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The Molecular Orbital Study on the Role of Hydrogen Bonding
System in the Active Site of Serine Proteases

The active sites of serine proteases include the hydrogen bonds structure composed
of serine, histidine, and aspartate. The two reaction mechanisms for the hydrogen bonds
structure have been proposed. One is the charge relay system proposed by Blow et al.
The other mechanism is the hydrogen bonding system proposed by Wang, and Polgar
and Bender. In this system the form of Ser(anion)-His(cation)-Asp(anion) is stabilized
with the proton transfer from Ser to His. In order to decide between two mechanisms,
LCAO MO SCF ab initio calculations by using a 4-31G basis set were carried out. In the
active site of the trypsin with pancreatic trypsin inhibitor (PTI), the potential energy
surface of the two proton transfers from Ser to His and from His to Asp is described.
The form of Ser(neutral)-His(neutral)-Asp(anion) is most stable. The form of Ser(anion)-
His(cation)-Asp(anion) is much more stable than that of Ser(anion)-His(neutral)-Asp-
(neutral). Accordingly, the hydrogen bonding system is supported as the catalytic
mechanism of serine proteases.
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The reaction mechanism of serine proteases has been studied by many researchers in
connection with a hydrogen-bonds structure composed of hydroxyl, imidazole and carboxyl
groups.!-® The two reaction mechanisms for the hydrogen-bonds structure have been
proposed. One is the charge relay system, in which the proton transfer from His to Asp
plays a significant role in lowering the barrier of the proton transfer from-Ser to His.?» The
other mechanism is the hydrogen bonding system proposed by Wang® and Polgar and Bender;?
the form of Ser(anion)-His (cation)-Asp(anion) is stabilized with the proton transfer from
Ser to His, and only one proton transfer occurs in the enzymatic reaction. In this paper,
it is shown that the latter system is preferable to the former one from a quantum chemical
point of view.

Ab initio MO calculations have been carried out for the charge relay system by Sheiner
et al.® However, in their calculations, the potential curves of two proton transfers from
His to Asp and from Ser to His were not described. The energy surface of the proton transfers
will help to decide between two mechanisms mentioned above. Since the results using a
double zeta basis set were in good agreement with the experiments,® a 4-31G basis set was
used in this paper.® All the calculations were performed within the framework of the closed
shell single determinant LCAO-SCF-MO theory. The GAUSSIAN 70 program was used
as a nonempirical method.!® Calculations were carried out using M-180 computer at the

Institute for Molecular Science.
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Huber’s x-ray structure of the complex of bovine trypsin with pancreatic trypsin inhibitor-
(PTI)'Y was used for the calculations. Ser 195, His 57 and Asp 102 of the active site residues
were modeled by methanol, imidazole and formic acid, respectively.'® The peptide chain
between Lys 15(I) and Ala 16(I) of the inhibitor was modeled by formamide.®> The coordinates
of heavy atoms were obtained from the work of Huber.!» The coordinates of hydrogens
were determined using the optimized geometries of methanol,'® imidazole,'¥ formic acid'®
and formamide.’» Hydrogens in the hydrogen bonds were made orient to preferable direction
from the results of calculations. ~HO" C?in Ser 195 is 110.42°. _~HN2 C1 and ~HN?’1 C
in His 57 are 119.68° and 120.69°, respectively. ~HO’2 C"in Asp 102 is 111.66°. A proton,
«, transfers from the position covalently-bonded to O7 of Ser 195 to that covalently-bonded
to N< of His 57 by 0.771L A. A proton, g, transfers from the position covalently-bonded
to N°t of His 57 to that covalently-bonded to O of Asp 102 by 0.945 A.

Figure 1 shows the potential energy surface for the transfers of « and g in the hydrogen-
bonds structure without inhibitor part (formamide). The most stable state is near the original
position in the map. On the other hand, the state where the transfers of both « and g have
finished is most unstable. The state after the transfer of « or g is less stable than the original
position.
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‘Next we calculated the hydrogen-bonds structure with including formamide. The four
positions.(A, B, C, and D) which are near the local minima are selected from the map in Fig. 1.
“A” is the original position. “B” is the position (0.6, 0.0) where the places of o and f are
0.6 and 0.0 A, respectively, from the A position. “C”is (0.0, 0.9). “D” is (0.6, 0.9). The
structure at A corresponds to the form of Ser(neutral)-His(neutral)-Asp(anion); the structure
which is most stable. The form at B is Ser(anion)-His(cation)-Asp(anion); the structure
in which only « transfers. That at Cis Ser(neutral)-His(anion)-Asp(neutral); the structure
in which only g transfers. That at D is Ser(anion)-His(neutral)-Asp(neutral); the structure
in which both « and f transfer. The various interaction energies in the complex structure
between the hydrogen-bonds structure and formamide are —3.4, —5.1, —4.8 and —6.6
lcal/mol at the positions at A, B, C and D, respectively. Figure 2 shows the energies at B, C
and D relative to the total energy at A with or without formamide. Each energy level at
B, C and D with formamide is smaller than that in the case without formamide. However,
even though the inhibitor molecule is included in the calculations, the conclusion does not
change. , .

If the o transfer from Ser to His in the enzymatic reaction occurs according to the charge
relay system,? the form at D should be more stable than that at B; in this mechanism, the
B proton must transfer simultaneously or step by step. In the hydrogen bonding system,
on the other hand, the form at B should be more stable than that at D. In this mechanism,
the g proton does not transfer from His to Asp. Fig. 2 shows that the form at B is more
stable than that at D. Accordingly, our results support the hydrogen bonding system®?”
in which only « transfer occurs in the hydrogen-bonds structure during a general base catalysis.
Moreover the calculations including three amino acid residues of Ser 214, His 57 and Ala 56,
which form three hydrogen bonds with Asp 102, in addition to three amino acid residues
of Ser 195, His 57 and Asp 102 were performed. From the results, the conclusion mentioned
above does not change. Even though the calculations including the substrate are performed,
the conclusion will not change. Because the interaction energy between the substrate and
the three amino acids in the hydrogen bonding system seems very similar to that in the charge
relay system. Since the proton affinity is significant in order to decide between two mecha-
nisms, the small rotation of the imidazole plane around the C*~C7 bond of His 57 will not

change the conclusion.
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