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On the system methanethiol/imidazole/formaldehyde (modelling the active site of papain) we performed ab initio self- 
consistent-field molecular orbital calculations using a rather large basis of Gaussian-type functions. A point charge represen- 
tation of the long central a-helix present in the enzyme, was added in order to establish the influence of the elecrric field of 
the helix (which amounts lo 10’ V m-* in the active site region) on the equilibrium: RSH...Im f RS-...ImH*, which is an 
essential step in a recently proposed mechanism for the catalytic action of papain. Our results show that the helix stabilizes 
the ion-pair by 15 kcal mole-’ more than the neutral form making the two configurations energetically equivalent and 
lowers the energy barrier in the reaction path by 8 kcal mole- l, thus shifting the equilibrium considerably towards the 
ionic situation and increasing the rate of proton transfer by several orders of maguitude. We conclude that “active site” 
helixes, present in many enzymes, play a pertinent role in enzyme catalysis. 

1_ Introduction 

Many enzymes have their active sites situated near 
the N-terminal end of an a-helix. In a recent paper [ 1 ] 
it was su=ested that the considerable dipole field [2] 
of such a helix plays an important role in binding 
charged coenzymes and substrates. Moreover, in some 
enzymes, it may also enhance the rate of a basic step 
in the catalytic process [ 1 ] _ In support of the latter sug- 
gestion, we now present quantitative evidence, based on 
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Fig. 1. Geometry of the active site of papain. The a-helix runs 
about perpendicular to the plane of the ring. 

ab initio molecular orbital calculations on models for 
the active site of papain. 

2. The mechanism of papain 

Fig. 1 is a two dimensional representation of the active 

site of papain,a proteolytic enzyme, in which the essen- 

tial thiol group of Cys25 is in close proximity of the 
imidazole ring of His1 59, which, in turn, is hydrogen 
bonded to the side chain of Asn175. In fig. 2 the me- 

chanism as proposed by Drenth et al. [3] is schematical- 

Fig. 2. Schematic representation of the mechanism proposed 
by Drenth et al. [3]. On the left the hlichaeli-hienten com- 
plex, in the middle the tetrahedal intermediate, and on the 
right the acyl-enzyme with the protonated leaving group X. 
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Fig. 3. Geometry and dipole moment of a single peptide unit. 
Numbers in boxes give the appropriate charges (in units of 
the elementary cha=e), taken from ref. [6], but slightly dter- 
ed so as to preserve charge neutrality. P = 3.46 D = 1.155 X 
10mzg Cm. 

ly depicted. The features of this mechanism, relevant 
to the present discussion are: 

i. In the free enzyme the active site contains the 
ion pair S - _ _ _ ImH + _ This ion pair exists between 
pH = 4.2 and pH = 8.6, i.e. in the pH range of optimal 
activity. 

ii. After formation of the hlichaelis-hlenten com- 
plex, the thiolate ion attacks the carbonyl carbon of 
the peptide bond to be broken, and a tetrahedal inter- 

mediate is formed. 

iii. The imidazolium group of His1 59 rotates to- 
wards the leaving groupX, and protonates the latter, 
while the peptide bond is broken, and an acyl-enzyme 
is formed. 

iv. In the deacylation step the leaving group is re- 
placed by water or some other nucleophile, and the 
acylenzyme is hydrolyzed, probably by the same 
steps as mentioned above, but in reverse order. 

Experimenta! evidence [43 for the first and third 
steps in this proposed mechanism is rather circumstan- 
tial, but ab initio MO calculations [5] on some model 
systems for the active site of papain support the pro- 
posed first step of the mechanism, albeit only qualita- 
tively. Our extended calculations descrrbed here, in- 
clude the effect of the “active site helix” in papain. 

3. The a-helix in papain 

Papain contains a long central a-helix comprising 
residues 2443 *_ The N-terminal end of this helix is 
situated close to the active site: the peptide bond of 
Cys25 is actually part of the helix backbone. 

The electrical field produced by the helix backbone 
is due to the charge distribution of its peptide units. 
Fig. 3 shows a single peptide unit with formal charges 
[6] leading to a dipole moment of about 3.5 D, a val- 
ue supported by experimental evidence [2] of various 
kinds. In an a-helix, these individual peptide dipoles 
are virtually parallel to the helix axis [2], giving rise 
to a considerable total dipole moment of the helix. 
These aligned dipoles have the effect of a line dipole 
with a dipole density of about 3.5 D per 1.5 A, or 0.8 
X lo-19C. The electric field of such a line dipole is 
equal to that of a positive charge at the amino end, 
and a negative charge at the carboxyl and of the helix, 
each of magnitude 0.8 X lo-19C (one half elementary 
charge). Due to the co-operative fashion in which the 
peptide units are ordered, the individual dipole mo- 
ments may be increased by about 30 percent [2], re- 
sulting in a correspondingly stronger field. On the 
other hand, any field generated in the protein will be 
compensated to some extent by the reaction field in- 
duced in the surrounding solvent_ By neglecting both 
the increase of the individual dipoles, and the reaction 
field, a reasonable estimate of the actual situation is 
probably obtained. 

In order to investigate the role of the helix in the 
first step of the mechanism discussed above, we calcu- 
lated the potentials on an essential line in the active 
site region, viz. the line connecting S7 of Cys25 and 
N6r of His1 59. Initially, we investigated the effect of 
making various choices as to which atoms contribute 
to the potential, using the charges of ref. [6], and atom 
positions from structural data on papain. The results 
are collec:ed in fig. 4a, from which can be seen that in- 
deed the helix backbone is the major cause of the field. 
Neither the inclusion of side chains, nor considering 
all the atoms of the enzyme does significantly change 
the slope of the potential curves. In these calculations 
an effective dielectric constant: 

e= 1 +(R --R&/R. 

* Structual information on papain was kindly provided to us 
by Prof. J. Drenth. 
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Fig. 4. Electrical potentials on *&e line Sy. _. N&l _ m papain. The potential at S is taken as (arbitrary) zero point. Partial charges on 
the atoms in complete residues were taken from ref. [6] _ For calculations using the backbone on1 charges of iig. 3 were used. (A) 

Dielectric constant E = 1.0 -f (R -RA)/R. with R the distance between a point on the line Sy . . _ If 
g, 
1 and a contributing atom, R_, = 

1.5A.ForR <RA, E = 1.0. i) backbone active site helii (residues 2443), ii) backbone Cys25 + all other atoms of the helix, iii) 
backbone all residues, iv) backbone Cys25, His159, Asn175 + all other atoms. (B) - as i) in (A), - - - - - as i) in (A), but with 
E = 1.0. 

was applied, with R the distance between a contribut- 
ing atom and the point in which the potential is evalu- 
ated, and RA the radius of a sphere around the latter 
point, such that for R -RA < 0 the dielectric constant 
is unity. The effect of using unit dielectric constant 
throughout, is displayed in fig. 4b. Here, curve “i” of 
fig. 4a, obtained with the effective dielectric constant, 
is compaired with that using e = l_ The latter curve is 
somewhat steeper, but the difference in slope is of the 
same order as the differences in fig. 4a. In all cases, 
the resulting electric field strength is about IO9 Vm-1. 

When a proton is transfered from S to Nsr , nega- 
tive charge wiIl be left behind on Cys25, while the elec- 
tronic charge distribution on His159 will show a polar- 
ization in the direction of N&r. The net result will be a 
change in dipole moment of the system. From model 
calculations [5,9] (see also next section), including all 
electrons of the relevant groups, we estimated this 
change in dipole moment to be of the order of 10D. 

The main component of this dipole moment increase 
lies, of course, along the line Sy. _ _ Nsr. Moving positive 
charge towards His1 59 will cost energy. However, in a 
field of strength and direction as generated by the 
helix, the associated change in dipole moment will be 
stabilized by about IO kcal male-1, relative to the sit- 
uation without the helix. This is such a large number 
that no serious theoretical model for the active site of 
papain should exclude the helix. 

4. Ab initio molecular orbital calculations 

In our single determinant, ab initio molecular orbital 
calculations, the model compounds methanethiol, 
imidazole, and formaldehyde were used to represent 
Cys25, HisI 59, and Asn175, respectively (fig. 5). 
Geometries of these model compounds were obtained, 
partly from experiment [7], and partly from earlier 
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Fig. 5. Model system for the active site of papain. Only Hl3 
and H14 are not in the plane of the ring. Imidazole geometry 
from ref. 171, methanethiol and formaldehyde geometries 
from ref. [S]. Sla-Nr = 3.35 A; Ns-016 = 2.90A. The helix 
runs about perpendicular to the molecular plane, with the 
N-terminal end just below it. The coordinates of this model 
system as iveIl as the positions of the point charges of the 
helix used in the calculations are given in table 1. 

calculations [53. Co-ordinates were transformed SO as 
to give maximum coincidence with the structural da- 
ta on papain, obtained from X-ray diffraction. The 
helix was represented by a number of point charges, 
taken from ref. [63, but changed into N = -0204, 
H = +0204, C = +.0.422, and 0 = -0.422 in order to 
preserve charge neutrality of the backbone. These 
charges were given positions coinciding with those of 
the appropriate atoms in the enzyme. Only backbone 
atoms of residues 2443 were considered, and unit 
dielectric constant was applied. 

On these models we performed all electron, ab 
initio calculations, using a double zeta basis, consisting 
of I 19 functions, contracted from 186 primitive 
gabssian orbitals [81. Full technical details of these 
and related calculations will be given elsewhere [9]. 
Here, we only stipulate the necessity of using a rather 
large basis set. Minimal basis sets lack the diffuse func- 
tions required for an appropriate description of the 
electronic charge distribution in regions of the system 
where negative charge is accumulated. The errors in- 
troduced by using a minimal basis, are much larger for 
these negatively charged systems, than for neutral or 
positively charged systems, and therefore they tend to 
obscure the rather delicate energy balance associated 
with the type of process discussed here. 

All calculations were performed on the University’s 
CDC Cyber 74-l 8, with a program system newly de- 
veloped [ 10 J for this type of large scale calculations. 
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Fig. 6. Total energy of the system of fig_ 5, obtained as ex- 
pectation value of the molecular hamiltonian, for various posi- 
tions of H 1s on the line SXI _ _ _ Nl _ Energy of the first point 
(Sro-HIS = 1.35 A) is taken as (arbitrary) zero point. Top 
curve: no helix field. Bottom curve: helix field included. 

5. Results and discussion 

Fig. 6 gives the total energy of our model system 
(fig. 5) as a function of the position of HI, on the line 
Slo_ _. N, (i.e. S7 of Cys25 and N6r of His1 59), both 
with, and without the helix. The two curves clearly 
show that proton transfer, as part of the proposed me- 
chanism for the catalytic process, is reasonable. The 
double minimum required for a (meta) stable position 
for HI5 near N, is present. This, however, does not im- 
p!jr the existence of a stable ion pair S-. . _ ImH+ in 
free papain. Due to the neglect of surrounding solvent 
and of entropy effects, a MO calculation on symplify- 
ing models cannot establish the precise position of an 
equilibrium in solution. Nevertheless, the curves in 
fig. 6 indicate that the frequency with which an ion 
pair occurs in the active site is much larger than one 
would expect from the pK values of the free amino- 
acids. Also, this frequency is much larger than for a 
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Coordinates of the point charges in the active site helix 24-43 and of the ac?ive site model methanediol/imidazole/formaldehyde. 
The charges on the backbone atoms were taken as in ref. [l ]_ In this approximation the C”atoms have no charge. The coordinates 
of these atoms are therefore not included in the list. The atom names of ihe active site model are as in fig. 5 

Positions of helix point charges 

x z Residue Atom 
number name 

16.4 24.4 14.5 
16-l 243 17.5 
16.3 23.7 185 
16.3 25.6 17.3 

16.0 25.9 16.3 
16-4 26.5 19.6 
17.1 26.9 20.6 
15.1 26.1 19.7 

14.7 25.8 18.7 
14.8 25.0 21.9 
14.9 253 23-l 
15.1 239 21.4 

14.9 23.8 20.3 
17.0 22.8 22.6 
17.4 22.3 23.7 
17.7 23.6 21.8 

17.2 24.0 20.9 
19.3 24-9 23-2 
20.1 24.7 24.1 
185 25.9 23.0 

17.8 25.9 22.1 
18.1 265 25.4 
18.8 26.8 26.4 
17.2 25.5 25.4 

16.8 25.4 24.4 
17.8 24.0 27.3 
18.1 24.2 28.6 
18.4 23.1 26.6 

18.0 23.1 25.5 
20.6 23.0 27.8 
21.2 22.5 28.7 
20.8 242 27.3 

20.1 24.5 26.5 
21.3 25.7 29.2 
22.0 25.9 30.2 
20.0 26.0 29.2 

19.5 25.7 28.3 
193 25.6 31.5 
20.0 25.8 32.5 
18.6 24.5 31.3 

18.1 24.4 30.4 
20.0 23.1 32.7 
20.4 23.1 33.9 
20.9 228 31.7 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

c” 
0 
N 
H 
C 
0 
N 

H 
C 
0 
N 

C 
0 
N 

H 
C 
0 
N 

H 
C 
0 
N 

H 
C 
0 
N 

H 
C 
0 
N 

H 
C 
0 
N 

H 
C 
0. 
N 

H 
C 
0 
N 

20.4 22.9 30.8 
22.9 23.4 33.0 
23.4 22.9 34.0 
22.9 24.7 32.7 

22.4 24.9 31.7 
23.1 25.5 35.1 
24.0 25.4 35.9 
21.8 25.5 35.3 

21.2 25.8 34.4 
21.7 24.0 37.3 
22.1 23.9 38.5 
21.7 23.0 36.4 

21.3 23.2 35.4 
23.6 21.5 37.4 
23.9 20.7 38.2 
24.4 22.5 36.9 

23.9 23.1 36.2 
26.0 23.6 38.4 
27.0 23.6 39.1 
25.0 24.5 38.6 

24.2 23.4 37.8 
24.9 25.1 41.1 
25.4 25.9 42.0 
24.3 24.0 41.3 

24.0 23.5 40.3 
24.9 22.1 42.9 
25.7 22.1 43.8 
24.7 21.2 42.0 

24.0 21.4 41.2 
27.0 19.9 41.9 
27.7 19.2 42.5 
27.4 20.9 41.0 

26.5 21.4 30.5 
29.2 20.1 39.6 
30.4 19.6 39.6 

35 

36 

37 

38 

39 

40 

41 

42 

43 

Coordinates of active site model 

N1 17.13 30.96 16.24 
c2 18.46 30.96 16.25 
N3 18.95 32.33 16.24 
c4 17.88 33.07 16.24 
CS 16.77 32.29 16.24 
H6 19.08 30.06 16.24 
H-I 19.94 32.48 16.24 
HS 18.08 34.11 16.24 
Hg 15.72 32.48 16.24 

H 
C 
0 
N 

H 
C 
0 
N 

H 
C 
0 
N 

H 
C 
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N 

H 
C 
0 
N 
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0 
N 

H 
C 
0 
N 

H 
C 
0 
N 

H 
C 
0 
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Table 1 (ctd) 

SO 15.14 28.26 16.24 

Cl1 16.54 26.94 16.24 

HI2 16.10 25.96 17.12 

H13 i7.15 27.07 15.36 

HI4 17.14 27.07 17.12 

HIS 15.94 29.35 16.24 

016 21.75 32.98 16.24 

Cl7 22.92 33.29 16.24 

HI8 23.7 1 32.55 16.24 

H19 23.23 34.32 16.24 

system containing the thiol/imidazole hydrogen bond, 
but lacking the helix. 

Table 2 contains the results of a Mulliken popula- 
tion analysis [I I 1, as well as the computed dipole mo- 
ment and total energies for various @ositions of H,. 

In examining the table, one should realize that a popu- 
lation analysis, being just one of the infinite number 
of ways to split up the total number of electrons, has 
only qualitative value. This is particularly true for a 
large basis, like the one used here, because the diffuse 
functions contained in such a basis, sometim& extend 
over several nuclei, thus making it impossible to as- 
sign the charge described by one such function unique- 
ly to a single atom. Furthermore, computed dipole mo- 
ments tend to be too large (in comparison with exper- 
ment) because of the absence of polarization func- 
tions. The trends reflected in the table are beyond 
doubt, ho&ever. 

AS to be expected, the overall effect of proton 
transfer is accumulation of negative charge on Cys25, 
in particular on !P, rendering it more nucleophilic. In- 
troduction of the helix has only minor effects on the 

Table 2 
Some results from ab initio LCAO-SCF-MO calculations on the model oftig. 5. Top entries: no helix_ Bottom entries: helix included 

&O--HIS (A) 

1.35 

1.45 

1.55 

1.65 

1.75 

1.85 

1.95 

2.05 

2.15 

2.25 

2.35 

Muliiken gross charges a) 

CHs S H15 Im Form 

-0.06 -0.20 10.21 +O.Ol i-O.05 
-0.17 -:X16 iQo.24 +0.03 -to.05 

-0.10 -1~23 -to.23 i-0.04 -to.05 
-0.17 -0.39 MO.26 io.07 +o.os 

-0.10 -0.25 +0.24 0.08 -to.05 
-0.18 -0.22 -to.27 +0.08 +0.05 

-0.10 -0.27 XL25 +0.09 _to.o5 
-0.19 -0.25 io.28 -PO_1 1 -to.05 

-0.12 -0.31 a.27 M-12 NLOS 
-0.22 -0.28 +oo.30 -to.15 -to.05 

-0.15 -035 jo.29 iQ.15 -to.05 
-0.23 -0.32 +0.33 to.17 -to.05 

-0.17 -0.38 +0.33 -XL19 -XL05 
-0_25 -0.37 e-o.36 10.22 -to.04 

-0.19 -0.44 -to.36 i-o.22 i-O.04 
-0.27 -0.41 +cL39 -0.26 iO.04 

-0.22 -0.49 a.39 -1-O-26 +0_03 
-0.30 -0.46 -PO.41 -HI.28 -NW4 

-0.24 -053 10.40 +0_30 +0_04 
-0.31 -0.49 MO.42 +0.33 -I-O.05 

-0.25 -0.56 -J-O_39 +0.36 i-O.05 

Total 
dip&e 
moment @) 

Total energy 

(Hartrees) b) 

11.4 
12.6 

-775.739 
-774.783 

11.8 -775.738 
13.1 -774.782 

12.4 -775.732 
13.8 -774.778 

13.1 
14.4 

14.0 
15.6 

35.1 
1.68 

36.4 
18.2 

17.8 -775.711 
19.5 -774.772 

19.2 -775.713 
20.9 -774.779 

20.2 -775.715 
21.9 -774.782 

21.2 -775.710 

-775.724 
-774.773 

-775.717 
-774.769 

-775.712 
-774.767 

-775.710 
-774-768 

-774.780 -0.33 -0.51 N-41 -!-cl_38 +O_O5 22.7 

a) Corrected for nuclear chz’ges b) 1 Hartree (atomic unit of energy) = 27.2 eV = 627 kcalmole+ _ 



charge distribution_ (The relatively strong displace- 
ment of electrons towards CH3 is an artifact, caused 
by using a point charge representation for the helix 
backbone. The sum of charges for CH3 and S is alter- 
ed much less by introducing the helix.) The large di- 
pole moment increase of about 10 D may be thought 
of as resulting from two contributions. First, the pro- 
ton is moved in a static distribution of electrons, which 
adds about 5 D to the dipole moment. Second, relaxa- 
tion of the electronic charge distribution adds another 
5 D. Rather than using the estimated overall dipole 
moment and approximate field strength for discussing 
the energy effects, we return to fig. 6, which contains 
total energies obtained as expectation values of the 
molecular hamiltonian. 

The top curve, i.e. the energy effect of transferring 
H,, without the helix field, does not agree, in a quan- 
tative sense, with the proposed mechanism. If we look 
at the proton transfer as a dynamical process, taking 
place prior to, or concomitant with the attack of S, 
the net enthalpy change is about 15 kcal mole-l, with 
a barrier of 1 S kcal mole-r, relative to the non-ionic 
situation. This would result in a rather endothermic 
process at a low rate. Introduction of the helix changes 
this picture drastically. The minimum near the imida- 
zole ring is lowered by no less than 15 kcal mole-l, 
thus making the two minima practically equivalent. 
The only obstacle against proton transfer is the barrier, 
which is lowered by about 8 kcal mole-l to a value of 
about 10 kcal mole-l, which in any case would in- 
crease the computed rate of proton transfer by a fac- 
tor of 6 X 104, a number easily associated with rate in- 
creases by enzyme catalysis. Also, since the two stable 
proton positions are equivalent, proton tunneling 
should be considered as a possibility, depending on 
barrier height and width. In both cases the barrier 
height is probably overestimated by several kcal mole-l, 
because of the neglect of electron car relation, typical 
for Hartree-Fock calculations. 

The effect of the helix field, as given here, is proba- 
bly a lower limit to the actual effect. First, the coinci- 
dence of our model system with the actual structural 
parameters is such, that the helix is somewhat farther 
removed from the active site than in practice. Second, 
in representing (for practical reasons) Am175 by for- 
maldehyde instead of, say, formamide (which has a 
larger polarizability) we restricted the change in dipole 
moment associated with the proton transfer_ Moreover, 

we did not move H7 (fig. 5) which again may have 
the effect of restricting the dipole moment increase. 
Third, the co-operative effect of the typica! alignment 
of the individual peptide dipoles in the helix was ne- 
glected, which may have been compensated, however, 
by also neglecting the reaction field of the surround- 
ing solvent, molecules of which may actually be pres- 
ent quite close to the active site. 

In conclusion, we suggest that, among other things, 
the a-helices, frequently encountered near the active 
sites of enzymes, play a pertinent role in the catalytic 
process. In addition, the helix field is very likely also 
important in stabilizing the tetrahedal intermediate. 
In papain, for example, the oxygen of this intermedi- 
ate forms a hydrogen bond with the NH-group of 
Cys25 [12]. Hence, the helix and its field should be in- 
cluded in the discussion ofproteins and their properties. 

In a number of enzymes the reaction mechanism 
appear to be quite similar to that of papain, although 
different groups may be involved_ Even in cases where 
no active site helix is present, preliminary calculations 
indicate that, nevertheless, the protein backbone pro- 
duces a potential which resembles those given in fig. 4. 
Studies on these systems will be presented in forth- 
coming papers. 

Finally, we like to discuss a question put forward 
by the referee: Why ab initio calculations on systems 
of this size? In our opinion computational chemistry 
should not primarily be concerned with reproducing 
experimental numbers to the last decimal place. Many 
semi-empirical schemes have been developed to do 
just that. However, their successful application requires 
in many cases a thorough understanding of the chemis- 
try of the system under investigation and a consider- 
able experience in the use of the various semi-empirical 
methods available_ In contrast to this, ab initio calcula- 
tions are straightforward in the sense that after the 
choice of the basis set and the geometry, no further 
parameters can or need be chosen. The effects of the 
limitations like reducing basis sets, or not taking corre- 
lation into account, are well understood and can often 
be estimated rather accurately. Moreover, when ap- 
plied in fields where the chemistry is less well under- 
stood, like in enzymatic catalysis, considerable insight 
might be obtained from the trends revealed by, even 
inaccurate, non-empirical calculations. 
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