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SUMMARY

Polyelectrolyte field effects are indicated by particularly large variations of thermody-
namic and kinetic constants with ionic strength. Some fundamental principles of local elec-
tric field effects in the microenvironment of polyeleetrolyte structures are discussed, aiming
at a reliable analysis of shifts in equilibrium and rate constants of ionic reaction partners
with ionic strength. It is shown that the analytical expressions, within certain limitations, are
suitable to determine effective charges involved in polyionic field effects on ionic reactions
in the immediate neighhorhood of a polyelectrolyte structure. An instructive example for
such an observation is the neuro-enzyme acetylcholinesterase. The results of a relaxation—
kinetic titration of this anionic enzyme (which hydrolyzes the cationic neuro-activator
acetylcholine) with a cationic ligand suggest that the miero environment of the enzyme-
active site consists of at least six anionic groups. A large effective, negative charge number is
also reflected in the comparatively large association rate coefficients.

These results suggest that an enzyme surface area considerably larger than the ligand bind-
ing site itself is effective in trapping a cationic ligand. This larger surface area may include
peripheral anionic sites from which ligand would move to the active site by surface diffusion.

INTRODUCTION

A considerable proportion of biological cell components are macromole-
cules, carrying electrical charges and interacting in aqueous environment con-
taining low-molecular-weight ionic, dipolar or neutral species. The ionized
groups of macromolecules (such as, for example, nucleic acids or proteins)
which are either free in the cytoplasma or are an integral part of membranes
and cytoplasmatic network structures, create sirong electric fields in the imme-
diate environment. These local fields influence not only the macromolecular
conformation and interactions between polyions but also affect the local ionic
milieu and chemiecal reactions which occur in the immediate vicinity of poly-
ionic structures. Such polyionic field effects, charge screening and ionic compe-
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tition will be especially pronounced if the density of the ionized groups is high
and if all groups are of the same charge sign.

It is recalled that ionic—electrostatic features are generally encountered in
reactions of ionic and dipolar reaction partners. If polyions participate in such
reaction, either directly or indirectly, electrostatic contributions may become
particularly large.

Ionic contributions to kinetic and equilibrium parameters of icnic and
dipolar reactions are traditionally analyzed in terms of (electric) activity coeffi-
cients or of shifts in the apparent equilibrium constants (pK-shifts). Whereas
activity coefficients are expressed in terms of a mean potential, equilibrium and
rate constants may be readily formulated as a function of the electric field; see,
e.g., Ref. 1. For polyions and polyelectrolytic environments, activity coeffi-
cients and pK-shifts are considerably larger than those of simple ions.

The prevalence of electrostatic interactions is usually indicated by a charac-
teristic dependence of equilibrium and rate parameters on ionic strength. Ana-
Iytically, variation of ionic strength may be used as a tool te investigate ionic
properties of charged molecules, as well as electrostatic details of reactions
between ionic or dipolar species. For instance, the quantitative analysis of equi-
librium and rate constants as a function of the ionic strength mainly gives the
effective charge of a macromolecular binding site and its environment.

The following account touches on some fundamental concepts for a practical
and reliable analysis of pK-shifts and of rate constants from ionic strength
dependencies; this analysis aims at the determination of effective charges
involved in polyionic field effects. An instructive example for this type of ana-
lytical approach is the isolated neuro-enzyme acetylcholinesterase. The results
of relaxation—kinetic titrations suggest that the micro-environment of the
enzyme-active site has several anionic groups which create a local electric field
equivalent to a point charge number of —6 to —7 [2]. Since the enzyme macro-
molecule has four active sites, the introduction of this charge number into the
expression for the association rate constant suggests that perhaps the entire
enzyme surface area is able to electrostatically trap cationic substrate acetyl-
choline, which is then channeled by ‘‘surface diffusion’ to the active sites
proper.

PRIMARY EFFECTS OF ELECTRIC FIELDS

The local electric fields originating from ionic structures are inhomogeneous,
decaying in intensity with increasing distance, r, from the charge centers. The
(mean) electric field force E(r), acting on charged and dipolar species, is related
to the (mean) electric potential ¥(r) of the field force by

E(r)=—VY(r) (&)
The primary effect of electric fields on interacting reaction partners is fairly
well understood [1]: orientation of dipolar species, deformation of polarizable
systems (and subsequent orientation of induced dipoles) and movement of
ionic species in the direction of the field vector. Less well explored is how these

primary effects are specifically coupled to the various chemical transforma-
tions, such as conformational transitions, or dipolar and ionic association—dis-
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sociation equilibria or steady states. In general, we know that polar structures
tend fo orient in the field direction; conformations or molecules with larger
dipole moments increase in concentration at the expense of those configura-
tions with smaller electric moments; finally, electric fields increase the dissocia-
tion of weak acidic and basic groups and promote the separation of ion pairs
into the respective dissociated ions or ionic groups (second Wien effect).

A primary aspect of electrie field effects, which is, perhaps, of general func-
tional relevance for biopolymers and for biomembranes deserves particular
attention. Here, because of steric restriction, ionic and dipolar subgroups of
chain molecules have only restricted mobility for ion-pair separations and for
orientational changes [ 3].

It is physically plausible that the strong electric fields of polyions with pre-
vailing like charges accumulate counter-ions and repel co-ions. Therefore, the
local ion concentrations (inclusively the local pH-value) in a polyelectrolyte
microenvironment can differ considerably from that of the bulk solution. Fur-
thermore, bimolecular reactions between molecules which are counter-ionic
relative fo the polyionic structure are accelerated, whereas reactions between
co-ionic species are decelerated.

It appears that the large number of ionic reactions which have been investi-
gated in the presence of dissolved polyelectrolytes, see, e.g., Ref. 4, can be
analytically treated in the same way as the catalytic reactions of enzymes cova-
lently coupled to polyelectrolyte networks, see, e.g., Refs. 5 and &: the pri-
mary effects of the local electric fields causing concentration changes and
orientational fixations of dipolar complexes, may either favor or disfavor the
formation of the activated complexes between the ionic and dipolar species.
Recently, Ise et al. provided evidence that dehydration is an important mechan-
istic factor in the electrostatic interaction between polyions and smaller ion
complexes [4,7].

SIMPLE IONIC REACTIONS

The initial chemical reaction step of a large number of complicated processes
in living organisms is the association of an ionic, low-molecular-weight ligand
(substrate, hormone, transmitter, metal ions, etc.) to a specific macromolec-
ular binding site B, on an enzyme or a receptor protein. Frequently the bind-
ing sites have one or more ionized groups of opposite charge sign compared to
that of the ligand. Furthermore, such sites are often in the neighborhoad of
membrane surfaces or are surrounded by a network of microfilaments or other
cytoskeleton structures.

The state of ionization of a macromolecular microenvironment will therefore
influence ionic bimolecular reactions such as

+ - F12
L"+B kx—z-lLB (2)
where, for simplicity, the charge numbers are taken as z;, = +1 and z5 = —1, and

where k&, and &,, are the (apparent) association and dissociation rate constants
respectively. The thermodynamic equilibirum constant K® can be expressed as a
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K® = KIIf (3)
where

K.=Te and IIf=Tf1 (4)

are the apparent equilibrium constants and IIf is the ratio of the activity coeffi-
cients; ¢; and v; are the equilibrium concentration and the stoichiometric coef-
ficient of species j respectively. Applied to reaction (2) where all [y;] = 1 we
obtain:

—EL - EB k21 fL - fB
K.=— =— d IIf=
¢ Tw kg2 an f fis
Generally, both K, and Ilf are dependent on the ionic strength I, defined by
L=} 2iez} (5)

where the sum covers all ionic species i.

It should be mentioned that the ions of a salt which is used to vary the ionic
strength may compete with the ligand L for the same site B. In this case, the
dependence on I, of K. = K°(IIf) ! is, within the usual scatter of data points,
often not discernible from the salt concentration dependence of a competition
reaction with

k2,
k(1 + Ki'5y)70

where K; and ¢; are the equilibrium constant and the concentration of a com-
peting ion i, respectively; K. = K? at ¢; = 0. Therefore, proper choice of salt and
buffer are necessary in order to differentiate between (unspecific) ionic
strength effects and specific site binding of competing ions such as metal ions;
see, eg., Ref. 2. At higher salt concentrations and with di- and trivalent ions,
specific site binding has to be taken into account.

(6)

K. =K1+ K;'g) =

Activity coefficients

The classical theoretical framework for the description of ionic strength
dependencies of rate and equilibrium constants is the calculation of activity
coefficients in terms of mean electric potentials ¥ [8]. It is recalled that the
theoretical expressions then cover only the deviations from the ideal Coulomb
behavior, hence they only account for screening contributions (due to other
ions). Therefore, extrapolation of K, or k,, to zero ionic strength, where Ilf =
1 yields the quantities K° and &%, which contain the ideal, unscreened Coulomb
terms.

This very importaat practical aspect will be outlined in slightly more detail
by recalling that the electrochemical potential ; of an ion j is given by the
chemical potential u; and an electrostatic term:

o=y + f ¥; d(z;e) - )
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integral is equal to z,ey;. Following the definition:

yj=#j°+lean (8)
where 2 is the Boltzmann constant and 7T is the absolute temperature, it is seen
that all non-idealities (of short-range interactions) except for the purely electro-
static contributions are included in the standard chemical potential 13; 1 = g;

at Cj = 1 M.
We may now introduce a standard electrochemical potential

B=u+ [v?d@ze) _ 9)
as the limit value of g; at ¢c; +~ 0, where

0. ¢
v 4mweeyr

is the ideal, unscreened Coulomb potential at the radial distance r from the
charge center; € is the vacuum permittivity and € is the dielectric constant. In-
serting equations (8) and (9) into equation (7) vields:

=@+ [¥,(n) — ¥7(N1 d(ze) 1)

The integral in equation (11) represents the contribution of the screening ion
cloud to the potential of ion j at r in the presence of other ions; it therefore
defines the (electric) activity coetficient f; according to

BT In f2i = v; [19,@ — $2@] d(ez)) (12)

where r = a is the distance of closest approach of ions { to ion j; see, e.g., Ref. 8.
At infinite dilution ¥; = ¢? and f; = 1, as required.

Now, the Gibbs free energy change for a chemical reaction between ions j
may be writien as

(10)

AG = %} vl = E ;0 + T In TIf (13)
where, accordmg to equation (11),

2o = 2ivpd + 2ov; [UP d(ze) + kT Liv;Ing, (14)
and with equation (4), the decadic logarithm of IIf is given by

log 1l = 22358 5%, (3@ — ¥i@)1 aize) as)

At ethbnum where all ¢; = S AG = 0. Since X »; In ¢; = In K, equations
(13)—(15) lead to the expression:

(Z)v;[ + [¥8@ d(ze))) = (K. Tif) = In K° (16)
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in accord with equation (3). Equation (16) clearly shows that K® contains the
ideal unscreened Coulomb potentials. Applying equation (10) to reaction (2),
the unscreened Coulomb contribution is, as expected, given by

2
2y [UP@ deze) = 2L a7

B8weoea

Ionic strength dependence of If and K,

If the reaction partners L and B are free spherical ions, then at low ion con-
centrations (<0.01 M) the general relationship of equation (15) may be very
well approximated by the conventional Debye—Hickel expression which ana-
lytically relates TIf with I. [ 8]. For higher ion concentrations c; and higher
charge numbers z;, Monte-Carlo calculations and equivalent empirical approxi-
mations (using expressions for J; in the presence of ions i which have the form
of the Debye—Hiickel potential but are corrected for electroneutrality [9])
have shown that it is usually preferable to use semi-empirical extensions of the
Debye-Hiickel expression; for a review, see Ref. 10. For ion concenirations not
too high (0.2 M), equation (15) may be applied to reaction (2) in the form:

V1,
2A,zzpV]; +C-1, (18)
+ BaypV1,

where A, and B are the Debye—Hiickel constants for a given temperature and
dielectric constant [8]. The last term on the r.h.s. of equation (18) is more cor-
rectly expressed in terms of the molality m,  of the complex LB [10]. If, how-
ever, as very oiten encountered, m; g << I, we may use equation (18) with C
as an adjustable parameter.

Finally, the combination of equation (18) with equation (3) results in the
practically applicable relationship:

log IIf =

loch=10gK13_2_Afz$ 'Ic—c.[c (19)
1 + Bayp/I,
from which number values for the product z;, - 2z, @z and C may be obtained.
DK-shift
Equation (3) may be rewntten as
log TIf =pK. —pK°® = ApK (20)

where the dependence of K, on [, is expressed as a pK-shift.
In the presence of ions competing with L for B, or vice versa, the measured
total pK-shift, ApK; has two contributions:

ApKy= ApK + ApK, (21)
where, according to equation (6),
ApK, = pK. —pK2=—log(1 + K;'c) (22)

being zero for c¢; = 0. Note that it is only the difference ApK = ApKy— ApK,
which can be analyzed according to equations (18) and (19).
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Iornic strength dependence of kinetic constants

According to concepts of Brgnsted and Bjerrum the association step L* +
B~ —» LB is viewed as
L'+B"=X-~»LB
where X is the activated complex; sece e.g., Ref. 8. Analogous to Scatchard’s

treatment of the primary salt effect we may specify the apparent association
rate constant by

R1z = RLINf (23)

where IIf = fy, * fa/fx = f1 - fe/fus = f - fa; fx = fLr = 1, because X and LB are
neutral.
According to Eigen (1954) a more realistic scheme for an ionic reaction com-
prises at least two steps [11,12]:
k) ko
L*+B~ = L*-B~ = LB (24)
-1 -2
where the encounter complex L - B™ represents an ion pair with still intact hy-
dration shells (outer-sphere complex).
The icnic strength of the solution primarily affects the diffusional encounter
step L' + B~ == L' - B™; at equilibrium,

B, = RYIIf (25)

where the species L* - B™ is considered neutral.

Experimentally, the rate coefficients are determined from the concentration
changes with time. The expression (25) applies only if during the changes in
¢, (j = L, B, LB), the activity coefficients can be considered constant. For small
concentrations of j and small concentration changes 6¢, (as encountered under
chemical relaxation conditions), and if the activity coefficient are primarily
determined by the presence of an inert salt, equations (23) and (25) may be
applied; see, however, Ref. 12.

When the condifion cy.. g << cypp holds, the steady-state assumption applies
and equations (2) and (24) are related by

B, -k, k- k_,
k_,+k, kR, +Ek,

For k, >> k_,, By = ky3; in this case the overall complex formation is termed
“diffusion-controlled’’.

Provided that the experimental conditions permit the use of equations (23)
or (25), together with equations (18), then, for instance, from the expression:

Ry = and £&;; = (26)

el L c.g, (27
+ Baga /1,

effective charge 25 and &, but also the adjustable parameter C may be deter-
mined.

logk, =log k) +
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Effective charge numbers from k9

It should be mentioned that the absolute value of k&9 directly involves the
charge numbers and for |z, - zgl >> 1, permits a good estimate for this pro-
duct. The theoretical expression for 2} may be written as

QN,
10°
where {2 is the solid angle of diffusional approach (§2 = 4r for spherically sym-
metric ions), N, Avogadro’s number, D;, + Dg the sum of the diffusion coeffi-
cients of L. and B and dy,. g the mean distance between the centers of L and B
in the encounter complex; the electrostatic factor at I, = 0,
P =n("—1)" (29)

is determined by the ratio n between electrostatic and thermal energy:

kY = (Dy, + Dg)dy.5 - 8% (28)

z 2
= 41re°:')¢ziie. =T (30
Similarly, the dissociation rate constant is expressed [11,12] as:
B2 = 52— (D + Do) 6%, (31)
where
2, =n(1 —e ™!
Introducing now equation (30) into equation (29), it is seen that for In} >>
1, ¢% = n and that equation (28) is reduced to the simple form

12y, - zgle?
—_— 32
4weqekT (32)

where the encounter distance has dropped. Therefore, if the charge number
product |2y, - 2| is large, then the isothermal diffusional approach between L
and B is determined solely by the charges. On the other hand, extrapolation of
k, = f(I.) to I. = 0 should permit a good estimate of zy, - zg from equation (32).

0N,
Fel =—10—§4 (Dy. + Dg)

POLYELECTROLYTE MICROENVIRONMENT

As outlined in the previous Section, the analysis of shifts in pK and rate con-
stants with ionic strength is straightforward for small spherical ions. When,
however, one of the reaction pariners, say B, is a part of macromolecular or
membraneous surface, it will generally be accessible only from one side;i.e. the
solid angle of approach may be approximated by £2 = 27; see equations (28)
and (32). For the same reason the ion cloud is certainly not spherical. A further
degree of complexity appears when the neighborhood of site B is polyionic. As
long as the exact position of the fixed charges is not known, any theoretical
approach to describe details of a polyelectrolyte microenvironment remains
highly approximate, see also Ref. 6. Formally, we may separate the observed
pK-shift, ApK, into two contributions because the mobile ions as well as the
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ionized fixed groups determine the mean potential ¥z (@) at the site of interac-
tion with the ligand L:

ApKy = pK, —pK°® + ApK’ (33)
where
ApK' = 0:2,43 Zy, - eAyp (34)

covers the contéribution Ayp of the polyelectrolyte environment.

Two limiting cases are now of particular interest.

At low bulk ionic strength the polyelectrolyte contribution may be con-
sidered dominant, therefore:

ApKr = ApK’ (35)
and the local concentration cg, of L may be expressed as
cy = Gy, exp[—=zre AYp/ET] (36)

It is readily seen that counter-ionic L is accumulated, c;, > ¢y, relative to the
bulk, and co-ionic L is repelled (¢}, < €;,) from the microenvironment.

At high ionic strengths and if the average distance between the neighboring
fixed charges and the site B is larger than @, small counter-ions may screen the
contribution ApK' to a large extent. Then:

ApK; = pK, —pK°® 37

may be analyzed according to equations (20) and (18). Indeed for immobilized
enzymes it has been found that the polyelectrolyte contribution is practically
non-existent at high ionic strengths [5].

In the case where pK-shifts and variations of rate const~>- ts are caused by the
presence of linear polyelecirolyte structures, theory predi .. that Ilf depends
on the logarithm of I, rather than </, at low ionic strength, see, e.g., Refs.

4, 13—15. Thus, the shape of the I.-dependence may be used as an additional
diagnostic fool.

If, however, large variations of equilibrium and rate parameters are more sim-
ilar to a </I.-dependence, then it is always tempting to start the analysis in the
framework of equations (18), (19) and (27). An instructive example of this
type of approach is the neuro-enzyme acetylcholinesterase which catalyzes the
hydrolysis of the neuro-activator acetylcholine.

POLYIONIC FIELD EFFECT IN BIOCCATALYSIS

The catalytic parameters of acetylcholinesterase (E.C. 3.1.1.7) from the elec-
tric eel are known to be strongly dependent on the ionic strength; see, e.g., Ref.
2. The enzyme itself can be isolated as a globular protein of a molecular weight
of about 290 000 daltons (11 S), and has an isoelectric point of pI = 4.5. The
protein is thus anionic under experimental conditions of pH 7 to 8. The turn-
over constant for the catalytic decomposition of the natural substrate acetyl-
choline in 0.1 M NaCl, pH 8 and 298 K is &.a¢ = 1.6 X 10% s™!; the 11 S mole-
cule has four apparently independent, catalytically active sites.
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In order to explore ionic—electrostatic aspects of substrate binding, fluores-
cent non-substrates can be used, which bind specifically to the catalytic sites
and are cations like acetylcholine, but are not hydrolyzed. Particularly suited is
the compound N-methylacridinium, the fluorescence of which is totally
quenched when bound to the enzyme, thus providing an optical signal tc
resolve very rapid concentration changes [16]. Primary kinetic data are the
relaxation spectra caused by very rapid temperature jumps (of 3.3 K) in solu-
tions of enzyme and fluorescent ligand at various ionic strengths. Relaxation
times and amplitudes have been analyzed in terms of total concentrations of
ligand and protein [16].

Results

A key result of the relaxation kinetic study is that the relaxations observed
are bimolecularly controlled throughout the whole concentration range of
iigands. Thus, the overall scheme of equation (2} applies.

It is seen in Fig. 1 that the bimolecular rate constants between 10'° and 10°
M™ s7! are unusually high for enzyme—ligand interactions. In addition, the
association rate constants are very strongly dependent on the ionic strength of
the solution. An increase in the ionic strength I, from 1 mM to 100 mM
decreases the association rate constant by a factor of about 10. The dissocia-
tion rate constant k,; = 153 + 10 s™! is practically independent of I..

The experimental values of k,, have been analyzed according to equations
{18) and (23); see also equation (27). At the experimental temperature T' = 298
K,wehave e =79, A =0.509 M~ 1/2 and B=0.329 X 10'° M~ 1'2 ;;~'. g is now
the mean distance of closest approach between the enzyme active site E and
counter ions; 2y, = +1 is the charge number of ligand N-methylacridinium and
zg = zg is the effective charge number associated with a ligand binding site of
the macromolecule.

Treating the data in terms of the total concentration of active sites [2,16],

90
38
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2 \
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3 +
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L2 (M) \’~
C

g8

2 L1 13 1 2 3 3
] 065 010 015 020 025 030 035

Fig. 1. Association rate constant kj» for the reaction of acetylcholinesterase with N-methyl-
acridinium at pH 7 and 298 K, as a function of ionic strength, I, (see Ref. 2).
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least-squares analysis yields:
=131 X10°Ms?, Ze-e=—10.08+ 0.8 X107 '8 C, @a=0.91 nm

Because for acetylcholinesterase there is no evidence for polyvalent charged
groups, lzgl = 6.3 (£0.5) is the effective number of monovalent anionic groups
involved in the association of cationic ligands to the active site. It is now of
physiological importance that virtually the same ionic strength dependence is
observed for a catalytic parameter proportional to &,, of acetylthiocholine,
B..¢/Kapp, @ substrate whose structure and kinetic properties are very similar to
those of acetylcholine [2]; K,pp is the apparent Michaelis—Menten constant.

Discussion

The application of equation (27) to the acetylcholinesterase data requires
some comment. The value zg = —6.3 (£0.5) aggravates the problems involved in
viewing the macromolecular charges around an active site as an equivalent point
charge. Furthermore, the number values of &, classify the reaction, equation
(24), as close to diffusion controlled. Hence, coupling between the chemical
relaxation and the relaxation of the ionic atmosphere must actually be taken
into account; this is, however, a still unresolved theoretical problem [11,12]. It
must be assumed that the relatively high concentrations (1 mM) of inert
strong electrolytes, compared to the uM concentrations of L and E, provide
sufficient electrostatic screening to permit estimation of the activity coeffi-
cients for the non-equilibrium states during the relaxation in the same formal
way as for equilibrated ionic atmospheres. Therefore, the value of zg must be
viewed as an approximation which has to be considered with care for several
reasons. The number value clearly refers to one active site, but it includes con-
tributions of the entire macromolecule; the relatively low isoeleciric point of
4.5 suggests a considerable net negative charge at pH 7. Furthermore, the possi-
bility that the enzyme-active site may be partially buried in a hydrophobic area
of lower dielectric constant could lead to an overestimate of zg because both
the constants A and B in equation (27) are inversely proportional to € at the
active site surface [Z2].

The value of £9, = 1.1 X 10'° M~! 57! at zero ionic strength, for N-methyl-
acridinium is the highest reported for the interaction of a small ligand with a
specific protein binding site. To assess the question of diffusion control the
overall reaction has been analyzed in terms of scheme (24). Because the relaxa-
tion spectrum shows no evidence for a second relaxation with a respective char-
acteristic dependence of time constant and amplitude en ligand concentration,
E~ - L' must be present only in very low steady-state concentration, and equa-
tions (26) can be applied. Further analysis continues with equations (28) and
(29). Using = 2m, the estimate for the sum Dg + Dy, = Dy, =10 cm*s™',e =
16X101°C,e=8.85X1012C2J 'm™,e=79and T =4.12X 102 Jat
298 K, zz = —6.3 and @ = dg. 1, = 0.91 nm, we obtain n = —4.9, hence ¢? = 4.9
and finally 29 =1.7 X 101° M~ 5L,

Similarly ¢? in equation (31) is 0.037 and hence &2, =7 X 107 s7%.

Introducing now the number values of k3, = 1.1 X 10" M~* s7* and of &3, =
1.53 X 102 s~1 and those of £? and &%, inte equations (26), we find that &3 >



(32), we estimate |zg| = 4, constistent with the zg value derived by equation
(27).

It thus appears that the analytical treatment of the kinetic data of acetyl-
cholinesterase according to equation (27) leads to a quite reliable estimate of
the ratio zge/e. With € = €n,0, 2g = —6.3 (£0.5) may be considered as a mean-
ingful estimate for the effective charge of the active site.

The comparatively large values of k,, observed with cationic ligands led to
the suggestion that an enzyme surface area larger than the ligand binding site
itself is effective in trapping a ligand in the encounter complex [2,16]. This
larger surface area might include peripheral anionic sites from which the ligand
would move to the active site by surface diffusion. The high negative charge
number zg supports this concept. The charged groups contributing to an effec-
tive charge of about 6 would be expected to be dispersed over an enzyme sur-
face area greater than the immediate catalytie site. From equation (32) it is
appareat that the size of the encounter cross-section represenied by dg. g,
becomes in any case irrelevant, if the charge number product [2g - 23] becomes
as high as 6.

In summary, we may conclude that the high bimolecular association rate
constants and the unusually strong ionic strength dependence of kinetic and
thermodynamic parameters have its physical origin in a dominantly anionic sur-
face structure of this enzyme. Physiologically, the polyionic enzyme acetyl-
cholinesterase appears to be a powerful electrostatic sink for trapping and
decomposing the acetylcholine cation. The maximum rate with which the hy-
drolysis products of acetylcholine can appear is 2.4 = 1.6 X 10*s™ at 298 K
and I. = 0.1 M. This high tumover is actually only achieved when the condifion
k.2[A] = k... holds. If for acetylcholine %,, is indeed ~10° M ™! s™! the activa-
tor concentration, [A], may decrease to 1075 M yet an efficient hydrolytic
removal of acetylcholine is guaranteed. This physiological aspect is further dis-
cussed in the context of molecular processes involved in neuronal information
transfer [17]. .

It is finally remarked that the expressions in equations (19) and (27) respec-
tively, appear to represent a useful framework to determine surface charges of
globular polyicnic systems by thermodynamic and kinetiic titrations with
proper ligands.
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