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The PCILO (Perturbative Configuration Interaction Using Localized Orbitals) method has been used to determine the
electronic structure of the active center of serine protcases. The results show that the carboxyl group of the aspartic acid
residue is the ultimate proton acceptor of the catalytic triad (Asp, His. Ser)™. In the absence of a substrate the negative
charge of the active centre is delocalized, causing polarization of the Ser O7—H bond and an increase of the nucleophilicity
of the OY atom. The proton of the OY—H bond of the Ser residue is, however, only partially transferred to the N2 atom
of imidazole His. The hydration of the model charge relay system is also investigated.

1. Introduction

The hydrogen bond chain connecting aspartic
acid, histidine and serine residues is commonly found
in the active sites of serine proteases — the enzymes
which catalyze hydrolysis of proteins, low molecular
amide and ester substrates [1]. Throughout the ar-
ticle we will use the chymotrypsin numbering scheme
to identify the amino-acid sequence. According to
this, the active center is composed of the following
residues: Aspl02-carboxyl group, HisS7-imidazole
group and Ser195-hydroxyl group.

Considerable amount of experimental data show
[2] that the acylenzyme is formed as intermediate
during the catalytic process. In the acylenzyme a car-
bony! carbon of the substrate scissile bond is co-
valently bonded to the O atom of Ser195. Usually
the hydroxyl group of serine is not very reactive and
Blow et al. [3a,b] suggested the ‘““charge relay sys-
tem” (CRS) to explain the enhancement of OY
Ser195 nucleophilicity. According to this mechanism,
at neutral pH (maximum catalytic activity) the nega-
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tive charge of the buried carboxyl group of Asp102
is transferred through H-bonds to the OY atom of
Ser195, forming a very reactive alkoxide anion (fig. 1).

IR studies [4] of H-bonds between aspartic acid
and imidazole and between alcoholate (EtO ") and
imidazole support Blow’s idea and show that H-bonds
of the charge relay system are easily polarizable H-
bonds. The results of that study also show that the
degree of proton transfer is dependent on the polarity
of the environment. Theoretical studies (CNDO/2 and
PRDDO methods) predict that in the substrate free
state the boundary structure with negative charge
located on the carboxyl of Asp102 (fig. 1—structure
I) is the most stable structure [6,7]. It has been also
found that the carboxyl group of Asp102 plays a key
role in the enhancement of OY Ser195 nucleophilicity
[5b]. Amidon [5a] concluded, on the basis of
CNDOY/2 results, that solvation stabilizes the structure
with negative charge located on the OY atom of
Ser195 (fig. 1-~structure II).

According to the IR studies, however, solvation
stabilizes the structure with the proton bonded to Q7
Ser195 [4]. Also, high resolution NMR spectra [8]
of chymotrypsin in substrate free state (in which
Ser195 and one side of the imidazole ring of His57
are solvated) show that the OY—H bond proton of
Ser195 is only partially transferred to histidine.
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Ser i95 S'er 195 Recent studies of intermolecular hydrogen bonds
s _C—H c—n have shown [9] that PCILO gives results which are in
0" u S very good agreement with experimental data and ab
& H initio SCF calculations. In the present work we have
" ! <2 used PCILO [10,11], modified for geometry optimiza-
' tion [12], to study the H-bonds and hydration of the
charge relay system model.

N0 N =0
A o J
A ! In our calculations the active site residues—charge
sp~102 Asp-102 -
relay system (Asp102, His57 and Ser195) were model-
T o ed by acetic acid, imidazole and methanol. The inter-
nal geometry of imidazole used in this study was de-
Fig. 1. The charge-relay system of serine proteascs active termined by X-ray diffraction [13]. Standard bond
centre-pH 7. lengths and bond angles were used for acetic acid and
methanol internal geometries [14].

2. The charge relay system model

STRUCTURE : SHA®P STRUCTURE: S®HA STRUCTURE: S®HA
a)

NET CHARGE: NET CHARGE: NET CHARGE:
07: 0.3432 (-0.3250) hydr. 07: 0.5666 (~0.4946)hydr. 07:-0.6262
ENERGY : 0.0 keal / mole ENERGY:-23.80 kcal /mole ENERGY:+56 79 kcal / mole

Fig. 2. Canonical structures of model charge relay system optimized by PCILO method.
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STRUCTURE: SPH® O
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NET CHARGE:
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07:-0.4854 (-0.4694) hydr.
ENERGY :—43.04 kcal /mole

Fig. 3. Canonical structures of model charge relay system optimized by PCILO method.

The geometry of the boundary structure of the
charge relay system with negative charge located on
the carboxyl of Asp102 (SHA ™) was then optimized
by PCILO method. The optimized geometry corre-
sponds to the structure with the imidazole ring in
plane with the principal bonds of aspartic acid and
methanol. The distances between the electronegative
atoms of the H-bond are 2.6 A for both bonds (fig.
2a). The calculated distances are shorter than those
observed in the chymotrypsin crystal, which ranges
from 2.8—-3.0 A [3c].

The total energy of each canonical structure cal-
culated in this work will be referred to the total ener-
gy of the structure SHA® which will be taken as the
reference zero energy.

For the canonical form SHA® we have calculated
also the structure with the bifurcated H-bond between
imidazole and the carboxy! group. This structure is
about 2.2 kcal/mole less stable than the structure
with the linear H-bond. The bifurcated H-bond can be

stabilized by the entropy factor due to the thermal
fluctuations of the H atom between the carboxyl oxy-
gens [7]. At the physiological temperature. however,
the entropy contribution is less than 2.2 kcal/mole. For
this reason we have limited our investigation of all
othesr boundary structures to the types containing only
linear H-bonds.

The beundary structure with negative charge locat-
ed on the O atom of Ser195 (SOHA) and with IT
lone pair on the N®1 atom of imidazole is about 23.8
kcal/mole more stable than structure (SHA®) — fig.
2b. However, the same boundary structure (SGHA)
but with the Il lone pair located on the N2 atom of
imidazole is about 56. 8 kcal/mole less stable than
SHA® (see fig. 2c¢).

Proton transfer from the OY—H bond of Ser195
to the N®2 atom of imidazole, without concomitant
proton transfer from N®1 of imidazole to the carboxyl
group of Aspl02 (starting from structure SHAS)
leads to the structure SO H®A® (fig. 3a). This struc-
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Fig. 4. PCILO potential curves for proton transfer from OTH
bond of methanol to N2 of imidazole (X) and from N°1
imidazole to carboxyl group of acetic acid (Y --position of
first proton is fixed at X = 1.445 A). Starting structure
SHPA.

ture is about 76.6 kcal/mole less stable than SHAO,
On the other hand, proton transfer from N21 of
imidazole to the carboxyl group without concomitant
proton transfer from the O7—H of bond Ser195 to the
Nez imidazole produces the structure SHOA (fig. 3b),
which is about 19.2 kcal/mole more stable than
SHA®. The proton transfer from His57 to Aspl02
can then be considered as a first step in the formation
of alkoxide anion on Ser195.

When we examine the proton transfer from OY—H
bond of Ser195 to imidazole (starting from the struc-
ture SHOA, fig. 4 — curve X), we find an intermediate
structure with partial proton transfer which is about
31 kcal/mole more stable than the structure SHA®
(i.e., about 7 kcal/mole than SHeA). Optimization
of the proton position in the H-bond between carboxyl
and imidazole (fig. 4 — curve Y) for this intermediate

Table 1

PCILO 1o1al enerry decomposition for some canonical struc-
tures of charge relay system ¥

Energy Structure
contribution
sOua3  sPuab)  crs
(PCILO)
Zero order en. AEg +82.78 +34.29 +47.27

Polarization en. 0.0 0.0 0.6

Delocalization en. —-110.92 —5.82 —~78.88
Intra bond corr. en. 14.54 —6.98 --12.62
Inter bond corr. en. +5.87 —8.95 —9.55
Second order en. AE, —100.505 -21.75 -101.06
AEg + AE5 —17.52 112.74 -53.79
Deloc. deloc. int. —1.38 +29.55 +0.04
Intra-inter corr. —4.34 +8.67 +6.89
Inter-inter corr. —1.48 +6.13 +3.78
Third order en. AE3 —-6.29 +44.05 +10.75
AFEp + AE, + AE3 —23.81 +56.79 —-43.04

* The reference zero energy is energy of the structure SHA®
) § one pair localized on N2 atom of imidazole.
Lone pair localized on Nl51 atom of imidazole.

structure leads to the most stable PCILO structure. In
this structure, which will be referred to as CRS-
(PCILO) [optimized structure of charge relay system
by PCILO method], the proton from N®1 of imida-
zole is nearly completely transferred to the carboxyl
group, while the proton in the H-bond between the
imidazole N2 atom and O of Ser195 is in the inter-
mediate position. The CRS(PCILO) structure (fig. 3c)
is about 43 kcal/mole more stable than SHA®.

The energy partitioning of the PCILO total energy
is given in table 1 for the two S ©HA structures and
CRS(PCILO) structure. The results are discussed in
section 4.

3. Hydration of the charge relay syste

The charge relay system as a part of the complex
structure of enzvimes is only partly accessible to solva-
tion {3,15]. Asp102 is buried in the interior of the
enzyme and protected from solvation by other amino-
acid residues. The OH bond of Ser195, which is on
the enzyme surface and one side of the imidazole ring
of His57 is, however, accessible to water molecules.
From this point of view, it would be difficult if not
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Fig. 5. Electrostatic potential map of the structure S®PHA.
impossible to apply the continuum model [16] to the
calculation of the solvation energy because of the com-
plicated shape of the cavity. What is obviously needed
is a formulation which can take account of solvent
effect on a local basis and which will also include con-
tributions from molecular (i.e. translational, rota-
tional, torsional, etc.) motion. Unfortunately, such a
formalism has, as yet, not been advanced. Lacking a
more complete formulation, we have decided to
treat the interaction between the water molecules
and the canonical structures at selected sites by the
“supermolecule’ method [17]. This approach as-
sumes rigid molecular structures and, while important
entropic contributions may be missing, the results
should nevertheless give an accurate assessment of the
energetics involved. We shall refer to the interaction
energy between ““first layer™ of the (generally tightly
bound) water molecules and solute as hydration ener-
gy reserving the broader term solvation energy to in-
teraction which includes molecular motion.

Fig. 6. Electrostatic potential map of the structure SHA®

For the model studied we can assume that the
most probable places for hydration are the OH bond
Ser195 and imidazole His37 in the direction of the
lone pairs of OY and N%1 respectively. In an effort to
determine other possible hydration regions we have
calculated the electrostatic interaction between the
net atomic charge of the hydrogen atom (as it is in the
H,0 molecule, g (PCILO) = 0.113) and the PCILO
charge distribution of the charge relay system:

0.113Z,

).
Ran, AA Y AHp

=D (2
£}, is the interaction energy at point “p’” between the
net atomic charge of H(0.113) and the charge distribu-
tion of a particular system. Z , is the “core™ charge

of atom A, RAHp the distance, P, 5 the gross atomic
population of atom A and VAHp the electrostatic inter-
action between valence electron (s orbital approxima-
tion) on atom A and nuclear charge of the hydregen

atom:
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Table 2

PCILO hydration energy of some canonical structures of charge relay system *

Structure Hydration energy (kcal/mole) Total encrgy
T S e e s e after hydration
O lone pairs N31 Jone pair N€2 Total (kcal/mole)
SOHA 2X (—~18.449) —2.31 2X (—2.82) -44.83 —68.63
CRS (PCILO) 2X (—-7-61) —6.29 2 X (—6.02) —33.55 —76.59
SHA® 2% (~5.39) —3.43 2X (—4.18) —22.57 -22.57

* The reference zero energy is encrgy of nonsolvated structure SHA®.

_ 2 -1
Van, = 0113 [s3(Rapp) ' dv.

For these calculations we have used a slightly modified
program of Giessner-Pretire [18].-

Figs. 5—7 display the electrostatic energy maps of
the canonical structures S© HA, CRS(PCILO) and
SHA®. The heavy line around the molecular system
represents zero electrostatic energy X denotes the po-
sition of maximum electrostatic interaction (minimum
energy) and the dotted lines are isoenergy curves for
energies £; = Eyx — C; (C;= 2.5, 8 and 11 kcal/mole,
respectively). As is obvious from figs. 3 and 6, two
nearly equivalent hydration sites exist in the XY plane
on both sides of the N2 atom of imidazole. The hy-
dration sites of the lone pairs are out of the XY plane.

The interaction energy of a water molecule with a
particular atom of the model charge relay system (lone

Table 3
Decomposition of PCILO hydration energy — structure CRS
(PCILO)

pairs of OY Ser and N®! imidazole and N€2 in XV
plane) was then calculated by the “*supermolecule™
approach. In all cases water is a proton donor. Figs.
8—10 show plots of the calculated interaction energies
versus the distance between the water oxygen atom and
a particular electronegative atom of the canonical struc-
ture. Table 2 lists the total hydration energies calculat-
ed on the assumption that the oxygen of Ser195 and
N¢2 of imidazole are hydrated by two water mole-
cules. Tables 3—5 show the partitioning of PCILO hy-
dration energy.

As we can see from table 2, the hydration energy
of the structure S© HA is about 11 kcal/mole larger
than for the structure CRS(PCILO). In spite of this dif-
ference, the hydrated structure CRS(PCILO) is still
about 8 kcal/mole more stable than structure S© HA.

Interaction 07 lone N®1 jone NE€2
energy pair pair (XY plane)
contribution hydration hydration hydration
Zero order en. AEg +7.26 +6.22 +1.79
polarization cn. 0.0 0.0 0.0
Delocalization en. —-20.59 ~-15.39 —25.48
Intra-bond corr. en. +0.36 -0.61 +0.15
Inter-bond corr. en. —0.66 —1.08 —0.88
Second order en. AE> —-20.89 —-16.54 —26.35
AEg + AES —13.63 ~10.32 —24.56
Deloc.-deloc. int. +5.59 +3.51 +17.41
Intra-inter corr. +0.18 +0.44 +0.44
Inter-inter corr. +0.20 +0.41 +0.46
Third order en. AE3 +6.02 +4.29 +18.27
AEg+ AE; + AE3 —-7.61 —-6.02 —6.29

Table 4

Decomposition of PCILO hydration energy — struciure SOHA
Interaction 07 lone N®1 tone NE2
energy pair pair (XY plane)
contribution hydration hydration hydration
Zcro order en. AEg +14.34 +35.65 +2.27
Polarization en. 0.0 0.0 0.0
Delocalization en. —-52.94 —~11.47 —16.46
Intra-bond corr. en. +0.47 —-0.11 ~0.04
Inter-bond corr. en. —0.54 —0.54 -0.81
Second order en. AEs —53.01 ~-12.12 —17.81
AFQ + AE, —38.66 —6.48 -15.54
Deloc.-deloc. int. +20.05 +3.36 +12.50
Intra-inter corr. +0.09 +0.19 +0.38
Inter-inter corr. +0.02 +0.i2 +0.37
Third order en. AE3 +20.22 +3.66 +13.23
AFEg + AE, + AE, —18.44 -2.82 -2.31
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Table 5

Decomposition of PCILO hydration cnergy - structure SHA®
Interaction O7 lone N°1 1one NE2

cnergy pair pair (XY plane)
contribution hyvdration hydration hydration

Zero order en. AEg +8.51 +5.23 +1.92
Polarization en. 0.0 0.0 0.0

Delocalization en. —19.80 -11.77 —-15.79
Intra-bond corr. en. +0.25 +0.01 +0.10
Inter-bond corr. en. —0.60 -0.79 —-0.62
Second order en. AE, —-20.16 —12.55 —16.32
AEg + AE, —-11.65 -7.32 -14.40
Drloc.-deloc. int. +3.90 +2.63 +9.84
Intra-inter corr. +0.17 +0.28 +0.27
Intes-inter corr. +0.16 +0.26 +0.37
Third order en. AE 5 +6.26 +3.14 +10.46
AFEg+ AF, + AE3 —4.18 —-3.93

-5.39

4. Discussion

The results of the present study show that in the
charge relay system are present extremely strong hydro-
gen bonds with the character of charge-transfer com-
plexes. From the decomposition of the PCILO total
energy (table 1) follows that the main stabilization
contribution comes from the second order delocaliza-
tion term. The importance of this term in the PCILO
scheme is clearly established by comparison of the
results for the structure S© HA with two different
canonical forms of imidazole (fig. 2 — S © HA b,c).
For the structure with the Il lone pair located on the
N°1 atom the second order delocalization contribu-
tion is about 105 kcal/mole larger than for the struc-
ture with the Il lone pair located on the N2 atom.
This difference arises mainly from the difference in
energy associated with electron excitation from the Il
lone pair on the nitrogen atoms to the antibonding I1
orbital of the carboxyl group. Note that the distance
between the I1 lone pair of nitroger{ and the carboxyl
group is about twice as large for structure 2c as it is for
2b (fig. 2). We can see from table 1, structure S HA,
that the dispersion energy (inter-bond correlation) is
positive. This does not mean that the dispersion
interaction is repulsive — rather it is the value relative
to the dispersion energy of structure SHA®. The dis-
persion energy of S© HA is actually attractive and
contributes about 25% to the total attraction energy
(25% intrabond correlation and 50% delocalization)
in the second order. The polarization energy is zero

because the free parameters of PCILO are determined
by minimization of the polarization energy.

The main contribution to the repulsive energy of
the investigated structures of the charge relay system
relative to the SHA® energy comes from the zero or-
der energy, AEy. It is not possible to judge from the
numerical value of AE alone which terms (in pertur-
bation sense) are responsible for the destabilization. It
is clear, however, that exchange repulsion term is not
included, because of ZDO approximation. The third
order contributions are in general repulsive, as is evi-
dent from the definition [12a,b].

In regard to the hydration energy, the situation is
roughly the same. In all cases (tables 2, 3) the main at-
tractive contribution comes from the second order
delocalization energy. The main repulsive contributions
come from AEy and from third order delocalization—
delocalization interactions.

The PCILO method uses CNDO/2 parametrization
of integrals and thus underestimates the short range
repulsion. This is probably the reason for the shorter
equilibrium distances calculated by PCILO in compari-
son with experiment. At the same time PCILO over-
estimates the attractive delocalization energy. These
errors are, however, well balanced by parametrization,
at least for “‘equilibrium™ distances. A systematic study
of the application of PCILO to hydrogen-bonded com -
plexes [9] shows, that PCILO gives stabilization ener-
gies in good agreement with ab initio SCF calculations.

It must be kept in mind that the present results
correspond to the optimized geometry of CRS. For
longer H-bond distances and distorted H-bonds we
may expect formation of double well potentials (in-
crease of energy barriers) for proton transfer pro-
cesses. This effect is well documented by nonempi-
rical ab initio [19—-20] as well as semiempirical
methods [5a,7,21] for H-bond formation between a
pair of electroneutral molecules and between positive-
ly charged proton donor and neutral proton acceptor.
The above mentioned effect was not observed, how-
ever, for H-bond formation between the acetic acid
anion and neutral imidazole molecule studied by the
PCILO method [22]. It means that for the H-bond
distances of 2.8 and 3.0 A (in CRS), the relative order
of stability of the boundary structures can be expected
to be the same.

Koeppe et al. [23] have published the results of
their IR studies of the trypsin active center. For neu-
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tral pH they recorded frequencies for the Asp102 car-
boxylic group at 1680 and 1600 em™ 1. In general,
when the proton is present at the carboxylic group,
the C=0 stretching vibration is observed at about
1715 cm™ !, whereas the antisymmetric and symmetric
stretching vibrations of the —CO5 group are respec-
tively at 1575 and 1400 cm™! [4]. The recorded fre-
quencies for the trypsin active center [23] then sug-
gest that the carboxylic group of Asp102 is strongly
H-bonded to the imidazole ring of His57. It is obvious,
from the IR results as well as from the lH, 13¢ and
ISN NMR studies [8.24—-26] of serine proteases, that
the precise position of the protons in CRS cannot be
determined experimentally.

According to our results, the structure of the
charge relay system of serine proteases in substrate free
state is as follows: the proton from N®1 imidazole
His57 is nearly completely transferred to the carboxyl
group of Asp102, while the proton from the OY—H
Ser195 bond is only partially transferred to the N2
atom of imidazole His57. Nevertheless, the nucleo-
philicity of O Ser195 is high enough for nucleophilic
attack on the carbonyl carbon of the substrate bond.
The proton transfer from the OY—H Ser195 bond to
N€2 atom of imidazole His57 is completed during the
formation of a tetrahedral intermediate between
Ser195 and substrate. This structure does neither con-
tradict nor confirm the interpretation of the experi-
mental IR and NMR measurements [23.8.24—-26].

The high catalytic efficiency of serine proteases is,
in our opinion, not caused by some “‘electronic trick™
in the active center, but rather results from the pres-
ence of long-lived excited vibrational states in the en-
zyme molecule created after ES complex formation.
The hypothesis for such a mechanism has been recent-
1y suggested [27].
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