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The energetics of proton transfers in the methanethiol-imidazole-formic acid complex
were analyzed from a quantum chemical point of view in order to elucidate the nature
of the enzymatic reaction of papain and the electronic structure in the active site.
Methanethiol, imidazole and formic acid were used as models of the side chains of Cys 25,
His 159 and Asp 158. The calculations were performed within the closed-shell-LCAO-ab
initio MO method by using a 4-31G basis set. The hydrogen-bonding structure including
the anion form of the methanethiol, the cation form of the imidazole and the anion form
of the formic acid was the most stable of the various hydrogen-bonding structures. This
result is in good agreement with experiments on the electronic structure in the active
site of papain, and it supports the mechanism of the enzymatic reaction proposed by
Angelides and Fink.
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Cysteine plays a significant role in the enzymatic reaction of papain. The electronic
structure of the significant cysteine residue, Cys 25, has been studied by many researchers.
Polgar found that the alkylation of papain by haloacetamides displays double sigmoid pH-rate
profiles with pK, values (4.0 and 8.4) similar to those found in acylation reactions,? and
demonstrated the presence of a mercaptide ion in catalytically active papain.? Lewis et al.
suggested on the basis of the potentiometric difference study of papain and papain-S-CHj,
that, in the intermediate pH range, 909 of the papain exists in a form where the active site
contains the thiolate-imidazole ion pair.® Shinitzky and Goldman indicated on the basis
of observation of the quenching interaction that the pK of the histidine residue in the active
site was 8.6:% as a result, the pK of the cysteine residue was concluded to be close to 4.2. From
the emission curves of free papain and SS papain against pH, Sluyterman and De Graaf showed
that in the free enzyme between pH 4.2 and 8.6 the thiolate-imidazole ion pair predominates.®
Further, since the Hammett plot for acylation suggests that electrophilic, presumably general
acid, catalysis is important in the acylation step, the imidazole cation may be significant in
the enzymatic reaction.®

The imidazole-thiolate ion pair is also expected from a structural point of view. The
imidazole group of His 159 is hydrogen-bonded to Asn 175 as determined by X-ray diffraction
analyses.” The distances between Asn 175 O and His 159 N°* and between Cys 25 S* and His
159 N2 are 2.6 and 3.4 A, respectively.”® Broer et al.,” Bolis et al.'® and Nakagawa and
Umeyama'V described the potential energy curves of proton transfer from Cys 25 to His 159
in the hydrogen-bonding system consisting of Cys 25, His 159 and Asn 175. However, no
molecular orbital (MO) calculations have yet been carried out to show that the thiolate-
imidazole ion pair is more stable than the neutral form of thiol-imidazole pair. Thus, the
calculated results based on the data of Drenth ef al.” could not explain the experimental
results indicating the presence of the thiolate-imidazole ion pair. On the other hand, the
presence of intermediates additional to those shown in the scheme of the normal enzymatic
reaction has been reported.>-14 Mattis and Fruton insisted on the presence of an additional
intermediate prior to amide bond scission and acyl-enzyme formation. Angelides and
Fink proposed that there was a movement of the imidazole of His 159 from crystallographically
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determined position, 7.e., hydrogen-bonded to Asn 175, to one involving electrostatic interaction
with the carboxylate of Asp 158.1 This movement could be achieved by a rotation of the
C*-C? bond of His 159 by 79°, being accompanied by small movements of the side chains of
Trp 177, Asp 158 and Cys 25.19  Angelides and Fink called the moved form of the enzyme
the “DOWN? form, in which the imidazole group is protonated and forms an ionic bond with
the carboxylate side chain of Asp 158. If the “DOWN? form is an appropriate model of the
enzymatic reaction, the structure consisting of the anion form of Cys 25, the cation of His 159
and the anion of Asp 158 should be the most stable form in the Cys 25-His 159-Asp 158 system.
In order to determine the electronic structure of the “DOWN?’ form, a quantum study is neces-
sary. However, although MO calculations on the Cys 25-His 159-Asn 175 system have been
carried out,® no ab nitio MO calculations on the Cys 25-His 159-Asp 158 system have been
performed. Calculations in connection with proton transfer energetics should be carried
out by a double zeta ab initio method, as is clear from calculations of the proton transfer
energetics at the active site of g-trypsin reported by Nakagawa et al.'» 1In the present work,
therefore, double zeta ab initio quantum chemical calculations on proton transfer energetics
including the structural changes were performed by using methanethiol, imidazole and formic
acid as models of the side chains of Cys 25, His 159 and Asp 158.

Method

Calculation Method The modified Gaussian 70 program for quantum chemical calculations according
to the closed-shell LCAO MO SCF approximation was used . ® A 4-31G basis set was employed in the ab initio
calculations.®

Geometries Methanethiol, imidazole and formic acid are used as models in place of Cys 25, His 159
and Asp 158 of the enzyme. For CH;SH, the values used were 7(CH)=1.1039 A, »(SH)=1.3291 A, #(CS)=
1.8177 A and £ HCS=108.629°2» For CH,S-, the values used were 7(CH) =1.1039 A,20 #(CS)=1.8870 A
and £ HCS=112.882°; the values of 7(CS) and £ HCS were obtained from optimized calculations of the
geometry with a 4-31G basis set. The geometrical data for imidazole except for the hydrogens were obtained
from experimental data.?® Other values were as follows: for the neutral form of imidazole, »(CH)=1.0622 A
and 7(NH)=0.9892 A;?) for the cation of imidazole, #(CH)=1.0622 A and #(NH)=0.9949 A ;2D for HCOO-
7(CH)=1.1126 A, #(CO)=1.2506 A and £LHCO=114.8°;21) for HCOOH, #(CH)=1.0732 A, 7(CO)=1.1960 A,
7(CO)=1.3504 A, »(OH)=0.9614 A, £COH=114.6°, £0CO=124.7° and £HCO=110.4°2) The anion
form of formic acid is indicated by Fo~ or HPCrO%10%2~; the neutral form of formic acid is shown as FoH or
HPCrO%10%2H?2, The neutral form of imidazole is shown as HN'ImN¢<2, where H is covalently bonded to
N? of the imidazole; the cation is HNIm+N¢H; the anion is N*{Im~N¢2. The neutral form of methanethiol
is shown as HMs or HrS*CPH,; the anion is Ms— or —~SrCFH;. The imidazole N4 and N<2 form hydrogen bonds
with the formic acid 0?2 and the methanethiol S7, respectively.

Results

Complex of the Anion Form of Formic Acid, the Neutral Form of Imidazole and the Neutral
Form of Methanethiol

Ab enitio MO calculations on formic acid-imidazole complex formation were performed
by Umeyama and Nakagawa.?? In the optimized structure, the formic acid and the imidazole
were in the anion and neutral forms, respectively; 7(O?2N°1) and ~CrO’2N*! were 2.73 A and
108.6°, respectively. Geometry optimization calculations on imidazole (neutral form)-
methanethiol (neutral form) complex formation were performed. The intermolecular distance
7(N*2—57) and the torsion angle of the imidazole carbon, the imidazole N<2, the methanethiol
S7 and the methanethiol C# were calculated to be 8.61 A and 90°, respectively. The stabiliza-
tion energy of complex formation and the total energy were calculated to be —4.1 kcal/mol
and —661.65188 hartrees, respectively. Based on the optimized structure of formic acid
(anion form)-imidazole (neutral form) complex, calculations of the optimized structure between
the Fo——HN’ImN*2 complex and methanethiol were carried out. The intermolecular distance
between N2 of the imidazole and S7 of the methanethiol was calculated to be 3.36 A. The
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structure of the Fo—HN?ImN<“2-HMs

H
/ complex is shown in Fig. 1. The sta-
H\ _-C 3.36 H bilization energy of complex formation
¢ \’————‘\ between the two moieties and the total
0 o ‘ /N """ H—S/'C——H energy of the optimized structure were
\ 3 /N\C H calculated to be —8.6 kcal/mol and
/C ',"H \ —849.60942 hartrees, respectively. The
H \(’) H intermolecular distance between N¢2

. nd S7 in the terna omplex is shorter

Fig. 1. The Energy-optimized Structure including the and h . t h rg. comp?e 1 be
Anion Form of Formic Acid, the Neutral Form of than Ot at 1n the binary complex by
Imidazole and the Neutral Form of Methanethiol 0.25 A.

Proton Transfer from Methanethiol to Imidazole in the Fo——HN*\ImN:>-HMs Complex

The thiolate-imidazole ion pair has been found in the active site of papain.l=% If proton
transfer occurs from the methanethiol to the imidazole in the Fo—HN?"ImN-HMs complex,
the form of the complex changes from the thiol-imidazole neutral pair to the thiolate-imidazole
lon pair. Whether the total energy of the form Fo-—HN*ImN“-HMs or the form Fo~——HN?1-
Im*N<H-Ms~ is more stable is important in relation to the experiments mentioned above. The
barrier heights of proton transfer from the methanethiol to the imidazole in the Fo——HN?1-
ImN*-HMs complex were calculated at various values of #»(HS?). The results are shown in
the second column of Table I.  The total energies of the ternary complex relative to the
structure in which the H* proton is covalently bonded to St of the methanethiol were plotted
against the distance »(HS7). The potential energy curve of the proton transfer is shown in
Fig. 2. The energy at 7(H'S")=1.87 A is maximum, and the maximum value is estimated to
be 10.6 kcal/mol; the proton will be transferred easily between N2 of the imidazole and S7
of the methanethiol. The structure in which the proton is covalently bonded to N*2 is more
stable than the initial state. In other words, in the ternary complex including the anion form
of the formic acid, the thiolate-imidazole ion pair is more stable than the thiol-imidazole
neutral pair. This result is in agreement with experiment.)-® In order to elucidate the
role of the anion form of the formic acid, the barrier heights of proton transfer from the me-
thanethiol to the imidazole in the binary complex without including the anion form of the
formic acid were calculated. These values are shown in the fourth column of Table I. The
barrier heights are much higher than those in the second column. Therefore, the formic acid
plays a significant role in lowering the barrier height of proton transfer from the methanethiol
to the imidazole. Moreover, similar calculations in which the formic acid was included as

Tanre 1. Barrier Heights in kcal/mol of Proton Transfers from
S of Methanethiol to N of Imidazole in the Forms
Fo—HNImN¢-HMs and HN’'ImN¢-HMs

v (HS) Barrier heights in the form

A Fo—HN’1ImN:2-HMs (Fo-)-HN?ImN:-HMs®» HNImN:2-HMs
1.329 0» 0% 0
1.587 4.2 4.4 7.4
1.845 10.5 11.3 19.9
2.102 4.6 6.0 21.8
2.360 —1.4 0.6 21.9

a) HCOO- is included in the calculations as fractional point charges. The values for H, C and O are
—0.0196, 0.5952 and —0.7878, respectively.

b) Total energy of this form is —849,.60942 hartrees.

c) Total energy of this form is —661.71055 hartrees, but the interaction energies among fractional
point charges are not included in this value.

d) Total energy of this form is —661,65112 hartrees.
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fractional point charges were performed.?® The results are shown in the third column of
Table I. The barrier heights are very similar to those obtained from the calculations on the
structure consisting of formic acid, imidazole and methanethiol. Due to the electrostatic
interaction, therefore, the formic acid lowers the barrier height of proton transfer from the
methanethiol to the imidazole.
The Fo—HNIm*N<“H-Ms~ Complex

In the preceding section, the potential energy curve of proton transfer from the methane-
thiol to the imidazole was described, and the form Fo—HNAIm+N2H-Ms~ was calculated
to be more stable than the form Fo——HN®ImN*2-HMs. However, as the proton transfers
from the methanethiol to the imidazole, structural changes of the methanethiol and the
imidazole will occur. To investigate the intramolecular structure change,?® energy optimiza-
tion of the structure consisting of the anion form of the imidazole, the cation form of the
imidazole and the anion form of the methanethiol was performed. First, the stabilization
energies between the anion form of the formic acid and the cation form of the imidazole were
calculated for various structures to determine the optimized structure. The distance between
0% of formic acid and N’! of imidazole and the angle of the formic acid C7, the formic acid 0’2
and the imidazole N?! were estimated to be 2.53 A and 103.1°, respectively; the molecular
plane of the formic acid was estimated to coincide with that of the imidazole. Based on the
geometry of the Fo——HNIm*N“H complex, stabilization energies between the Fo——HN?L-
Im*N*“H complex and the anion form of methanethiol upon ternary complex formation were
calculated for various structures to determine the optimized structure. The distance between
N2 of the imidazole and S7 of the methanethiol and the angle of the imidazole N2, the meth-
anethiol S* and the methanethiol C# were estimated to be 8.13 A and 100.3°, respectively. The
stabilization energy in the optimized structure and the total energy were calculated to be
—47.5 kcal/mol and —849.61773 hartrees, respectively. The structure is shown in Fig. 3.2

H
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104 < N / /
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6 Fig. 3. The Energy-optimized Structure including
= the Anion Form of Formic Acid, the Cation Form
\E 4+ of Imidazole and the Anion Form of Methanethiol
£
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Fig. 2. The Potential Energy Curve of the
Proton Transfer against #(SH) in the For- Fig. 4. The Energy-optimized Structure including
mic Acid (anion form)-Imidazole (neutral the Neutral Form of Formic Acid, the Anion
form)-Methanethiol (neutral form) Com- Form of Imidazole and the Neutral Form of
plex Methanetiol
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The distance between N2 of the imidazole and S7 of the methanethiol is shorter than that in
the Fo-—HN?ImN<-HMs complex by 0.23 A. As the proton transfers from the methanethiol
to the imidazole in the ternary complex, the intermolecular distance between the methanethiol
and the imidazole becomes shorter. If the positions of atomic nuclei other than the transferred
proton are unchanged, the structure is more unstable by 3.8 kcal/mol than that in which the
positional changes are considered.

The FoH-N°Im~N<-HMs Complex

The energetics of proton transfer between the imidazole and the formic acid in the binary
complex having an integral charge of —1 were studied by Umeyama and Nakagawa.?® The
distance between N°! of the imidazole and O°2 of the formic acid in the imidazole (anion form)-
formic acid (neutral form) complex was estimated to be 2.60 A, and the optimized structure
was used in the calculations of the stabilization energies of the ternary complex formation.
The stabilization energies between the FOH-N?'Im~N** complex and the neutral form of the
methanethiol were calculated at various intermolecular distances to determine the optimized
structure. The distance between N*2 of the imidazole and S7 of the methanethiol was estimated
to be 3.21 A. The stabilization energy upon complex formation and the total energy of the
optimized structure were calculated to be —12.5 kcal/mol and —849.58189 hartrees, respec-
tively. The structure is shown in Fig. 4. When the methanethiol was omitted from the struc-
ture, as shown in Fig. 4, the energy-optimized structure consisting of the anion form of the
imidazole and the neutral form of the formic acid was more unstable by 17.5 kcal/mol than that
consisting of the neutral form of the imidazole and the anion form of the formic acid.?® Simi-
larly, the energy-optimized structure including the neutral form of the methanethiol, the anion
form of the imidazole and the neutral form of the formic acid is more unstable by 17.3 kcal/mol
than that including the neutral form of the methanethiol, the neutral form of the imidazole
and the anion form of the formic acid. Accordingly, the energetics of proton transfer between
the imidazole and the formic acid in the binary complex having an integral charge of —1 are
unaffected by methanethiol.

The FoH-N'ImN*>H-Ms— Complex

The structure of the form Fo—HN*Im*N*2H-Ms~ was calculated to be more stable by 5.2
kcal/mol and 22.5 kcal/mol than the structures of the forms For—HN*ImN®“-HMs and FoH-
N°1Im-N¢-HMs, respectively. The following question then arises: when the proton covale-
ntly bonded to N° in the Fo—HN”Im*N<H-Ms~ complex transfers from the imidazole to the
formic acid, which complex, Fo—HN*Im*N*H-Ms~ or FoH-N1ImN*“H-Ms-, is more stable
and why? First, energy optimization in the structure consisting of the neutral form of the
formic acid and the neutral form of the imidazole was performed. The distance between 02 of
the formic acid and N1 of the imidazole and the torsion angle of the formic acid C7, the formic
acid 0%, the imidazole N’ and the imidazole C’ chain were estimated to be 2.72 A and 0°,
respectively. Based on the energy-optimized geometry of the imidazole (neutral form)-formic
acid (neutral form) complex, the stabilization energies between the FoH-NImN**H complex
and the anion form of the methanethiol upon ternary complex formation were calculated for
various structures to determine the energy-optimized structure. The distance between the
imidazole N2 and the methanethiol S* and the angle of N2, S and the methanethiol C? were
estimated to be 3.21 A and 100.3°, respectively. The stabilization energy upon complex
formation and the total energy of the energy-optimized structure were calculated to be —33.3
kcal/mol and —849.61379 hartrees, respectively. The structure is shown in Fig. 5. The
structure of the form FoH-N*ImN*H-Ms~ is more unstable than that of the form Fo—HN?!-
Im*tN<2H-Ms~- by 2.5 kcal/mol. In the calculations without the anion form of the methanethiol,
the structure consisted of the neutral form of the formic acid and the neutral form of the imi-
dazole is more stable than that consisting of the anion form of the formic acid and the cation
form of the imidazole by 11.7 kcal/mol. Therefore the anion form of the methanethiol stabili-
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zes the structure including the formic acid-imidazole ion pair by 14.2 kcal/mol more than that
including the formic acid-imidazole neutral pair.

H
/ TasLe IL.  Energies in kcal/mol of Various
H\ s H Forms Relative to the Form
c— \\ 3.21 \ Fo~—HN®Im*N<2H-Ms—
T s\ N
7 AL N / H ¢ Form Structure ~ Relative
\ V(¢ H energy
C /" \
/o H Fo~—HN/ImN<-HMs A 5.2
H Fo-—HN?Im*N¢2H-Ms~ B 0w
. .. - FoH-N1Im~-N¢«-HMs C 22.5
Fig. 5. The Energy-optimized Structure includ FoH-NoTmNH_Ms— D 25

ing the Neutral Form of Formic Acid, the
Neutral Form of Imidazole and the Anion
Form of Methanethiol

a) Total energy is —849.61773 hartrees.

Discussion

The optimized structures of the four ternary complexes,

Fo~-HN®ImN<-HMs (A)
Fo -HN®Im*N<H-Ms~ (B)
FoH-N*Im~N+-HMs (C)
FoH-N#ImN+H-Ms~ (D)

were obtained as shown in Figs. 1,3,4 and 5; these four structures are called “A” “B”, “C” and
“D”, respectively. The energies of three complexes (A, C and D) relative to the complex B,
whose structure was the most stable, are shown in Table II. The most stable B structure of
the form Fo~— HNIm*N*H-Ms- includes the imidazole-methanethiol ion pair. This result
is in good agreement with experiment.'~® The theory of the enzymatic reaction of papain
proposed by Angelides and Fink,® that there is a movement of His 159 to a structure involving
electrostatic interaction with the carboxylate of Asp 158, is supported by the resultsin Table II.
If the enzymatic reaction of papain happens according to the “DOWN” model proposed by
Angelides and Fink,'® the B structure should be present in the enzymatic reaction rather
than the A structure. The result that the B structure is more stable than the A structure by
5.2 kcal/mol supports the “DOWN’ model.

In the present work, we have considered the enzymatic reaction of papain in terms of the
hydrogen-bonding system consisting of Cys 25, His 159 and Asp 158 and in terms of model
systems in which the three-dimensional structure of papain is not taken into account. As
the next step, similar calculations will be carried out based on the simulated structure deter-
mined from X-ray diffraction analyses. Nevertheless, the energetics of proton transfers
among the models of Cys 25, His 159 and Asp 158 are significant, because results such as those
indicating the presence of the imidazole-thiolate ion pair are obviously relevant to the mech-
anism of the enzymatic reaction.

Thiolsubtilisin can be regarded as a model thiol protease, although it can only catalyze
the hydrolysis of active esters.?”? The structures of subtilisin and thiolsubtilisin are identical
within experimental error, except that the sulfur replaces an oxygen atom;?® this means that
there is a catalytic triad comprised of an aspartic acid residue, a histidine residue and a Cysteine
residue. Polgar and Halasz found that at around neutral pH there was an interaction between
the thiol and imidazole groups.?® They concluded that a mercaptide imidazolium ion-pair
was formed in thiolsubtilisin;® 4.e., a hydrogen-bonding structure consisting of the anion
form of aspartic acid residue, the cation form of histidine residue and the anion form of cysteine
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residue is present in the active site of thiolsubtilisin. Therefore the results obtained on the
energetics of the proton transfers in the formic acid-imidazole-methanethiol complex are
relevant to the electronic structure in the active site of thiolsubtilisin as well as that of papain.

In the calculations, formic acid was used as the model for the aspartic acid residue. If the
C= carbon of the peptide moiety is included in the form of C*Hz;C#H,COO’%-, the model might
be more appropriate. However, the proton affinity of HCOO-, 345 kcal/mol, is very close
to that of CH;CH,COO, 347 kcal/mol.3»  This similarity suggests that the use of formic
acid in the enzyme model is valid. Moreover, the calculated values of the proton affinity of
HCOO~ were 360 and 479 kcal/mol by using double zeta (4-31G) and single zeta (STO-3G) basis
sets, respectively. The value calculated by using the 4-31G basis set is in very good agree-
ment with the experimental value mentioned above. Therefore, the calculated results based
on the 4-31G basis set for the present enzyme model should reflect the situation in the enzyme
itself reasonably well.
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