of <l>OH* by 50% increases with
the extent of carboxylate neutralization. Protein sub­
jected to exhaustive treatment binds the dye so avidly
that 120 mM NaCl are needed to lower the incremental
emission to half. In comparison only 5 mM NaCl are
required to have a similar effect on native enzyme-dye
complex (see Table 1).

As binding of dye still requires the protonation of the
pK = 6.3 moiety, we conclude that native and modified
protein bind the dye at the same site.

TABLE 1 The effect of carboxylates neutralization on the
Iysozyme-pyranlne complex

Modification I (<I>OH)*

time pK t.pK lJ.Z* Zl NaCl' 1(<1>0)*- %

min mM
0 7.45 ± 0.05 9.0 5 14

15 6.5 ± 0.05 0.95 5.3 14.3 15 22.2
45 6.3 ± 0.15 1.15 6.5 15.5 80 21

180 6.1 ± 0.05 1.35 7.6 16.6 120 24

*The charge increment was calculated according to Tanford (1957).
ITotal charge was taken as that of neutral protein at pH = 5.5 plus the
charge increment, lJ.Z, calculated in column 4.
'The concentration of salt needed to reduce the incremental emission
to half.
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Protein sample subjected to 3 h amidation shifted the
pKin1 of the dye by 1.35 pK units, which correspond with
incremental charge of liZ = +7.6. This value is in good
agreement with the yield of amidation done under the
same conditions (Carraway and Koshland, 1972). Equi­
librium parameters correspond with a long (or infinite)
observation time, thus protons far from the dye can
interact with it. In this regime we find that a centrosym­
metric presentation of the charge corresponds well with
the measured properties of the protein.

A

Gauging the outer perimeter of the
Coulomb cage of the bound dye

In a diffusion controlled reaction, the rate-limiting step
in product formation is the approach of the two reac­
tants to a contact radius (ro)'

If the reactants are interacting electrostatically a new
term is introduced: the Debye radius. It is the distance
where the electric potential energy equals the thermal
energy.

(3)

a

5

MICRO SECOND 4

for aqueous solution RD = 7 '!ZtZz! (given in angstroms
8).

To avoid ambiguities emerging from negative values
due to ZtZZ < 0 it is more convenient to use the
expression 8 = RD/ro , which is the ratio between the
Debye radius and the radius of contact has the proper
sign of the charge product and can be either positive or
negative.

The contribution of the electrostatic force to the rate
constant of the reaction is expressed by the Debye
Smoluchowski equation which at diminishing ionic
strength is given below.

°o~"""-'-'-"""""--'-"""""-.L....I.-l.-'-J.....I.....I-~8....L.",j
MICRO SECOND

FIGURE 3 Time-resolved measurement of the pyranine anion repro­
tonation in the dye lysozyme complex. The complex (20 IloM dye in 100
IloM lysozyme) was excited by a short laser pulse (A = 337 nm, 10 ns full
width at half maximum) which photodissociated the proton leaving the
anion (<1>0-) bound to the protein. The reprotonation was monitored
at A = 457 nm (e = 24,000 M- I cm"). The experimental signal is a
time-resolved average of 512 successive excitation pulses delivered at a
rate of 10 pps. The continuous curve is a simulated dynamic using the
differential rate equation given in Yam et al. (1988). (A) Dynamics of
reprotonation of pyranine native-lysozyme complex. (B) Dynamics of
reprotonation of dye adsorbed on enzyme subjected to amidation for
180 min. Note changes in ordinate and abcissa scales.

kDC=ken a~exp (a) - 1], (4)

where ken is the rate of encounter between uncharged
reactants. This rate of encounter, between a ligand and a
reactive patch on a rotating protein, was calculated
according to Shoup et al. (1981). Consequently, if k DC is
measurable, ken is calculable, and ro is known, one can
determine by Eqs. 3 and 4 what is the effective charge
product for binding a proton coming from the bulk.

To measure the effective charge controlling the reac­
tion between the bound anion and a free proton, we
employed a short laser pulse to drive the proton from
the bound dye (Gutman, 1986) and subsequently mea­
sured the rate of reprotonation of the adsorbed anionic
dye <1>0- (see Fig. 3).

The excitation was by a lO-ns laser pulse and the

reaction was followed at a wavelength where the ground
state anion (<1>0') has a strong absorbance (E457 =
24,000 M- t cm' l

).

The discharged protons interact with two classes of
protein. To the first class we assign the pyranine-free
protein and those pyranine-enzyme complexes where
the dye has not ejected its hydroxyl proton. With respect
to our monitoring system this class is "transparent". We
cannot detect its protonation directly, only to deduce its
dynamics by the global analysis.

The second class contains the dye-protein complexes
which lost their proton by the photochemical reaction.
The reprotonation of these dye molecules is the experi-
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Gauging the electrostatic cage of
adsorbed pyranine by an inside
proton

A ~ositivel~ .cha~ged Coulomb cage evicts a proton very
rapidly, dnvmg It out both by diffusion and by electro­
static rep~lsion. Accordingly, we expect that increasing
the effective charge of the site will accelerate the escape
of proton to the bulk. This is contrary to the observation
(Fig. 1, curves B-D in insert and Table 1, last column).
~he more positive complex exhibits the strongest emis­
SIon of the undissociated pyranine (<I>OH*). This is
indicative of a case where the probability of proton to
escape from the Coulomb cage of the bound dye <1>0*- is
lower than from a dye in bulk water.

A time-resolved fluorescence curve of <l>OH* emis­
sion is shown in Fig. 4. Curve A was measured with free
pyranine in water. It is characterized by two features: a
fast initial decay (r ::::: 100 ps) followed by a long shallow
tail. This tail, formed by geminate recombination taking
place in the Coulomb cage, represents that fraction of
the proton population which fails to diffuse out of the
c~ge.(Pineset aI., 1988). As seen in curve B (Fig. 4), the
bmdmg ?f the dye to lysozyme enhances the magnitude
of the tall. Curve C, measured with dye-modified protein
complex, features an even slower fluorescence decay.

The inflated tail structure seen in curves Band C is

men~all~ measured parameter. The analysis of the dy­
namics mcludes the two classes of the protein, and
dissects the process into many discrete chemical reac­
tions as described by Yam et at. (1988). A set of
nonlinear coupled differential equations are written
representing all the reactions taking place, with thei;
appropriate equilibrium and rate constants. A single set
of constants is looked for, which reproduces the ob­
served dynamics, as measured with native and modified
protein complexes.

~ig. 3, A and B depicts the measured dynamics (for
native and exhaustively modified protein) and the simu­
lated dynamics.

Amidation of the protein increased the charge of the
complex from +5 up to + 12.6, yet the effect on the rate
constant of the proton-dye reaction is much milder. The
ratio between the measured rate constant and the rate of
encounter, calculated according to Shoup et at. (1981)
(see Table 2, 4th column) decreases from 1.6 to 0.48.
The value of & (see Eq. 4) and the corresponding
effective charge (through Eq. 3) (Zeff) are calculated
and given in the table.

The unmodified protein complex with pyranine has a
total c~arge of :-5. With r~spect to the proton binding
dynamIc, there IS an effective charge of - 1 steering the
proton to <1>0-. Neutralization of the carboxylates in­
creases the net charge of the complex to +12.6. Yet with
respect to the dynamics, the charge affecting the rate
constant is only +1.2.

Thus we conclude that the rate constant of the
reaction is determined not by the total charge of the
protein but by the effective potential operating near the
observed site.

TABLE 2 Rate constants of protonatlon of pyranlne anion on
native and modified lysozyme

Modification koc
I

time k •
Zl T:: 31 Zeff'DC

min 1010 M-'s-I
0 10.0 ± 0.3 +5 1.6 -1.05 -1

15 6.25 ± 0.25 +10.3 1.01 0 0
40 4.25 ± 0.25 +11.5 0.68 0.68 +0.65

180 3.0 ± 0.2 +12.6 0.48 1.3 +1.23

1.0

1Il-
>­...
(ll...-.c...
(ll

o 0.9

ns

1.8

• As obtained from simulated dynamics exemplified in Fig. 3. The rates
were measured at low ionic strength I < 10-'.
'The charge of protein-pyranine anion. Taken as that calculated
according to Tanford and tabulated in Table 1 adjusted by the -4
charge of the dye.
Ik,n encount~r was. cal~ulated according to Shoup (1981), correcting
for the rotational diffuSIOn of the protein.
'Calculated as explained in the text.
'The effective charge corresponding with the measured dimension of
the Coulomb cage Z = 8 . Ro E kT/e~ assuming E = 78.

FIGURE 4 Time-resolved fluorescence emission of <lJOH* adsorbed
on lysozyme. The dye was excited by the third harmonics of a Yag laser
(A = 355 nm, 25 ps full width at half maximum) and the emission of
<lJOH.* was mo?itored by a streak camera and multichannel analyzer as
descnbed by Pmes et al. (1988). Curve A was measured with 45 Il-M of
dye, dis~lved in water (pH = 5.4). Curve B was measured with 45 Il-M
of dye m the presence of 270 Il-M of native enzyme. Curve C was
me~su~ed with .4.5 Il-M of dye and 140 Il-M of enzyme subjected to
amldatlon conditIons for 180 min.
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due to a combination of two mechanisms, enhanced
recombination, and a slower dissociation of the proton
after each recombination event.

To differentiate between the two factors, we used the
expression of Pines and Huppert (1989) which relates
the steady state fluorescence emission ratio (I¥dI515 ), the
time constant of initial dissociation (-rd, measured from
the initial part of the fluorescence decay) and the
fluorescence lifetime of <l>OH* ('T'<I>OH = 5.5 ns).

sorbed to a positively charged protein, is more difficult
than from the cage of a free anion. This can be explained
by the immediate presence of positive charges surround­
ing the anion, forming a high (repulsive) potential wall
which prevents the proton escape from its negative
(attractive) potential well.

DISCUSSION

TABLE 3 Kinetic parametera of proton dlssocletlon,

racomblnetlon within the Coulomb cage of excited pyranlne

bound to lysozyme

This expression provides the average number (NR) of
recombinations of a proton with its parent excited anion
before it decays to the ground state.

Table 3 summarizes the result of these calculations.
The initial dissociation time of a proton from free
pyranine is 120 ± 10 ps (Pines and Huppert, 1989). This
time constant is stretched to a =< 170 ps when the dye is
bound to a protein and to =< 230 ps if the carboxylates
are amidated. The slower rate of deprotonation is
attributed to unavailability of water molecules needed to
stabilize the proton by hydration (Huppert et aI., 1982).
The slower rates of the initial fluorescence decay, as
observed in curves Band C, imply that the water in the
hydration layer of the protein has a lower activity than
the bulk water. The activity of water in the immediate
vicinity of the pyranine binding site on lysozyme is listed
in Table 3. The charged protein interacts with the
hydration layer making the water molecules less avail­
able for hydrating the proton. The highly charged
protein (+ 12.6) affects the water more than the native
one.

In conjunction with the decrease of the dissociation
rate, we observe an increase in the number of recombina­
tions. While in bulk water an average <1>0*- proton pair
experiences 1.5 recombinations, the protein adsorbed
dye undergoes 2.7 recombinations. On the extracharged
protein it is almost 4. Thus, contrary to our expectations,
the escape from the Coulomb cage of the anion, ad-

Z
(total) kdiss '" aH20

,

ps
free 120 ± 10 1.0

+5 167 ± 10 0.94
+12.6 227 ± 15 0.915

(5)

NR'

1.5
2.73
3.9

In this study we established an experimental model
system suitable for evaluating the electric field at a
defined site on a protein in solution.

The method is based on dynamic measurement of a
well-understood reaction: the diffusion-controlled reac­
tion of a proton with an anion in dilllte aqueous solution.
These measurements were carried out in two kinetic
regimes: the first one is the homogeneous reaction of a
proton with a dye. In this case the proton concentration
is constant in the total volume and "consumed" upon
entering the Coulomb cage around the dye. The second
regime is geminate recombination. In this case the
probability of finding a free proton within the Coulomb
cage is higher than in an equal volume in the bulk. The
relaxation of this transient state is by proton escape to
the bulk. Through this mechanism the geminate recom­
bination system evolves with time to the homogeneous
reaction. Both geminate and homogeneous reactions are
suitable for a quantitative analysis of the experimental
results.

The electric charge of the protein was increased by
amidation of the free carboxylates of the protein. These
groups are not directly involved in the binding of the
dye.

Equilibrium measurement revealed a good agreement
between the incremental charge (.:12 = +7.6) and the
number of carboxylates susceptible to the amidation,
7-8, (Carraway and Koshland, 1972) (see Table 1). This
agreement is not apparent in dynamic measurements, as
if the calculated charge varies with the observation time.
This apparently unacceptable conclusion is self-explana­
tory if we consider the nature of the measurement event.
In one case (Table 2) we monitor the encounter of a
proton homogeneously distributed in bulk water, with
the outer surface of the Coulomb cage. In the second
system (Table 3) we observe the reverse reaction, the
escape of the proton from the electrostatic cage, dif­
fusing against the electrostatic force.

Dynamics of the homogeneous
reaction

'Measured by convolution procedure.
'Calculated according to Gutman et aI. (1982a, b).
'Calculated according to Pines and Huppert (1989).

The rate-limiting step of diffusion-controlled protona­
tion is the encounter of the proton with the outer
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more than in bulk water (Table 3). Thus, we must
account why the escape of a proton from apparently
positive charged cage (lower row in Tables 1 and 2) is
more difficult than from the electrostatic potential well
made by -4 charges as in the free dye (upper row in
Table 3).

The enhanced recombination we noted in the present
study reflects the distribution of charges within the
Coulomb cage, the space operatively defined by the
measurements carried out with "outside" proton (Table
2). Inside this space we find both the negative charges of
the pyranine molecule and the anchoring positive charges
of the protein. Thus the electric force operating on the
dissociating proton is not only the attraction by the
anion but also the repulsion by the surrounding positive
charges. As the negative charges of the protein are
neutralized by amidation, the effective local positive
field around the pyranine is more intensive, redirecting
the proton toward the anion; see scheme 1.

At a molecular level the electrostatic interactions are
effective whatever the observation techniques are. It is
the macroscopic reflection of these forces which appear
to vary. In this study we demonstrated how by varying
the observation period we can zoom in on the fine details
of the nonrandom architecture of electric charges of a
protein molecule in solution.

SCHEMEl

Geminate recombination

perimeter of the Coulomb cage. Once the proton is
within this space the covalent bond will be formed within
a nanosecond or less. This fact makes it possible to
gauge the size of the electrostatic cage by analyzing the
rate constant of the reaction according to Debye Smolu­
chowski equation. In the same way it can be used for
calculating the effective charge of the cage. The charge
affecting the rate of proton binding to the adsorbed
pyranine is -1 (see Table 2). This charge is less than the
-4 of the free anion. Most of it is neutralized or
screened by the positive charges anchoring the anion.
We can assume that the dye is bound by salt bridges
between its three sulfonate groups with three positive
charges (His -15 may be one of them). In this state the
dye region is unchanged while a net -1 charge appears
after the photodissociation of the hydroxyl's proton.

Neutralization of the protein's carboxylates increases
its total charge, yet the effective field controlling the rate
of the reaction varies from - 1 to +1.2, much less than
the total increment of the protein-dye complex (from +5
to +12.6). This is an indication that the electric field
around the protein, at a distance comparable with the
Debye length (where the electric potential equals the
thermal energy) deviates strongly from the centrosym­
metric pattern. In the present case the neutralization of
the negative carboxylates allows a better expression of
the positive charges, leading to an effective repulsive
force between the proton and the immediate surround­
ing of the oxy anion of the dissociated dye.

Geminate recombination is measured under conditions
where the probability of finding a proton at the immedi­
ate vicinity of the dye is higher than in the bulk. It is a
precarious situation which vanishes rapidly as the pro­
ton diffuses to the bulk within a few nanoseconds or less.

The dynamics of geminate recombination in a spheric
symmetric space, such as pyranine in bulk water (corre­
sponding with curve A, Fig. 1) has been solved by Pines
et aI. (1988). This solution employs a numerical solution
of the Debye Smoluchowski equations. The entire solu­
tion necessitates definition of microscopic molecular
parameters such as rate constant of proton transfer from
the dye to the water and the proton recombination rate
on a reaction sphere radius. In our present case this
analysis is not applicable as the boundary conditions and
the potential field strength deviate from a spheric
symmetric environment. On the other hand the average
number of recombinations (NR) (Pines et aI., 1988;
Pines and Huppert, 1989) is a more lenient term and can
be applied in our study.

The dissociation of proton from the bound pyranine is
characterized by many recombination events, much
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