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Kinetics and Molecular Modelling Studies on the Stereoselective Hydrolysis of
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The rate constants of the catalytic hydrolysis of short and long chain N-acylphenylalanine p-
nitrophenyl esters by a series of optically active dipeptide catalysts in the presence of surfactant
aggregates are presented in order to evaluate their catalytic efficiency and stereoselectivity. Circular
dichroism spectra of dipeptide catalysts have also been measured in order to estimate the most
probable and stable conformation in micellar solution. On the basis of the kinetic stereoselectivities and
CD spectra, molecular modelling studies have been performed in order to determine the preferred
conformations and energies of dipeptide catalysts and chiral substrates in the presence of surfactants. An
analysis of minimum-energy conformations obtained from the calculation reproduces the sense of the

kinetic stereoselectivities.

The stereospecificity is one of the most interesting properties in
enzymatic reactions.! The stereoselective hydrolysis of enantio-
meric esters has been recently attracting considerable attention
in connection with understanding the origins of the sterco-
selectivity observed with proteolytic enzymes.2~® We have
previously described a series of studies on stereoselective
micellar catalysis in the hydrolysis of enantiomeric esters by
optically active catalysts containing a histidyl group.®—*¢

We found '#*® that both the rate constants and the
stereoselectivity for the reaction of substrates 3¢, d with the
dipeptide catalysts 2a—f (which have L,L configurations)
increase to a maximum and then decrease as the amino acid side
groups of the catalysts become larger and more hydrophobic.
Thus the largest stereoselectivities were attained by using the
catalysts of Z-Leu-His (2¢) and Z-Phe-His (2e).

In order to gain further insight into the stereoselective
micellar catalysis and to understand the relationship between
molecular structures and the stereoselectivity, we examined
catalytic cleavages of short and long chain N-acylphenylalanine
p-nitrophenyl esters by a series of dipeptide catalysts in the
presence of surfactant aggregates. Circular dichroism spectra of
dipeptide catalysts were also measured in order to estimate the
most probable and stable conformation in micellar solution.
Finally, we attempted to predict the conformation of one of the
dipeptide catalysts employed in this study on the basis of
computer modelling studies. An empirical conformation energy
was calculated by assuming that the catalyst in the presence of
surfactant micelles is analogous to the general polypeptide
structures. The relationship between stereoselectivity and the
conformation of dipeptide catalysts is discussed.

Experimental
Materials—All materials used in this experiment have been
described elsewhere.!!-14

Kinetic Measurements—Reactions were generally monitored
on a Hitachi 200 spectrophotometer or a Shimadzu 140 spectro-
photometer with a thermostatted cell holder at 25 °C. In the
general procedure, a solution (25 mm?) of ester in acetonitrile
was added to a buffer solution (3.00 cm?) containing the catalyst
and surfactant at desired concentrations. The hydrolysis of the
substrates was examined under pseudo-first-order conditions,
[surfactant] > [catalyst] > [substrate], at pH 7.30, 0.02 mol
dm™ Tris-HCI buffer. The rate constant k., was determined by

monitoring the release of the p-nitrophenolate ion at 400 nm.
Kinetics were first order and good least-squares rate constants
were obtained (r > 0.999) over at least two half-lives. From
three or more reactions, we estimate that rate constants are
reproducible within + 5%.

Circular Dichroism—The CD spectra of peptide catalysts
were measured on a Jasco J-50A recording spectropolarimeter
(Xe lamp, 1.0 cm cell) in the presence of CTAC micelles at
room temperature. The concentration of peptide catalysts was
2.5 x 10 mol dm™3.

Calculation Method—The calculations were mostly per-
formed on an NEC personal computer with the ECEPP
program!’ combined with a program which can present
a minimum of a several torsional variables and with a
NAMOD !® graphics terminal. The values of all bond lengths
and bond angles were fixed in the calculations. Charges on
the atoms of catalysts and substrates were estimated from
MNDO!? calculations in respect of N-methoxycarbonyl-L-
phenylalanyl-L-histidine methyl ester and N-acetyl-L-phenyl-
alanine methyl ester, with full geometry optimization.

Results and Discussion

Kinetic Studies—Kinetic studies were examined at 25 °C
using pH 7.30 Tris-HCI buffer in 0.83% (v/v) acetonitrile-water
at a fixed [CTAB] of 2.00 x 10~ mol dm3. Under the con-
ditions [catalyst] > [substrate], pseudo-first-order rate con-
stants (k,,,) were evaluated by monitoring the release of
p-nitrophenoxide ion spectrophotometrically at 400 nm. The
apparent second-order rate constant (k.) was evaluated by the
following eqn. (1), where K,y tacian: T€fers to the observed first-

kc = (kobs - ksnrfactam)/[catalySt] (1)
order rate constant without a catalyst in the presence of
surfactant micelles.

The results of catalytic hydrolysis of substrates 3a, b with
various dipeptide catalysts having L, configurations in the
presence of CTAB micelles are summarized in Table 1, together
with previous results for substrate 3¢. As expected, some of these
catalysts for the hydrolysis of 3a, b showed much larger
stereoselectivities than in the case of 3¢ under similar conditions.
In the present catalytic systems, it is apparent that the catalysts
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Table 1 Rate constants and stereoselectivities (L/D) for the cleavage of enantiomeric substrates by dipeptide catalysts in the presence of CTAB*

k./dm3 mol* 5!

Ac-Phe-ONp (3a) Dod-Phe-ONp (3b) Moc-Phe-ONp (3¢)

Catalysts L D L/D L D L/D L D L/D
Z-L-His (1) 30 15 20 80.7 66.0 1.21
Z-1-Ala-L-His (2a) 64.8 17.0 38 72 20 36 139 321 43
Z-L-Val-L-His (2b) 239 238 10 225 26 8.7 309 447 6.9
Z-L-Leu-L-His (2¢) 511 46.8 11 616 50 12 645 52.7 12
Z-L-His-L-Leu (2d) 12 55 22 54.5 470 1.2
Z-L-Phe-L-His (2e) 622 342 18 617 62 10 541 74.5 73
Z-L-Trp-L-His (2f) 113 338 33 76 51 1.5 859 472 1.8

“ At pH 7.30, 0.02 mol dm3-Tris-HCl buffer, 25 °C, [CTAB] = 2.00 x 10~ mol dm, [Catalyst] = 1.00 x 10* mol dm3, [Substrate] =
1.0 x 10 mol dm™. From three or more reactions, we estimate that rate constants are reproducible within +5%. ® At pH 7.6, [CTAB] =

3.00 x 10~ mol dm™.

containing a L-histidinyl residue preferentially hydrolyse the L-
enantiomers of the substrates. The stereoselectivities for the
dipeptide catalysts were greater than that for Z-L-histidine. The
larger stereoselectivities observed with dipeptide catalysts sug-
gest that the chirality of the amino acid residue adjusting to the
histidine could play an important role in enhancing the stereo-
selectivity. The catalyst might have the appropriate orientation
of the functional group and the stereochemical fit with a
substrate.

In addition, the stereoselectivities of reactions with the
dipeptide catalysts 2a, b, c, e and f increase to a maximum and
then decrease as the amino acid side groups of the catalysts
becomes larger and more hydrophobic. This implies the
importance of the combination of specific interactions such as
steric, hydrophobic and hydrogen bonding in the course of the
reaction. The structural effects in relation to stereoselectivities
for these catalytic systems have been widely discussed in the
previous papers.!9/-14.16¢

For the reaction in the micellar catalytic systems, the esters
are incorporated onto their micellar phase and react with the
imidazole group of a histidinyl residue in the catalysts. There-
fore, it is now clear that the differences in stereoselectivity are
attributable to the framework of the catalysts and are associated

with the incorporation of the catalyst onto the surface of the
surfactant domains leading to an effective interaction between
catalyst and substrate. Thus the effective catalyst must have a
suitable orientation of the imidazolyl group in catalysts and a
stereochemical fit with a substrate. This suggests the importance
of an appropriate combination of the sequence of amino acids
including a histidyl unit and the hydrophobicity of the side
chain in dipeptide catalysts in enhancing the stereoselectivity in
the surfactant domains.

Recently, Ueoka et al.!4-2® demonstrated high stereoselective
deacylation behaviour in the catalytic hydrolysis of long-chain
enantiomeric esters by di- or tri-peptide catalysts in the presence
of vesicular and co-aggregate surfactant systems. Moreover,
Ohkubo et al?' found high stereoselectivity of short-chain
esters in the catalytic vesicular system and at a low ionic
strength. These results strongly suggest that the stereoselective
hydrolysis in surfactant aggregates is easily controlled by
changing the reaction field such as the composition of the
aggregates, ionic strength, amino acid sequence in peptide
catalysts, and the reaction temperature.

Table 2 summarizes the catalytic rate constants and stereo-
selectivities (L/D) for cleavage of two enantiomeric substrates 3a
and b by Z-Phe-His (2e) in the presence of several surfactant
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Table 2 Rate constants for cleavage of enantiomeric esters 3a,b by 2e
in the presence of surfactant aggregates®

k./dm3 mol! 57!

Ac-Phe-ONp (3a) Dod-Phe-ONp (3b)

Surfactant L D L/D L D L/D
CTAB (4a) 622 342 18 617 62 10
HPRB (5) 458 349 13 471 66 71
2Cl4 (6a) 1160  65.7 18 1540 91 17
2C14Glu (6b) 487 38 130 612 74 8.3

4 At pH 7.30, 0.02 mol dm™3, Tris-HCI buffer and 25 °C. [CTAB or
HPRB] = 2.00 x 10> mol dm3, [2Cl4 or 2Cl4Glu] = 1.00 x 1073
mol dm=3,[2e] = 1.00 x 10~* mol dm3, [Substrate] = 1.0 x 10~° mol
dm™. From three or more reactions, we estimated that rate constants
are reproducible to +5%.

w—— Z - Leu-His
\ w—e=e= Z - Val-His
—e== Z - Phe-His

1 1
200 220 240

A /nm

Fig.1 CD Spectra of peptide catalysts with CTAC micelles in 5% (v/v)
CH,0H-H,0; [Cat] = 2.5 x 10* mol dm™3 [CTAC] = 3.0 x 1073
mol dm™3

aggregates. It is found that the rate and stereoselectivity for the
hydrolysis of both enantiomeric substrates show a remarkable
dependency on the surfactant catalytic systems. Thus, reaction
of short chain substrate 3a with 2e in vesicular 6b gives the
largest stereoselectivity. This shows that to achieve high stereo-
selectivity it is important for the chiral groups to be positioned
near the polar head region of the surfactant, where the catalyst is
very stable and capable of conforming to optimally fit one of the
enantiomers. Thus, the orientation of the catalyst 2e is rather
more favourable on the short chain substrate 3a than on the
long-chain substrate 3b in the surface of the glucose-substituted
surfactant 6b.!4

The above results strongly suggest that the selection of the
kind of morphology of the surfactant aggregates, ie., the
reaction field where the catalyst and substrate are incorporated
into the surface of these coaggregates leading to an effective
orientation between the reactants, is very important for the
achievement of high stereoselectivity.

Circular Dichroism Spectra—The CD spectra of dipeptide
catalysts employed in this study were measured in the presence
of CTAC micelles, as shown in Figs. 1 and 2. Interestingly, the
specific CD spectra at ca. 227-235 nm occurred in Z-Leu-His, Z-
Val-His and Z-Phe-His with CTAC micelles, which promoted
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Fig. 2 CD Spectra of peptide catalysts with CTAC micelles in 5%
(v/v) CH,OH-H,0; [Cat] =25 x 10* mol dm™3 [CTAC] =
3.0 x 103 mol dm3

Fig.3 Structural diagram of Z-Phe-His-OMe (7), with torsional angle
labels

the relatively high enantioselectivity for the hydrolysis of the
substrates. On the other hand, no specific CD spectrum at 235
nm was obtained in any of the inactive peptides (Z-His, Z-His-
Leu, Z-Trp-His). The above data imply that these specific CD
spectra at ca. 227-235 nm in active dipeptide catalysts bound to
micelles of CTAC may support the a-helix 19-22-23 or B-sheeted
rigid conformation through the intra- or intermolecular inter-
action between amino acid residues.

On the basis of the above results, we are now attempting a
more precise description of stereoselective catalyst conformers,
using computer modelling along with hand-held models.

Conformational  Energy  Calculation—Conformational
energy calculation was performed on N-Benzyloxycarbonyl-L-
phenylalanyl-L-histidine methyl ester (Z-Phe-His-OMe, 7). The
structural and energy parameters were taken from the ECEPP
system. As shown in Fig. 3, we consider thirteen torsional angles
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Table 3 Approximate torsional angles/° for some regular structures

9 V2 ?3 Vs
Right-handed —57 —47 -57 —47
helix
Chain pleated  Parallel —119 +113 —-119  +113
sheet Antiparallel —139 +135 —139 +135
Turn type Type I -60 -30 -9 0
structure Type I’ +60 +30 +90 0
Type Il -60  +120 +80 0
Type II +60 —120 —80 0
Type V —80 +80 +80 —80
3601
300
240+
L
R 1801
120+
60+
0 1 i . i - 1 1 J
0 60 120 180 240 300 360

2
23
Fig.4 Energy contour maps illustrating the variations of the side chain
orientation of Phe (x2) and.His (x2). Minimum point x3 = 3 = 270;
Vamin =0 kcal mol™!; interval = 1 kcal mol™!; no. of lines = 5.

that determine the conformation of Z-Phe-His-OMe. For
calculation, the main chain conformations were fixed to one of
the standard conformations which are commonly obtained in
the characteristic secondary structures of polypeptides 2 such
as «-helix, B-sheet and turns as shown in Table 3. The amide
bond was fixed in a planar trans (@ = 180°) conformation, and
0, = 180° and 0, = 180° were taken. For each main chain
conformation, %} and y} in side chain rotational angles of Phe
and His units were increased systematically by 60°, 180° and
300°, and %2 and %2 were varied from 0-360° at an interval of
30°. Initial energy calculations were performed in relation to ca.
12 000 starting conformations as defined above. One of the
energy contour maps for the side-chain orientation of Phe and
His units in the a-helix structure is shown in Fig. 4. Starting
from the local minima in the side-chain energy maps, total
energy minimization was then performed with respect to all
torsional angles except for ®,, ®, and ;. Some of the lowest
energies among the local minima are listed in Table 4. The
conformation of the lowest energy is obtained from one of the B-
sheet starting structure and the energy was estimated to be — 3.6
kcal mol!. No minimum lower in energy than the three
conformers starting from the above structures could be found.
The energy calculation study was also carried out on N-acetyl-L-
phenylalanine methy! ester (Ac-Phe-OMe). For computational
simplicity we calculated the structure of the methyl ester of
acetyl phenylalanine, instead of the p-nitrophenyl ester 3a which
was actuaily used in our experiments. In Fig. 5 are shown
NAMOD molecular display drawings for the four possible
conformations of the catalyst. The minimum structures of these
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(c) (d)

Fig.5 Conformations of Z-Phe-His-OMe (7) with the lowest energies

conformers (Fig. 5) show full penetration of the side chain units
of L-Phe and L-His around the benzyloxy sidearm axis. These
conformers show only minor deviations from the planarity in
the benzyloxy sidearm. In some of the catalyst conformations a
histidyl group is well positioned for attack on the carbonyl
group of the L enantiomer. Next, an attempt was made to find a
stereochemical correlation between the catalyst and substrate.
The conformer 7a was selected in this study because a similar
structure was derived from the inspection of hand-held CPK
molecular models. The geometries of model 7aand Ac-Phe-OMe,
along with the atomic charges obtained from a MNDO
semiempirical calculation, are shown in Fig. 6.

Fig. 7(a) shows CPK space filling models of conformer 7a of
ZPhe-His-OMe and Ac-Phe-OMe obtained from the computer
calculation. The side chains of L-Phe and L-His in Z-Phe-His-
OMe constitute a hydrophobic area through the intramolecular
interactions between amino acid residues as well as hydrogen
bonds between amide parts in the dipeptide catalyst. A fitting by
CPK models of Ac-Phe-OMe and Z-Phe-His-OMe through the
efficient hydrophobic and/or recognizant interactions between
the substrate and the catalyst is presented in Fig. 7(b). On the
other hand, it is suggested that the interaction between D-Phe in
the substrate and L-Phe in the catalyst might bring an
unfavourable fitting and a histidyl group is not positioned for
attack on the carbonyl group in the course of the reaction. These
computer-generated structures were consistent with the avail-
able experimental data, allowing the methodology to be ex-
tended to the interaction of the catalyst with the substrate in the
presence of micelles.

Conclusions—The present study clearly shows that some of
the dipeptide derivatives (Z-Leu-His and Z-Phe-His) are effec-
tive stereoselective catalysts for cleavages of the enantiomeric
substrates. The kinetic results indicate that the stereoselective
control is mainly determined by catalytic acyl transfer to the
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(@) (b)

Fig. 7 CPK space filling model of (a) Ac-Phe-OMe and Z-Phe-His-OMe and (b) a fitting model of Ac-Phe-OMe and Z-Phe-Hjs-OMe

(Facing p.546)
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Fig.6 Molecular structures of Ac-Phe-OMe and the model catalyst derived from semiempirical MNDO calculations. The numbers adjacent to each

heteroatom are the atomic charges.

Table 4 Torsional angles of Z-Phe-His-OMe (7) with the minimum energies

Torsional angles/®

Conformer* Energy 8, 9, V2 % ' vs x3 xB 6,

7a -21 —123 -7 Y) 71 —61 —40 64 87 179
7b -17 ~100 —66 46 —105 —69 -39 -59 101 179
7c -36 112 —156 144 —176 -107 —60 134 57 —95 -178
7d —-15 102 -7 140 79 —70 101 —60 ~75 179
e -22 —108 —155 142 ~106 - 63 109 177 68 180
7 -20 ) —64 —44 77 —65 —41 58 —97 178

@ Starting conformations; 7a-b, «-helix; 7c—d, B-sheet (parallel); 7e, -sheet (antiparallel); 71, turn (type I).

imidazole function at the active site of the optically-active
catalyst. These catalysts might have the appropriate orientation
of the functional group and a stereochemical fit with the
combination of specific interactions such as steric, hydrophobic
and hydrogen bonding. A model proposed for the evaluation of
the interaction between Z-Phe-His-OMe and Ac-Phe-OMe has
been studied by an empirical calculation method. The compu-
tational studies do find a stable structure for Z-Phe-His-OMe
which is consistent with the model proposed in terms of
intramolecular interactions between amino acid side residues
as well as hydrogen bonds between amide parts. Indeed,
experimental and computational findings for analogous systems
support this idea. An analysis of conformers at their energy
minima obtained from the calculation reproduces the sense of
the kinetic stereoselectivities. The present results may suggest a
rational approach to the design of highly stereoselective
catalysts in surfactant aggregate systems.
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