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1. Introduction

The following kinetics of g-trypsin—BPTI complex
formation were proposed in [1,2]:

I+E2LZC2L*2I*+E

where [ is the inhibitor, E the native enzyme, L the
loose and non-covalent complex, and C the stable
complex; * = the modified structure with a susceptible
peptide-bond split. Formation of L is very fast, but
dissociation rates C —> L are extremely slow at neutral
pH. Formation of C may involve slight conformational
changes, allowing optimal filling of both molecules
accompanied by a favorable enthalpy contribution
[3]. Upon complex formation of the BPTI—trypsin
complex (complex trypsin) corresponding to the
above C form, there is little induced-fit movement

in which O7 of Ser 195 in the active site of §-trypsin
rotates around Cf—C? bond (x; = —60°C to —83°C [3].
The hydrogen bond between Ser 195 O and His

57 N¢€2 is thus improved considerably in the complex,
becoming linear with a length of 2.7 A, compared to
the long and bent bond in free bovine trypsin at pH 8
[3]. Accompanied with the improvement of the
hydrogen bond, it is expected that the barrier height
of the proton transfer from Ser 195 O7 to His 57 N¢?
is lowered and that the nucleophilicity of Ser 195 O,
which is approximately perpendicular to the Lys
15(I)—Ala 16(I) susceptible peptide plane above the
carbonyl carbon [3], is enhanced.

Abbreviations: BPTI, bovine pancreatic trypsin inhibitor;
LCAO-SCF, linear combination of atomic orbitals—self-
consistent field; MO, molecular orbital; DIP, diisopropyl-
fluorophosphate
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Many molecular orbital calculations [4—8] have
been done in relation to a ‘charge relay mechanism’
[9]. From the potential energy change for the 2-pro-
ton transfer in the catalytic triad model, Asp 102 was
reported not to accept a proton in the enzymatic
reaction [10—12]; the ‘charge relay mechanism’ was
thus not supported. An ‘electrostatic mechanism’
was proposed in the role of Asp 102 [13].

Here, we have studied the role of the induced-fit
movement of Ser 195 upon complex formation
between bovine trypsin and a substrate model, from
quantum chemical calculations using X-ray data of
the native trypsin and the complex trypsin [14—16]
as a Michaelis-Menten model.

2. Methods

Molecular orbital calculations have been done
within the closed-shell LCAO—SCF approximation
using the ab initio MO method, The IMSPACK pro-
gram [17,18], modified for the large number of point
charges, was used for the calculations, The basis sets
used were 4-31G [19] and STO-3G [20].

The co-ordinates for native §-trypsin and the com-
plex trypsin were taken from [14] and [15], respec-
tively, [14,15], which are available from the protein
data bank [16]. Fig.1 shows the model structure of
the active site consisting of the catalytic triad and its
environment of complex trypsin used for the calcula-
tions, In the case of the native trypsin, the calculated
model structure is almost similar to that of the com-
plex except for Ser 195 and the substrate model
(Sub); Ser 195 O7 forms the bent and long hydrogen
bond (3.1 A) with His 57 N2 and there is no Sub
part. The positions of hydrogens in fig.1 were deter-
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Fig.1. The model structure of active site used in the calcula-
tions of the complex trypsin. ° °
o
mined as in [13]. The proton transfer from Ser 195
to His 57 is called a proton transfer, and that from °

His 57 to Asp 102 is called § proton transfer. The a
proton was moved along a line between H(O7) of
Ser 195 and H(N®?) of His 57. During « proton trans-
fer, the conformations of His 57 and Ser 195 were
assumed to be unchanged. The § proton was moved
along a line between H(N®?) of His 57 and H(0%?)
of Asp 102. Similarly, during 8 proton transfer, the
conformations of Asp 102 and His 57 were assumed
to be unchanged. Here, amino acid residues will be
symbolized as Asp 102, His 57" and Ser 195".
‘= and “*’ indicate the anion and neutral forms,
respectively.

There are ionic amino acid residues consisting of
2 Arg, 14 Lys, 4 Asp, 3 Glu, the N-terminus and the
C-terminus in g-trypsin in addition to the amino acid
residues in fig.1 [14,15]. The former amino acid
residues are replaced by integral charges (£1). In the
native trypsin Ca®* was included as an integral charge
of +2. Since the coordinate of Ca%* in the BPTI—
trypsin complex was not reported in the protein
data bank [16], an integral charge of Ca®* was not
included in the calculations of the complex. The side
chain of Lys 15(I) is inserted into the pocket of the
trypsin like the substrate. Lys 15(I) is also replaced
by integral charge in the calculations of the complex.
In fig.2 anionic (®) and cationic (0) charges of the
complex are indicated. (%) in fig.2 indicates the integral
charge of the side chain of the substrate model, Lys
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Fig.2. The model structure of the catalytic triad including
all ionic amino acid residues and Lys 15(I) side chain of sub-
strate in complex trypsin as integral charges.

15(I). In the native trypsin the integral charge shown
by the asterisk was not included because the native
trypsin does not interact with the substrate.

The calculated model system (model I and II) are
summarized in table 1. Formic acid, imidazole,
methanol and formamide as the models of Asp 102,

Table 1
Calculated models?
Model Proton
transfer
v Asp 102-, His 57", Ser 195", Ser 214,
NH, 56, NH, 57, #1AA 8
e Asp 102-, His 577, Ser 195", Ser 214,
NH, 56, NH, 57, #IAA’, Sub a8

2 The fragment labeled by # is approximated by integral
charges in the calculations; IAA, 25 jonic amino acid resi-
dues in addition to Ca%*;IAA’, 25 ionic amino acid residues
in addition to Lys 15(I); NH, 56, the peptide moiety of
Ala 56;NH, 57, the peptide moiety of His 57; Sub, the
peptide moiety of Lys 15(I)—Ala 16(I)

Native trypsin; ¢ complex trypsin with the substrate model
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His 57, Ser 195 and the substrate, respectively, were
calculated by using the 4-31G basis set. Methanol,
ammonia and ammonia as the models of Ser 214, Ala
56 (peptide moiety) and His 57 (peptide moiety),
respectively, were calculated by using the STO-3G
basis set. Ionic amino acid residues (25) and Ca®* in
the native trypsin were included in the SCF calcula-
tions as the integral charges (IAA). Ionic amino acid
residues (25) and the side chain of Lys 15(I) in the
complex trypsin were included in the SCF calcula-
tions as the integral charges (IAA"). The amino

acid residues and Ca®* approximated by the integral
charge are labeled as ‘# in table 1.

3. Results

The barrier height of the proton transfer from Ser
195 O7 to His 57 N¢? is connected with the nucleo-
philicity of Ser 195 O7, since « proton transfer is
coupled with the nucleophilic reaction of Ser 195,
The curves of the potential energy change for a pro-
ton transfer in models I and II are shown in fig.3.
The potential curve in model I was found to be a
double well, and the barrier height was 67 kcal/mol
at the proton-transfer distance of 0.97 A. The barrier
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Fig.3. Potential energy curves for a proton transfer in native
trypsin (¢ ———e) and complex trypsin (0———o0).
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Fig.4. Energy levels in kcal/mol at the B, C and D positions
relative to that at the A position: (———) native trypsin
(model 1); (— - — -) complex trypsin (model II).

height in model II was 23 kcal/mol. By comparison
between models I and II, the barrier height in model 1
is greatly higher than that in model II (higher by
44 kcal/mol). This result shows that a proton trans-
fer is more favorable in the complex trypsin than in
the native trypsin.
The potential energy changes for a and § proton
transfers in models I and II are shown in fig.4. The
4 states of A, B, C and D involving 2 proton transfers
are defined as follows: (A) both a and § protons do
not transfer; (B) only the « proton is at the transfer
distance of 1.46 A in model I and at the transfer
distance of 0.60 A in model II; (C) only the § proton
is at the transfer distance of 0.68 A in model I and
at the transfer distance of 0.90 A in model II; (D)
both a and § protons are at the transfer distances of
1.46 and 0.68 A, respectively, in model I and at the
transfer distances of 0.60 and 0.90 A, respectively,
in model II. In the native trypsin the energies of
states B—D in model I relative to the initial states
were calculated to be 49 kcal/mol, 29 kcal/mol and
63 kcal/mol, respectively (fig.4). In the complex
trypsin, the relative energies of states B—D in model I1
were calculated to be 23 kcal/mol, 29 kcal/mol
and 42 kcal/mol, respectively. Position A was found
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to be minimum energy. The form Asp 102~—His
57n—Ser 195" at the A position is thought to be the
initial-state structure of the catalytic site in both
native trypsin and complex trypsin.

Since the a proton must transfer from Ser 195
to His 57 during the catalysis, the comparison between
the relative energies of B and D is significant. In both
native trypsin and complex trypsin, the potential
energy change from A to B is significantly lower than
that from A to D. Therefore, the attack of Ser 195 O
to the carbonyl carbon of the substrate is accompanied
with only a proton transfer, The potential energy
change from A to B is greatly lower in the complex
trypsin than in the native trypsin (lower by 26 kcal/
mol). This result shows that the formation of the
Asp 102™—His 57" —Ser 195~ state in the enzymatic
reaction is easier in the complex trypsin than in the
native trypsin.

4. Discussion

Our calculated results show that the barrier height
of a proton transfer, which is connected with the
nucleophilicity of Ser 195, is greatly affected by
the induced-fit movement of Ser 195 upon complex
formation between trypsin and the substrate. That is,
the improvement of the hydrogen-bond distance from
3.1-2.7 A in the trypsin complex with the sub-
strate lowers the barrier height of a proton transfer,
and stabilizes the Asp 102 =His 57"—Ser 195~ in the
reaction step. We show that, from the proton transfer
energetics, no significant hydrogen bond exists
between Ser 195 O7 and His 57 N¢2 in the native
trypsin, and that the nucleophilicity of Ser 195 O7 is
enhanced by the induced-fit movement of Ser 195
due to the decrease of the barrier height of a proton
transfer.

In [21] the position of the proton between Asp
102 and His 57 was determined in DIP—trypsin from
a neutron diffraction study in agreement with the
predicted position from the ab initio MO study [13].
In the native trypsin, the total energy at the A posi-
tion was most stable. This result shows that the Asp
102~ —His 57" —Ser 195" form exists in the native
trypsin. The position of the « proton covalently
bonded to Ser 195 O will be determined by a neutron
diffraction study on native trypsin.
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