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The feasibility of the inclusion of reaction field effects in accurate ab initio self-consistent field—molecular orbital
calculations was studied in the case of proton transfer in the active site of actinidir.. The effects of the polarizability of the
environment were included, using the direct reaction field model, which treats the environment as a set of interaciing
polarizable atoms. Up to 1000 of these atoms could be treated but about 300 were sufficient. The full geometry of the active
site and the environment was taken into account. The stabilization of the ion pair was calculated to be 3.5 keal, but this value
may be 10 kcal depending on the geometry used. The effect of the static field from the long a-helix present in the enzyme was
also studied. Dispersion effects are shown to be unimportant. The orientational polarizability of side chains and water

molecules was not included.

1. Introduction

An important step in the resolution of the prob-
lem of environmental effects on enzymatic mecha-
nisms is a realistic treatment of the polarizability
of the environment. This problem has been at-
tacked in studies of proton transfers in systems
such as Cys-25-His-159—-Asn-175 in papain or in
the lactate dehydrogenase proton-relay system [1].
Because of the complexity of the maihematical
treatment of diclectric effects in complex systems,
often approximate methods are used, in which a
molecule and its environment are treated as a
limited number of charges in a spherical or el-
lipsoidal cavity in a continuum dielectric [2-4].
The method of mirror charges [5] is approximate
and still treats the environment as a continuum.
Noncontinuum methods have been used recently
[1,6] but only in the context of approximate quan-
tum-mechanical calculations. In order to avoid the
approximations of these methods, we developed
the direct reaction field method [7] which treats
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the environment as a large set of interacting
polarizable atoms in an arbitrary geometry. The
polarizability of the atoms, and the form of the
interaction between the induced dipoles are chosen
such that molecular electronic polarizabilities are
reproduced realistically [8], thus avoiding the
choice of the value for a dielectric constant. In the
quantum-mechanical calculation approximations
are made which produce errors of about 10% or
smaller [9]. The total error in this part of the
reaction field effect is most probably well within
50%. It is also possible to calculate a quantity,
V4isP which is an upper limit for the dispersion
interaction between the system considered and its
environment. This upper limit is typically wco Jarge
by a factor of 2 [9], but basis set effects com-:only
result in it being calculated too small by a factor
of up to 2. This value can be used to give an
impression of the effects of dispersion.

This paper will demonstrate the feasibility of
accurate calculations of reaction ficld effects in
the case of proton transfer in the active site of



actinidin.which is very much like that of papain
[10.11]. but its X-ray structure is more accurate
[12]. Since Cys S~ is a stronger base than His,
special environmental effects are needed in order
to make Cys-25 S~ ---H™* His-162—-Asn-182 the
more stable structure (fig. 1). Indeed. previous
work on papain [13.14] provided strong evidence
that the electric field of the a-helix [15]. compris-
ing residues 24-43, has a large effect, by pushing
the sulfhydryl proton towards Ng, of His-162,
stabilizing the ion pair by 15 kcal [13]. Together
with smaller contributions from neighbouring units
[16]. this makes the presence of the zwitterion very
probable. This result is supported by experimental
evidence [17-19].

Reaction field effects on this system are ex-
pected for two reasons. First charge separation is
expected to be stabilized by a polarizable environ-
ment because the environmient can relax more
strengly in the stronger field from the ion pair.
Second. the field from the helix will be changed by
the environment. Tn the simplest approach it will
be divided by the dielectric constant. for which
values of 2-120 [2.20] may be appropriate, de-
pending on the amount of free water present. and
on the geometry. The relatively accurate calcula-
tions presented here will probabiy settle many of
the discussions and uncertainties about the magni-
tude of dielectric effects on proton transfer-type
mechanisms in proteins. Note. however. that we
will be concerned here only with the polarizability
of protein atoms. The orientational polarizability
of water molecules or of protein side chains is not
taken into account. Some preliminary results of
the calculations have been discussed in refs. 21
and 22,

2. Calculations

Fig. 1 shows two models for the active site of
actinidin, systems I and II. Methanethiol. im-
idazole and formaldehyde represent Cys-25, His-
162 and Asn-182. respactivelv. Fig. 2 shows the
results from previous ab initio Hartree-Fock calcu-
lations on system II. Details on these calculations
can be found in refs. 13 and 14. We only note here
that a double zeta basis set was used and that the
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Fig. 1. Model systems for the active sites of papain and
actinidin.

S—-N distance was 3.00 A, a distance which we
then considered as a lower limit compatible with
the papain X-ray data [14]. Fig. 2 shows that the
electric field from the helix stabilized the ion pair
by about 10 kcal.

For the present calculations of the dielectric
effects on these curves we used coordinates taken
from the X-ray structure of actinidin [12] instead
of papain, because actinidin’s X-ray structure is
more accurate. In the following the actinidin num-
bering will be used. We followed Baker’s [12]
suggestion to rotate the ring of His-162 over 35°
such that the Cys-25 sulfur atom was nearly in the
plane of the ring. The distance between S,-25 and
N;,-162 was found to be 2.94 A. This is rather
short compared to the distances of 3.00 A (fig. 2)
and 3.35 A used in the papain calculations, and
this fact is the cause of the differences between our
results for these molecules. In this paper, however,
we are only interested in the effects of a polariz-
able environment, and these can be studied apart
from the question of the correct geometry. The
curves in fig. 3 for the system without a polariz-
able environment can be compared to those of fig.
2. The shorter S—N distance in fig. 3 makes the
minimum near N disappear completely, even when
the helix field is applied, and it will be particularly
hard to find the effects which make the ion pair
structure the most stable one. Note that fig. 3 gives
the curves for system I, which contains no for-
maldehyde.

After the application of the helix field the sec-
ond effect we add is the polarizability of the rest
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of the environment. The helix field was generated
by the charges 0.42, —0.42, —0.20 and 0.20 [5] on
C, O, N and HN from C of Gly-24 to HN of
Gly-43. In order to avoid excessive polarization,
those atoms in close contact with the helix charges
or with the active site model system had to be
removed from the list of polarizable atoms. At
distances shorter thza approx. 2 A our model
breaks down because it does not treat short-range
effects properly. Thus, apart from the charged
atoms of the helix backbone, also the C_’s of units
24--43, and C, and C; of His-162, together with
their hydrogers, were deleted. Note that the side
chains of the helix were included in the list of
polarizable atoms. No water molecules were
considered. In order to study the distance depend-
ency of the dielectric effects we chose from the
environment those atoms not farther than a certain
distance from the closest atomn in the active site
model (system I). In fig. 3 this distance was 24 a.u.
12.7 A) which was the largest distance we could
use without running into excessive computation
times (more than a few hours on a Cyber 176,/760).
Within this radius there were 1047 polarizable
atoms. The curves in fig. 3 give the energy of the
complete system in which the active site model is
treated quantum mechanically, including the effect
of the helix field on the active site and the polari-
zation of the environment by the active site and by
the helix.

The ion pair in itself was expected to be stabi-
lized by the polarizable environment. This is
confirmed by the curve for the system with
polarizabilities and without helix field (curve 2).
The effect of the helix field was expected to de-
crease in a polarizable environment. The latter
effect is calculated to be smaller than the former,
stabilizing effect. This follows from the fact that
curve 4 is lower than curve 3 at the ion pair side.
Buti the effect of the helix field is indeed decreased
from 7.0 to 5.3 kcal at the S—H distance of 2 A,
from which we may derive an effective dielectric
constant of 1.3 for this effect. For the system with
the helix field the polarization gives an extra sta-
bilization of the ion pair of 3.5 kcal. This value is
small compared to values of the order of 50 kcal
obtained by Tapia and Johannin [1], which is
probably due to their large approximations, espe-
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Fig. 2. Results of ab initio SCF calculations on model II of fig.
1. S;o—N;=3.00 A. Coordinates from ref. 14. Double zeta
basis; cf. appendix.

cially the neglect of electropoles of higher order
than dipoles. On the other hand, our S—N distance
is rather small and the proton is thus transferred
over a corresponding short distance. Smaller
changes in the active site are expected to give
smaller changes in the reaction field. The effect of
the helix field on the stabilization of the ion pair
for S—N distances of 2.94, 3.00 and 3.35 A is 7, 10
and 15 kcal, respectively. This effect should be
approximately proportional to the change in di-
pole moment caused by the transfer of the proton.
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Fig. 3. Results of calculations for system 1 with various combi-
nations of environmental eff ‘t.. $-N =294 A. Coordinates
from ref. 12. cf. text. Double zeta basis. cf. appendix. Lower
part: ( ) without polarizability, (------ } with polariza-
bility (cutoff 12.7 A). (------ ) estimated for system with
polarizability. and point charges for Asn-182, (&) with helix
ficld. (©) without helix field. All curves shifted to zero energy
for S-H =14 A. Upper part: dispersion contribution to the
curves with polarizability.

The reaction field effect is expected to be quadratic
in the change in dipole moment, giving for the
aforementioned distances 3.5, 7 and 16 kcal. This
quadratic response is valid for a dipole in a cavity
of constant radius [3}. Concomitant enlargement
of the cavity will lower the effect giving a less than
quadratic response. Thus, the 7 and 16 kcal are
probably upper limits and 5 and 8 kcal may be
more realistic values.

In the top part of fig. 3 the value of the disper-
sion term is plotted. As expected, it is large, but
the fluctuations with the position of the proton are
small. The dispersion stabilizes the ion pair by 0.5
kcal. Note, however, that this value is only an
estimate. We may, however, conclude that disper-
sion effects are unimportant as far as the relative
stability of the ion pair is concerned.

In order to estimate how much of the polariz-
able environment has to be taken into account we
also carried out calculations with other cutoff radii.
Some results are collected in table 1. The calcu-
lation with 7.9 A gave about the same curves as
those with 12.7 A while they included only 3il
atoms. Within 0.3 kcal they showed the same
trends and were shifted upward by about 1.5 kcal.
The calculations with a cutoff radius of 3.7 A
showed significant differences in the induction and
dispcrsion effects. In following calculations 8 Alis
therefore sufficient and 5 A may be a lower limit.
The time required for the calculation of the trans-
fer matrix of the environment is a third-power
function of the number of atoms. With a cutoff
radius of 8 A (311 atoms) this calculation time is
still far from being a bottleneck in the whole
quantum-mechanical calculation. Thus, there is no
reason to use a smaller radius and so the complete
accuracy of the model is easily achieved. Vygy is
the induction energy released when the helix is
immersed partly into the sphere containing the
environment, in the absence of the active site
model. This term is included for completeness and
gives an impression of the magnitude of this inter-
action. Note that the side chains of the helix are
counted as environment.
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Table 1
Dependency of reaction field effects on cutoff radius

All energies are given in kcal; cf. the appendix for exact definitions.

Cutoff®  N*® Induction © Dispersion 4 Vieu® CPU“
A T helix | —helix & + helix “helix time * {s)
s! NI S N s N s N
2.1 1 —057 —091 —~046 —0.79 —4.30 —4.16 —-432 —~4.18 —000 2
24 3  —~068 183 ~06% —214 —1571 —1i599 —1569 ~1603 —0.07 2
2.6 7  -076 -209 -~083 —255 —2196 —2236 —21.99 —2246 —0.17 2
3.7 4] —1p® 3983 —~161 —509 —4831 —4866 —4835 —4884 —060 10
7.9 311 ~0.56 —361 —221 —~675 —6307 —6353 —63.09 ~6370 —4.78 204
12.7 1047 —043 —343 —230 —7.03 —~6455 —6507 6460 ~6519 —690 6600

* Atoms within this distance to the closest atom in the active site model are taken as polarizable.

® Total number of polarizable atoms.

€ Stabilization of active site model by po'arization of the environment, calculated as the drop in SCF energy on introduction of the
direct reaction field energy term into the Hamiltonian, minus the dispersion term. Fygy. which is independent of the proton
position, is not included.

¢ Dispersion interaction between active site model and polarizable atoms.

¢ Energy of interaction between the helix and the polarizable atoms.

I Calculation with point charges on helix backbone atoms (see text).

% Calculation with zero charges on helix.

® CPU time, required on DC Cyber 170/760 computer, for calculation of the quantities, given in the appendix of ref. 7. which
describe the nolarizability of the environment. The major contribution is from the Cholesky decomposition of the 3N xX3N

interaction matrix which takes about 3¥3 multiplications.

f Proton position near S of Cys-25. S—~H = 1.4 A. Neutral configuration,
4 Proton position near N of His-162. S-H = 2.0 A. fon pair configuration.

3. Discussion

The present calculations show that it is feasible
to perform reaction field calculations with a model
which treats the environment as a set of interact-
ing polarizable atoms. A set of 300 atoms is suffi-
cient and can be treated conveniently. The model
gives full regard to the geometry of the active site
and of the environment. Furthermore, an estimate
of the dispersion effects is obtained. Assuming
that we may divide a system into a quantum-
mechanical and a classical part, deleting short
contacts and adding H atoms t¢ the quantum part
where necessary, the model gives the reaction field
effects with an error which is probably well below
50%. Thus, future research on reaction field effects
will be much less determined by speculations on
the errors in the theoretical calculations. In protein
work the next step now will to be study the effects
of the orientational polarizability of side chains

and of water. These effects are potentially very
large, as is indicated by the large dielectric con-
stant of water which can reduce all electrostatic
effects to about zero. On the other hand, vater
near the surface of an enzyme is partially bound
and restrained in its movement. Moreover, if nec-
essary, the enzyme may be especially designed to
reduce the effects of water, or apply them for its
own needs. Many enzymes are made just to cata-
lyze reactions which will not proceed in an aqueous
environment.

The orientational polarizabililty of bulk water
can possibly be simulated by assigning a polariza-
bility to each water molecule which reproduces the
correct dielectric constant. Water near the surface,
and side chains, can probably only be studied by
molecular dynamics, Monte Carlo and other statis-
tical methods, which may perhaps supply effective
polarizabilities. Also, a method like that of Bolis et
al. [16] may be used, which minimizes the orienta-
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tional energy of the environment for each config-
uration of the quantum-mechanical part.
With the S-N distance of 2.94 A, the ion pair

configuration is still unstable by 7 kcal after intro-

duction of the helix field and of a polarizable
environment which give stabilizing effects of 5.3
and 3.5 kcal. From a calculation w.th point charges
for Asn-182 without a polarizable environment, we
estimate the stabilization b oy the static field from
Asn to be 2 kcal. Otkher groups will give some
more stabilization (Ala-163). Also, the field from
the helix, as calculated by the point charges we
used. is underestimated by 30-40% [23,24]. There-
fore, its effect is underestimated by 2 or 3 kcai.
Thus, even with this S—N distance the ion pair is
about stable. This precarious balance shows that
accurate coordinates from X-ray measurements are
very desirable for this type of calculation, in order
to avoid the tedious geometry optimizations which
are needed to settle the problem.

Appendix: Details of the calculations

The Hamiltonian used for the calculations on
the active site \( ii‘ltluuulc ine effects of the field
from the helix H aad ihe polarizable environment

E. may be written, in analogy to ref, 9:

Q.
Hiw= Hyo + Z Q Z /, AR Z fhAnaty,

rpqt yrs

Hoo + Vo + Vo + Voro (A1)

]

where H,, is the “normal’. internal energy of Q,
Q, and QO the charges of the particles in Q (elec-
trons and nuclei) and H. respectively, f,, the field
of particle r in point p. and 4 the transfer matrix
of E. Subscripts if. pg and rs denote particles in Q.
E and H. respectively. Terms Vi and Viggy.

occurring in the total energy of the complete sys-
.

tem. have not been included, because they do not
contain coordinates of Q. Vyyyyy is, however, dis-

played in table 1.
We define |¢°) as the Hartree-Fock ground
of H | g i d IASCN oo els oraun d qtata
Q T »” }{Q <211 'q) / «@Txd> L1 sluuuu QLate

of HM. Further, we use for shorthand:

where F and 4 are supermatrices. Then

var(g) = — I(SIFTAF|$) + 1 {o|F |9)A(s|Flo)  (A3)
Vird(¢) = (oI H,uld) — (1 Hog + Viald®) — VPP (¢)

The auantitias in hla 1 o
108 gquantiiies in tabie 1 are

Vind(‘#SC) and lesp(tpSC).

The basis set used for the SCF-LCAO calcula-
tions is the (7/3) Gaussian basis of Roos and
Siegbahn [25] contracted to a (4111/21) ‘double
zeta’ atomic basis. For hydrogen we use the 3s
basis of Jonkman et al. [26] contracted to (21).

Matrix elements of the reaction field and the
helix field terms in the Hamiltonian are calculated
in a multicenter dipole expansion by the methods
described in refs. 7 and 9. As expansion centers we

used all the atoms of the active site plus all the 12
nositions of H The 12 nraoton nnuhnnc were

POSIUCHS O T35. 240 Proion QS1110NE WwWer

taken along the line connecting S,O—N, at dis-
tances indicated in fig. 3. The extra computation
time needed for the calculation of the quantities
given in the appendix of ref. 7 is given in table 1.
Further, the two-electron mtegram of H, 11QEQ requirc
about 20% of the time needed for the coulomb
electron repulsion integrals. The SCF procedure is
equal to the normal procedure and does not re-
quire extra computation time. V9P is calculated
separately afterward in the time needed for one
SCF iteration.

For the construction of A we used the model
described in the appendix of ref. 8. For the atomic
polarizability of sulfur atoms we used ag= 23.22
a.u. = 3.44 A’, This value was obtained from varia-
tion periurbation theory by Fraga et al. [27], which

seems iustified because atomic pnlqrr)thhnpc ob-

Sceims jul CAUsSe altonniig

tained from a fit to experimental molecular
polarizabilities differ only by 20-30% from Fraga’s
values. Moreover, there are no sulfur atoms suffi-
ciently rear the active site to be significant.

References

O. Tapia and G. Johannin, J. Chem. Phys. 75 (1981) 3624.

S. Ehrenson. J. Am. Chem. Soc. 98 (1976) 7510.

L. Onszger, J. Am. Chem. Soc. 58 (1936) 1486.
J.G. Kirkwood and F.H. Westheimer, J. Chem. Phys. 6

ys

H WK -

[
]
~
(1]
(]
¢



B.T. Thole, P.T. van Duijner: / Reaction field effects on proton transfer 5¢

5 R. Constanciel, Theor. Chim. Acta 54 (1980) 123.

6 A. Warshel and M. Levitt, J. Mol. Biol. 103 (1974) 227.

7 B.T. Thole and P.T. van Duijnen, Theor. Chim. Acta 55
(1980) 307.

8 B.T. Thole, Chem. Phys. 59 (1981) 341.

9 B.T. Thole and P.T. van Duijnen, Chem. Phys. 71 (1982)
211.

10 J. Drenth, K.H. Kalk and H.M. Swen, Biochemistry 15
(1976) 3731.

11 J. Drenth, H.M. Swen, W. Hoogenstraatenn and L.AA.
Sluyterman, Proc. K. Ned. Acad, Wet. C78 (1975) 104,

12 E.N. Baker, J. Mol. Biol. 115 (1977) 263.

13 P.T. van Duijnen, B.T. Thole and W.G.J. Hol, Biophys.
Chem. 9 (1979) 273.

14 P.T. van Duijnen, B.T. Thole, R. Broer and W.C.
Nieuwpoort, Int. J. Quantum Chem. 17 (1980) 651.

15 W.G.J. Hol, P.T. van Duiinen and H.J.C. Berendsen, Na-
ture 273 (1978) 443,

16 G. Bolis, E. Clementi, M. Ragazzi, D. Salvadero and D.
Ferro, Int. J. Quantum Chem. 14 (1978) 815,

17 G. Lowe and A.S. Withworth, Biochem. J. 141 (1974) 503,

18
19
20
21

22

23
24

S.D. Lewis, F.A. Johnson, A.K. Ohno and J.A. Shafer, J.
Biol. Chem. 253 (1978) 5080.

F.A. Johnson, S.D. Lewis and J.A. Shafer, Biochemistry 20
(1981) 48.

D.C. Recs, J. Mol. Biol. 141 (1980) 323,

P.T. van Duijnen and B.T. Thole, in: Quantum theory of
chemical reactions, ed. R. Daudel (Reiijel, Dordrecht, 1982)
Vol. 3, p. 85.

B.T. Thole, P.T. van Duijnen and J.C. de Jager, in: Struc-
ture and dynamics: nucleic acids and proteins, eds. E.
Clementi and R.H. Sarma (Adenine Press, Guilderland,
NY, 1983) p. 95.

A. Wada, Adv. Biophys. 9 (1976) 1.

P.T. van Duijnen and B.T. Thole, Biopolymers 21 (1982)
1749.

B. Roos and P. Siegbahn, Theor, Chim. Acta 17 (1970) 163,
H. Jonkman, G.A. van der Velde and W.C., Nicuwpoort,
Chem, Phys. Lett. 25 (1974) 62.

S. Fraga, J. Karwoski and K.M.S. Saxena, Handbook of
atomic data (Elsevier, Amsterdam, 1976),



