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The feasibility of the inclusion oi 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 interacting 
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 kcal. 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 orients!ionai polarizability of side chains and waler 
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-2%His-159-Asn-175 in papain or in 
the lactate dehydrogenase proton-relay system [I]. 
Because of the complexity of the mxihematical 
treatment of dielectric effects in complex systems, 
often approximate methods are ussd, in which a 
molecule and its environment are treated as a 
limited number of charges ir, a spherical or el- 
lipsoidal cavity in a continuum dielectric [2-41. 
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 

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 indaced dipoles are chosen 
such that molecular electronic polarizabilities are 
reproduced realistically [S], 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 
SO%_ It is also possible to calculate a quantity, 
Vdisp, which is an upper limit for the dispersion 
interaction between the system considered and its 
environment_ This upper limit is typically X-C large 
by a factor of 2 [9], but basis set effects corn-!ilnly 
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 field effects in 
the case of proton transfer in the active site of 
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actinidinwhich is very much like that of papain 
[IO. 1 I]. but its X-ray structure is more accurate 
[ 121. 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 
vvork on papain C13.141 provided strong evidence 
that the electric field of the cu-heIix [15]. compris- 
ing residues 24-43, has a large effect. by pushing 
the sulfhydryl proton towards N,, of His-162, 
stabilizing the ion pair by 15 kcal [13]. Together 
with smaller contributions from neighbouring units 
[ 161. this makes the presence of the zwitterion very 
probable. This result is supported by experimental 
evidence [ 17- 191. 

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 environment can relax more 
strongly 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 uncertain:ies about the magni- 
tude of dielectric effects on proton transfer-type 
mechanisms in proteins. Note. however. that we 
\-ill be concerned hrre 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. respsttively. 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 

acrinidin. 

papain and 

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, 0, 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 thzn 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 Ca of His-162, together with 
their hydrogecs, 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 atom in the active site 
model (system I). In fig. 3 this distance was 24 au. 
(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 170/760). 
Within this radius there were 1047 polarizable 
atoms. The curves in fig. 3 give :he 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. 
But the effect of the helix field is indeed decreas:d 
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 vaIue is 
small compared to values of the order of 50 kcai 
obtained by Tapia and Jbhannin [I], which is 
probably due to their large approximations, espe- 
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Fig. 2. Results of ab initio SCF calcuiations orl model II of fig. 
I. S,,-N, = 3.00 A. Coordinates from ref. 14. Double zeta 
basis; cf. appendix. 

cialIy 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 shoilld be 
approximately proportional to the change in di- 
pole moment caused by the transfer of the proton. 
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Fig. 3. Raults of crikulations for system I with wrious combi- 
nations of environmental eff -ts. S-N = 2.94 A;\. Coordinates 
from ref. 12. cf. text. Double zrtn basis. cf. appendix. Lower 
part: ( -) without polarizability. (- - - - - -) with polarizn- 
bility (cutoff 12.7 A\,. f---- - -) estimated for system with 
polnrizahititp. and point charges for Asn-182. (0) with helix 
field. ( EI ) without helix field. All curves shifted to zero energ.y 
for S-H = 1.4 A. Upper part: dispersion contribution to the 
curves with polariwhility. 

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 caicu- 
lation with 7.9 A gave about the same curves as 
those with 12.7 A while they included only 311 
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 
dispersion effects. In following calculations 8 A is 
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. V,,, 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. 



Table 1 

Dependency of rez~ction field effects on cutoff radius 

Alf energies are given in kcal; cf. I& appendix for exact definitians. 

Cutoff’ N b Induction f Dispersion d CPU 
(A) 

&EWE 

i-helix ’ -helix s -I- helix -helix time ’ (5) 

S’ Nj S N S N s N 

2.1 1 -tJ.s7 --o.Pl - 0.46 - 0.79 - 4.35 -4.16 -4.32 -4.18 - 0.00 2 
2.4 3 -0.68 - 1.83 - 0.63 --Zt4 - 15.71 - i5,99 - IS.69 - 16.03 - 0.07 2 
2.6 7 - 0.76 - 2.09 -0.83 - 2.55 -21.96 - 22.36 -21.99 - 22.46 -0.17 2 
3.7 41 - 1.09 -3.93 - 1.61 - 5.09 - 48.3 1 - 48.66 - 48.35 - 48.84 - 0.60 10 
7.9 311 - 0.36 -3.61 -2.2i - 6.75 - 63.07 - 63.53 - 63.09 - 63.70 -4.78 204 

12.7 1047 - 0.43 - 3.43 - 2.30 - 7.03 - 64.55 - 65.07 -64.&O -65.19 - 6.90 6600 

a Atoms within this distance to the closest atom in the active site model are taken as polarizable. 
b Total number of polar&able atoms. 
c StabiEzation of active site model by po%%ation of the cntironment, calculated as the drop in SCF energy on introduction of the 

direct reaction field energy term into the Hamiltonian, minus the dispersion term. V;CEH, which is independent of the proton 
position. is not iwluded. 

d Dispersion interaction between active site model and polarizabie atoms. 
a Energy of interaction between the h&x and the poIarizabIe atoms. 
’ Calcutation with point charges on helix backbone atoms (see text). 
s Calculation with zero charges on heIlx. 
’ CPU time, required on SDC Cybet 170/760 computer, for calculation of the quantities, given in the appendix of ref. 7, which 

describe the ?darizability of the environment. 2%~ major contribution is from the Cholesky decomposition of the 3N X3N 
interaction matrix which takes about lN3 multiplications. 

’ Proton position near S of Cys-25. S-H = 1.4 A. Neutral configuration, 
j Proton position near N of H&-162. S-H = 2.0 A. ion pair con~garation- 

3. Oiseussion 

The present calculations show that it is feasible 
to perform reaction field calculations with a model 
which treats the environment as a set of intemct- 
ing polar&able 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- 
mechmical and a classical part, deleting short 
contacts and adding H atoms tc the quantum part 
where necessary, the model gives the reaction field 

effects with an error which is probably well below 
5C%. 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 po~a~zability of side chains 

and of water, These effects are potentiai’fy vt.ry 
large, as is indicated by the large dielectric con- 
stant of water which can reduce all electrosta:ic 
effects to about zero, On the other hand, vater 
near the surface of an enzyme is partially bound 
aad 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, 

T&e orient~~io~a1 po~arizabii~~ty of bulk water 
can possibIy 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, Noate Carlo and other statis- 
tical methods, which may perhaps supply effective 
polar&abilities. Also, a method like that of Bolis et 
al. [ 161 may be used, which minimizes the orienta- 



tional e;tergy 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 by the static field from 
Asn to be 2 kcal. Other 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 kcal. 
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 Q including the effects of the field 
from the helix H azlt the polarizable environment 
E. may be written, in analogy to ref. 9: 

where Ho, is the ‘normal’. internal energy of Q, 
Q, and Q, the charges of the particles in Q (elec- 
trons and nuclei) and H. respectively, f,,, the field 
of particle r in point p. and A the transfer matrix 
of E. Subscripts ii. pq and rs denote particles in Q, 
I< and H. rcspcctivcly. Trrms Vu,, and VFlti,,. 
occurring in the total energy of the complete sys- 
tem. have not been included. because they do not 
contain coordinates of Q. VF,lt,l is. however. dis- 
played in table 1. 

We define 19) as the Hartree-Fock ground 
state of Hop + V+,q and ]#r) as the ground state 
of N,,,, . Further. we use for shorthand: 

l;,u= - -_ 1 p fii__ 
(AZ) 

where F and mr are supermatrices. Then 

(A4) 

The quantities in table 1 are then defined as 
Vind(@c) and VdiSp(~sc). 

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 
positions of H,,. The 12 proton positions were 
taken along the line connecting S,,-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 integrals of RI,,, require 
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. Vdiap 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 cys = 23.22 
a.u. = 3.44 A3. This value was obtained from varia- 
tion perturbation theory by Fraga et al. [27]. which 
seems justified because atomic polarizabilities ob- 
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 near the active site to be significant. 
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