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ABSTRACT Time resolved fluorimetry was employed to monitor the geminate recombination between proton and excited pyranine anion
locked, together with less than 30 water molecules, inside the heme binding site of Apomyoglobin (sperm whale).
The results were analyzed by a numerical reconstruction of the differential rate equation for time-dependent diffusion controlled

reaction with radiating boundaries using N. Agmon's procedure (Huppert, Pines, and Agmon, 1990, J. Opt. Soc. Am. B., 7:1541-1550).
The analysis of the curve provided the effective dielectric constant of the proton permeable space in the cavity and the diffusion
coefficient of the proton.
The electrostatic potential within the cavity was investigated by the equations given by Gilson et al. (1985, J. Mol. Biol., 183:503-

516). According to this analysis the dielectric constant of the protein surrounding the site is Eprot < 6.5.
The diffusion coefficient of the proton in the heme binding site of Apomyoglobin-pyranine complex is D = 4 - 10-5 cm2/s. This value is

- 50% of the diffusion coefficient of proton in water. The lower value indicates enhanced ordering of water in the cavity, a finding which
is corroborated by a large negative enthropy of binding ASO = -46.6 cal * mole-1 deg-'.
The capacity of a small cavity in a protein to retain a proton had been investigated through the mathematical reconstruction of the

dynamics. It has been demonstrated that Coulombic attraction, as large as A4/ of energy coupling membrane, is insufficient to delay a
free proton for a time frame comparable to the turnover time of protogenic sites.

INTRODUCTION

Proton transfer across membranes is an established bio-
chemical reaction involved in homeostasis and ATP syn-
thesis. The proteins which carry out this reaction are

numerous and some of them, like the Fo-F1 ATPases or

Bacterial Rhodopsin, are extensively studied proteins.
Yet the mechanism by which they pump proton is still
obscure. The reason for the lack of understanding is a

combination of two handicaps: the detailed structure of
the proton pumping site is unknown and the process of
proton transfer cannot be studied at sufficient time reso-

lution.
Bacterial Rhodopsin, perhaps the most studied proton

pump, has been investigated up to the level of identifica-
tion ofthe individual groups involved in pumping (Varo
and Lanyi, 1990, 1991; Gerwert et al., 1990; Henderson
et al., 1990). Yet due to the multiple step process and the
sequentiality of the events, each with its time constants,
synchronization is rapidly lost. In this manuscript we

shall avoid these difficulties by investigating a well de-
fined model system, a pyranine molecule (8 hydroxy py-

rene 1,3,6-tri sulfonate) enclosed in the heme binding
site of Apomyoglobin (Gutman and Nachliel, 1982).
The advantage ofthis system is the high level ofsynchro-
nization it can gain. The reaction, photodissociation of
the hydroxy proton, is initiated with a ps laser pulse

and the dissociation itselfproceeds immediately with typ-
ical rate constants corresponding with subnanosecond
dynamics. Previous studies (Gutman and Nachliel,
1982) were carried out in a rather short observation win-

dow (2 ns). This short observation was insufficient for
deriving a precise quantitation of the events. The im-
provement of the instrumentation (time correlated sin-
gle photon counting) and a powerful analytical method-
ology introduced by Agmon and co-workers (Pines,
Huppert and Agmon, 1988; Huppert, Pines and Agmon,
1990; Agmon and Szabo, 1991) allowed us to look at the
events with high resolution and deduce how the shape
and dimension of a site effects the dynamics of a single
proton caged in it.

Recently there have been enzymological studies illumi-
nating the role of water molecules which are inside the
functional cavity of enzymes (Zimmerberg and Parse-
gian, 1986; Kornblat and Hao, 1990). These studies im-
plicated that intracavity water molecules are essential for
propagation ofproton in proton pumping proteins. This
point is readily covered by our studies. The analysis of
the proton production and propagation in the heme bind-
ing site reveals that the water molecules form a matrix
differing in properties from bulk water; it exhibits re-

duced activity (aH20) and diminished diffusion coeffi-
cient (DH+), both compatible with enhanced ordering of
the water by the protein.

In this series of studies we investigate in this manu-
script, the (sub)nanosecond dynamics of the proton:
concentrating on the events associated with the diffusion
of the proton inside the site and how it escapes to the
bulk against a strong electrostatic attraction. In the fol-
lowing manuscript (Shimoni, Nachliel, and Gutman,
1993) we shall concentrate on the microsecond dy-
namics of a bulk proton diffusing into the heme binding
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FIGURE 1 The dependence of the binding energy of the dye-protein
complex on the ionic strength. The binding constant was calculated
from the fluorescence emission curve (see inset) according to Gutman
and Nachliel (1982). The ionic strength was adjusted by addition of
NaCl. The curve drawn in the figure was calculated according to equa-
tions I and 2 with Zprot = + I I and AGother = 2.5 Kcal/mol. (Inset) The
fluorescence emission spectrum ofpyranine (3.4 ,uM) in water (A) and
in presence of 40 ,uM Apomyoglobin, all at pH = 5.

pocket ofthe dye-apoprotein complex. These two manu-
scripts thus cover the two main aspects of a protogenic
site: how it interacts with proton in the bulk and what the
fate of the proton is once it gets inside.

MATERIALS AND METHODS
Apomyoglobin was prepared from sperm whale myoglobin (Sigma
Chemical Co., St. Louis, MO) by cold acidic ecetone extraction (An-
tonini and Brunori, 1971 ); pyranine (8 hydroxy pyrene 1,3,6 tri sulfo-
nate) laser grade was purchased from Kodak.

Steady-state fluorescence was measured by a Shimadzu RF 540 spec-
trophotometer in a thermostated cell.
Time resolved fluorescence was measured by time correlated single

photon counting system using a mode locked Nd-Yag laser and cavity
damp dye laser with frequency doubling as excitation pulse source (X =
300 nm, 1 ps full width at half maximum) as described by Huppert et
al. ( 1990).
The emission of undissociated pyranine (4OH *) was monitored at

435 nm at pH = 5.0. Numerical reconstruction of the fluorescence
decay was carried out using N. Agmon's program (Pines et al., 1988;
Huppert et al., 1990; Agmon and Szabo, 1990).

RESULTS

Binding of pyranine to Apomyoglobin
Addition ofpyranine to Apomyoglobin solution causes a
major change in the emission fluorescence spectrum of
the dye. The emission of the undissociated form 4'OH *
(Xmax ' 440 nm) increases from -5% (with respect to
1)O*- emission at X = 515 nm) up to equal intensities
(see Fig. 1). The emission enhancement was used by
Gutman and Nachliel (1982) to quantitate the stoichi-

ometry ( 1:1 ) and stability of the complex. In this study
we measured the stability ofthe complex as a function of
temperature in the range 1 5-48°C, where the apoprotein
retains its native configuration (Griko, Privalov, and
Venyaminov, 1988). The results fit a linear Vant-Hoff
plot with AH0 = 2.3 ± 0.2 Kcal/mol and A\SO = -46.6
eu(n= 13,r=0.995).
The nature of the complex was investigated by study-

ing the effect of ionic strength on the stability of the
complex. The results, shown in Fig. 1, relate AvG'b5 vs. 'I
in the range 0-80 mM NaCl.
For the purpose of the analysis AGObS was taken as a

sum of electrostatic interactions (LAGO) which is sensi-
tive to the ionic strength, while all other terms are de-
fined as A\GOther. AGO is the difference between the elec-
trostatic energy ofthe dye-protein complex vs. that ofthe
protein and the dye.

AGOJ = We, (complex)-[ W51 ((prot) + We, (dye)] (1)

For each species We, is given by:

Z2e2 ( KR
2cR I +KaJ (2)

where R is the radius ofthe species (20 A for the protein,
(Adams, 1976; Hassinof and Chisti, 1982)). K is the re-

ciprocal of Debye's length; Z is the charge of the species;
and a = R + 1.
The charge of the apoprotein at pH = 5, based on its

amino acid composition, was estimated to be -10. The
charge ofthe dye is -3 and that ofthe complex is sum of
both. To analyze our experimental data we treated both
Zprot and AGOSher as adjustable parameters and looked for
a combination which will reproduce the observed depen-
dence of AG' on VI. The curve shown in Fig. 1 is a

singular solution and corresponds with Zprot = + 11 and
,AGOther = 2.5 ± 0.2 Kcal/mol.
This solution indicates that the complex is mostly elec-

trostatic in nature, yet hydrophobic interactions between
the ring structure and the amino acids in the site also
play a role in the placement of the dye.
The complex between the protein and dye was simu-

lated by the FRODO program using the atomic coordi-
nates ofthe holoprotein, omitting the heme moiety from
the site. The pyranine could be easily fitted into the cav-

ity in a way that the three sulfono moieties of the dye
interact with the basic groups of His 93, His 97, and Arg
45. The distance between one ofthe sulfono oxygens and
the basic nitrogen (for each pair) was 2.5-3.1 A. Such
distance is compatible with a stable salt bridge. This con-

clusion is corroborated by fluorescence anisothropic
measurements that failed to detect any rapid rotation of
the dye when complexed with the Apomyoglobin.

Dynamic measurement of a single
proton within the heme binding site
Fig. 2 depicts a time resolved fluorescence of 1)OH*.
Curve A was recorded with the dye dissolved in water.
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FIGURE 2 Time resolved fluorescence of pyranine at the wavelength
of FOH* emission. Curve A was measured for the dye dissolved in
water; curve B for the dye protein complex (measured at 5:1 excess of
Apomyoglobin). The dynamics were measured with - 30 ,uM dye at
pH 5.0.

SCHEME I

Initially the emission of 41OH * decays with r
- 110 ps,

corresponding to the dissociation of H+ and formation
of bO*-. About 0.5 ns after excitation the decay slows
considerably to a long, nonexponential tail. That slow
fading ofemission is due to replenishment of 4)OH * pop-
ulation by the geminate recombination ofH+ and 4O*-
(Huppert, Pines, and Agmon, 1990).
The same process within the heme binding site of the

Apomyoglobin (curve B) exhibits a very slow, multiex-
ponential decay curve (see Fig. 3). Apparently the pro-
ton and 4O * - in the cavity experiences repeated dissoci-
ation recombination events which persist repeatedly un-

-W

40e

c

til the dye decays to ground state or H+ escapes to the
bulk.
The reconstruction of the observed signal is based on

the differential form of the Debye Smoluchowski equa-
tion for the time-dependent translational diffusion of a
charged particle in a Coulombic potential field (Pines et
al., 1988; Huppert et al., 1990). The reaction is de-
scribed as taking place between radiating boundaries
which are equated with the pyranine anion and the pro-
tein-water interface of the heme binding site (see
Scheme 1 ). The inner boundary Ro represents the pyran-
ine. The rates ofproton production and consumption at
r = Ro are defined by kf and kr, respectively.
Any proton approaching Rm. has a certain probabil-

ity of being absorbed (e), otherwise it is reflected in-
ward. In contrast to the reaction at r = Ro, where re-

peated association-dissociation cycles can take place, at
Rma the absorption ofthe proton is irreversible, indicat-
ing that a proton lost to the bulk will not diffuse back to
the cavity within the lifetime of )O*-. Between these
boundaries the proton diffusion is treated by Agmon's
program as diffusing between concentric shells. The
probability for transition between adjacent shells r(i)
and r( j) is given by the following expression:

TPi/i= * p( 2 (i rj)) (3)
ns

FIGURE 3 Theoretical reconstruction ofthe cIOH * fluorescence emis-
sion dynamics ofthe pyranine Apomyoglobin complex. The curve was
generated by N. Agmon's computer program (Pines et al., 1988) using
the parameters listed in Table 1. The experimental curve is that shown
in Fig. 2, (trace B), drawn on a logarithmic Y scale. The theoretical
dynamics is given by the continuous line.

The first term in Eq. 3 defines through the diffusion coef-
ficient, the frequency ofthe transition. The second term,
the radii ratio of the respective shells, favors the transi-
tion away from the anion. It represents the tendency of
diffusive processes to increase the entropy ofthe system.
The last term in the equation defines the effect of the
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TABLE 1 The microscopic parameters that reconstruct the
observed fluorescence dynamics of pyranine dissolved in
water or in the home binding site of Apomyoglobin

Parameter Apomyoglobin H20

Radius of reaction (A) 4 ± 0.25 6.5
R. (A) 10 ± 0.5 Not applicable
kf(s-') 2.2±0.1 x 108 7.109
kr(cm s-') 2.2 ± 0.2X 108 6.109
RD(A) 65 ± 2.5 28.3
fobs 8.4 78
DH+cm2 s-1 4 ±0.5xl0-5 9.3x I0-
0 10% Not applicable

The magnitude of 0 was estimated from the orientation of the heme in
the protein (Adams, 1976).

gradient of the Coulombic potential on the transition
probability, where RD is the distance where the electric
potential equals the thermal energy

RD = Z,Z2e2/ &kT. (4)

For a detailed description of the mathematical opera-
tions see Pines et al. ( 1988), Huppert et al. ( 1990), Ag-
mon and Szabo ( 1990), Gutman, Nachliel, and Kiryati
(1992).
The program propagates the proton in space and time

using the transition probabilities and the momentary
probability density ofprotons (P(r; t)). The variation of
P(r = 0, t), namely the probability of finding a proton
inside the reaction sphere, is the dynamics ofthe 4OH *
species and, when multiplied by its fluorescence decay
function (e-&/T) should replicate the observed fluores-
cence dynamics. In practice, to attain a reconstruction of
the experimental tracings, the following parameters k,,
kf, DH+, and RD were varied to obtain a fit as good as
that shown in Fig. 3. The fitting ofthe curve is very much
assisted by the fact that each parameter affects the dy-
namic in its peculiar way and cannot be mimicked by
one or a combination of other parameters. Thus we re-
gard the solution, as shown in Fig. 3, to be unique.
The parameters required for that reconstructed dy-

namics are given in Table 1.

DISCUSSION
In this study we investigated the properties of the Myo-
globin's heme binding site after replacing the bulky
heme group by a smaller dye molecule, pyranine, while
the vacant space is taken up by water. The measure-
ments were initiated by a short synchronizing light pulse
and we monitored the relative motion ofthe proton with
respect to the protein bound dye. The strong multiplex
binding ofthe dye to the positive anchoring groups in the
site ensure that its intracavity placement is invariable
during the observation time, while neither rotational nor
translational motion ofthe protein has any effect on the
observed signal. This unique observation mode bears

some inherent disadvantage, in that the space under
study is not given to manipulation. Interference with the
binding of the dye will change the equilibrium popula-
tion ofcomplexed dye, not the situation within the indi-
vidual sites occupied by the dye.
The binding ofpyranine to Apomyoglobin is basically

an electrostatic interaction, where the three negative
charges of the sulfono moieties interact with three posi-
tive charges at the heme binding pocket. This description
is confirmed by the effect of ionic strength on the stabil-
ity of the complex (Fig. 1). The calculations of AGO in
this figure were based on the Debye-Huckle formalism
for the transformation of the charged pyranine moiety
(Z = -3) from bulk water into an uncharged state within
the protein. It bears no information about the intensity
of electrostatic interaction inside the cavity, as they
come into play wherever a charge, like a proton, is gener-
ated within this closed space.
The inside of the cavity, where the pyranine is bound,

differs markedly from the bulk phase. The differences
emerge from the dielectric discontinuity between water
and protein, the shape ofthe boundary, the impenetrabil-
ity of protons through the matrix of the protein, the or-

dering of water by the protein and the dimension of the
proton permeable space. All these peculiarities were con-

sidered during the theoretical reconstruction of the dy-
namics (see Scheme 1).

(a) The electrostatic interactions
within the cavity
The dielectric constant ofa homogenous matrix is a con-
tinuum property characterizing the polarity and polariz-
ability ofthe molecules; it is equal in size at any point in
space. Near a boundary (,E 2) the dielectric constant is
a function of the polarity of both matrixes and its value
varies both with the distance and the shape ofthe bound-
ary. Gilson et al. (1985) calculated the electrostatic in-
teraction between charges in a spheric space of a low
dielectric matter surrounded by water. The same formal-
ism is applicable for calculating the interaction between
charges inside a spherical water space surrounded by a

low dielectric matter, which is the essence of our case.

(The finite size of the protein was not considered.)
The electrostatic potential of ion pair within our

model space consists of two components: both are a

function ofthe relative position ofthe charges. One isthe
Coulomb potential Gij = QiQQj/Eeffrij and the other is the
self energy Gii = Q /2Eeffrri, where Q1 and Qj are the
charges, rij and rij are the distance between charges and
their ionic radii, respectively. Eeffis the effective dielectric
constant which varies with position of each charge. The
total potential ofthe pair GTOT is the sum ofthe Coulom-
bic potential and the self energy (Gilson et al., 1985; see

the appendix).
The equations of Gilson et al. ( 1985 ) were adapted to

calculate the electrostatic interactions between proton
and pyranine anion bound in the heme binding site. The
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the positive and negative bias, producing a funnel
shaped potential curve, where the innermost position is
favored by 3 Kcal/mol (for Cprot = 2). Over that elec-
trostatic hill the proton must diffuse before coming to
the sill from which it can step out to the bulk.
The shape and magnitude ofthe electrostatic barrier is

drawn in Fig. 5 for different values of Eprot. We see that
very close to the reaction sphere the potential ofthe pro-
ton is almost indifferent to the dielectric constant, yet as
the proton approaches the outer boundary, its potential
becomes very sensitive to the polarizability of the pro-
tein.
The variation of Ceff as a function of the radial coordi-

nate is shown in Fig. 6. Within the proton permeable
space, Ceff falls from a high value at the edge of the reac-
tion sphere down to that of Cprot at contact with the pro-
tein.
The curves of Ceff vs. r are instrumental for analyzing

the experimental (eff and deducing what is Eprot. For this
we intregrated the value Of Ceff( r) over the whole reaction
space and normalized it by its volume. This averaged
parameter is equated with fobs (see Table 1)

4 V

r; A

FIGURE 4 The electrostatic potential of an ion pair enclosed by an
aqueous spheric cavity (r = 10 A) surrounded by low dielectric matrix
( = 2). The upper curve depicts the selfenergy (Gii) ofthe cation (Z =
+ 1, r,, = 1.5 A) as it varies with its radial position. The lower curve
relates the pair potential Gi, with the radial position of the cation. The
anion Z = -1, rjj = 4 A is located at the center ofthe cavity. The middle
curve sums up the two potentials (GTOT = Gi, + Gii). Note the disconti-
nuity of the ordinate. The potentials were not calculated inside the
reaction sphere (shaded area) where the ions merge to a covalent bond.

potential ofthe ion pair was calculated for two configura-
tions. In one, the pyranine was located at the center of
the aqueous sphere, while in the other it was shifted to be
in contact with the protein. The latter requires much
more computations, yet the properties of space were
(within 10%) similar to those calculated for a centro-
symmetric one. Thus, for the sake of simplicity, we shall
describe only the concentric model.

Fig. 4 depicts the variation of Gij (lower curve), Gii
(upper curve), and GTOT (middle curve) as they vary for a
proton placed between Ro and Rmax. The shaded bar de-
scribes the inside ofthe reaction sphere where the proton
loses its charge and exists as a covalently bound hy-
drogen.
The pair potential (Gij) is lowest at contact radius and

increases asymptotically to a constant value towards the
edge of the cavity. The self energy term (Gii) is constant
at the central section of the cavity and increases steeply
near Rm,,. The sum of the two (GTOT) cancel much of

Rmax
z (eff(r)*41rr2
0

eeff Rmax
z 47rr2
0

The dependence of CEff on Cprot is shown in Fig. 7. The
experimentally measured value Cobs = 8.4 corresponds
with a dielectric constantEprot < 6.5.
The dielectric constant of microscopic structures was

measured in other systems too. The pore of the anion
specific porin Pho.E, is characterized by C = 24 (Tsfadia,
1991 ). The intermembranal space between egg PC mul-
tilamellar was determined to be e = 40 (Gutman, Nach-
liel, and Kiryati, 1992b), and the a amine region oflyso-

0

C.

0

E-

0 2 4 o6
r ; A

FIGURE 5 The radial dependence on the dielectric constant of a pro-
ton and centrosymmetric anion in a small aqueous sphere (r = 10 A)
on the dielectric constant of the surrounding matrix. Curve A was cal-
culated for Eprot = 78, i.e., ion pair in bulk water. The dielectric constant
corresponding with the other curves decreases toeprot = 40 (B), 20 (C),
and 2 (D).
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(A)

10 8 6 4 0
r;A

FIGURE 6 The radial variation of the effective dielectric constant cal-
culated for an aqueous sphere (r = 10 A) surrounded by envelope with
e = 20 (upper curve) e = 5 and e = 2 (middle and lower curve, respec-
tively). The dielectric constant inside the reaction sphere (r = 4) was
not calculated.

zyme hase = 13.5 (Yam et al., 1991 ). Thus the effective
dielectric constant of a small cavity varies with its shape
and the nature of the low dielectric boundary.

(b) The water in the cavity
There are two indices in our study which are related with
the properties of the water inside the site; the rate of
proton dissociation (kf) and the diffusion coefficient of
the proton (DH+). Both of them indicate that the few
water molecules in the cavity (less than 30) exhibit a

slower rate of rotation.
The rate ofproton dissociation in aqueous systems is a

function of the activity of water surrounding the disso-
ciating molecule (Huppert et al., 1982). For many com-

pounds the dependence is a linear logarithmic function
with a slope depending on the dissociating species (Gut-
man, 1984).
The lowered activity is associated with limited capac-

ity of the water molecule to stabilize (by hydration) the
dissociating proton within the time frame of the 0-H
vibration. The slower rate of proton dissociation (kf =
2.2 108 s-1) measured in the heme binding site corre-

sponds with aH2O = 0.61 (see Gutman and Nachliel,
1982).
The diffusion of proton in water proceeds by an ex-

change ofH+ between two hydrogen bonded water mole-
cules (H30O-H20) at a frequency of --2. 1013 S-1.
Exchange of proton between water molecules must be
supplemented by random element to become a diffu-
sion. The randomicity is provided by a much slower pro-
cess, the formation and dissolution of hydrogen bonds
between water molecules, a process with a time constant
ofr -X 2.3 ps.

The combination ofthe frequency ofthe random step-
ping v and the length ofthe step (L) determines the diffu-
sion coefficient D = VL2/ 2. As we assume that the length
of the random step cannot be shorter than the distance
between water molecules, the smaller value of DH+, as

measured in the heme binding site, indicates that the
frequency of stepping is reduced, i.e., enhancement of
the order parameter of water.

(c) The dynamics of a free proton in a
microscopic cavity
The rate at which a proton propagates within a micro-
scopic cavity is basic information required for under-
standing the mechanism of all proton coupled bioener-
getic processes. This study is the first glance at the dy-
namics ofa single proton inside a cavity in a protein. The
theoretical treatment which reconstructs the fluores-
cence of the pyranine in the site can also reconstruct the
spatio-temporal distribution of proton in the site (see
Fig. 8). The vertical axis in this figure denotes the proba-
bility of finding a proton at a given radial position (right
side abeissa) and time (left side abeissa).

a)
CA)

20 40 60

E£prot
80

FIGURE 7 The dependence of the averaged effective dielectric con-
stant (E ) ofan aqueous sphere (r = 10 A) on the dielectric constant of
the surrounding matrix. E- was calculated according to Eq. 5 for a
centrosymmetric configuration. (Inset) An enlargement of the lower
section of the main frame, using centrosymetric configuration (----)
or an off-center placement ofthe anion to be in contact with the edge of
the aqueous sphere (- -).
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FIGURE 8 Spatio-temporal mapping of the proton probability inside
the aqueous cavity representing the heme binding site of Apomyoglo-
bin. The cavity is 10 A in radius, having the experimental value of -eff
and 10% absorption at r = 10 A. The other parameters are those in
Table 1. The vertical axis represents the probability offinding a proton
at distance r (given on the right side abscissa) and time (marked on the
left side abscissa).

Within the first 3 ns the discharged proton probes
the whole volume of the reaction space and the radial
probability is stabilized to follow the potential field.
From that time on, the proton density within the cavity
decays without major changes in the radial distribution
pattern. Both processes, probing the site (T 3 ns) and
the leakage (T 14 ns) are fast reactions. Their time

scale is orders ofmagnitude faster than the turnover time
of bioenergetic enzymes ( 1 ms).
Two parameters can delay the proton in the cavity,

narrow opening which slows the emergence ofprotons to
the bulk and electrostatic potential which attracts the
proton to the interior ofthe cavity, the Mitchellian "pro-
ton well". The role ofthe two terms can be evaluated by
numerical simulation, using the heme binding site as a

model. In one set of computations we varied 0 (see
Scheme 1 ) and investigated how it affects the escape
time. In the other, the energy barrier detailed in Fig. 5
was the variable. Fig. 9 depicts the effect of the orifice
size on the escape time of the proton. As seen in this
figure, the site becomes effectively confining only when
the opening to the bulk is extremely small. To delay a

proton for more than microsecond the orifice must be
smaller than the size of a water molecule.
The effect of the electrostatic potential on the dwell of

a free proton is shown in Fig. 0, where the escape time is
related with the height of the potential barrier between

FIGURE 9 The dependence of the proton's escape time on the relative
size of the orifice connecting a small cavity (r = 10 A) with the bulk
phase. The calculations were carried out for the model fitting best the
Apomyoglobin cavity (see Fig. 3) while varying the ratio between the
surface of orifice to surface of sphere (given in percentage of the ab-
scissa).The escape time was calculated from the almost exponential
decay of the population of free protons remaining in the cavity.

Ro and Rmax (given in kT units). We find that prolonged
confinement of a proton to Tes = 400 ns, calls for AG =

15 kT, a value almost 50% higher than maximal AA/' mea-
sured in well coupled biomembranes. Thus, neither elec-

10'-

c

I0D,

S.S i6 i ..1

AG/kT

,i., i..s ,

FIGURE 10 The effect of electrostatic potential on the escape time ofa
proton from a small aqueous cavity. The calculations were carried out
for the best fitting model of the Apomyoglobin site (see Fig. 3). The
electrostatic potential, drawn on the abscissa in kT units, is the differ-

* ence between the proton potential at r = 4 and r = 10 (see Fig. 5 ).
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trostatic barriers nor narrow openings can delay the elu-
sive free proton for a period comparable to the turnover
time of energy conserving enzymes. The delay of pro-
ton(s) within an active site necessitates their storage as
covalently bound hydrogen atoms, attached to suitable
moities within the protein.

CONCLUDING REMARKS
In this study we exploited our advantage to monitor, in a
time-resolved mode, the dynamics ofa single proton in a
well defined microscopic cavity. The experimental ob-
servations are supported by a powerful analytic proce-
dure which reconstructs theoretically the observed sig-
nal. This mode of analysis provides unambiguous quan-
titation of the dielectric constant and the proton
diffusion coefficient which characterizes the probed
space. Both parameters are amendable for further inter-
pretation.
The diffusion coefficient indicates that the lifetime of

the hydrogen bonds between water molecules, close to
the protein's surface, is longer than in the bulk.
The dielectric constant of a small cavity is a function

of shape and size. Knowing these parameters allowed us
to determine the dielectric constant of the protein itself.
For this case we estimate the dielectric constant of the
protein to be, EpNot < 6.5.
The capacity to measure and analyze the dielectric

properties ofmesoscopic structures, such as an active site
of a protein, will lead to further understanding of the
electrostatic forces and contribute to the correlation be-
tween structure and function using defined physical ter-
minology.
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