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The enantiospecificity of a-chymotrypsin (CT) at S site in aqueous—organic media was investigated for
peptide synthesis from N-acetyl-L-tyrosine ethyl ester (ATEE) as an acyl donor and alanine or serine derivatives
as acyl acceptors. It was found that catalytic activity of CT is a function of nature of organic solvent, and,
among the solvents used, CT exhibited high activity in tbutyl alcohol, acetone, and acetonitrile. The relative
reactivity of L-alaninamide as an acyl acceptor to that of D-isomer was also significantly dependent on nature of
solvent. CT exhibited high specificity to L-isomer in these three organic solvents. The enantiospecificity is also
a function of water content in reaction media. In acetonitrile, the maximum reaction rates of ATEE with L-
and D-alaninamide were obtained at 10 and 6% water, respectively, and relative reactivity of D-isomer increased
with decrease in water content. Structural effects of acyl acceptors on their reactivity are striking and discussed
in terms of stability of their complexes with the acyl-enzyme intermediate.

Recently extensive studies have been made on en-
zymatic reactions in organic solvents with restricted
amounts of water.) In these reaction systems, enzymes
form aggregates and are usually suspended as small par-
ticles in solutions. It has been recognized that enzyme
activities are functions of many factors such as nature of
organic solvent and water content in reaction media.V
Furthermore, substrate specificity of enzymes can be al-
tered by changing organic solvent or water content.? %

Organic solvents may perturb enzyme structure by
direct interaction with enzymes or by changing dissoci-
ation state of ionic groups of the enzymes. The hydro-
phobic interactions between a substate and the bind-
ing site of an enzyme may also be altered by switch-
ing from one solvent to another. These would lead to
changes in enantiospecificity of the enzymes. In fact,
several enzymatic reactions have been reported in which
enantiospecificities of enzymes are dependent on na-
ture of organic solvent; examples are aminolysis,” ester
synthesis,® and transesterification”™!? by subtilisin or
lipases. Furthermore, a complete reversal of enzyme
enantiospecificity was reported upon a change in the
solvent.'?) Also it was found that water content in or-
ganic solvents affects enantiospecificity of enzymes in
ester synthesis'? or transesterification.®)

It is known that a number of biologically impor-
tant peptides contain D-amino acid residues.'*—!% In-
corporation of D-amino acid derivatives into peptides
by enzymatic reactions has been reported by several
workers.!*—29 The reactions have been carried out
mostly in aqueous or aqueous—organic cosolvent sys-
tems. Relatively few studies have included the reac-
tions in organic solvents with restricted amounts of
water.2!—2%) So far, solvent effect on enantiospecificity
of proteases for peptide synthesis has not been studied
extensively. In the present work, the enantiospecificity
of a-chymotrypsin (CT) was investigated for peptide
synthesis from N-acetyl-L-tyrosine ethyl ester (ATEE)
and amino acid amides or esters in aqueous—organic

mixed solvents. CT is one of the enzymes which have
been most frequently utilized for peptide synthesis ow-
ing to its high catalytic activity in both aqueous and
organic solutions. Our attention has been focused on
effects of nature of organic solvents and water content
on ability of CT to discriminate enantiomeric amino
acid derivatives as amine components (acyl acceptors)
in peptide synthesis. The binding mode of amine com-
ponents at S} site of CT is also discussed as relevant to
their reactivity for peptide synthesis.

Experimental

Materials.  a-Chymotrypsin (EC 3.4.21.1, CT) from
bovine pacreas and N-acetyl-L-tyrosine ethyl ester (ATEE)
were purchased from Sigma Chem. Co. Hydrochlorides of
L-alaninamide, L-alanine methyl ester, and L-serine methyl
ester were also purchased from Sigma. Hydrochlorides of D-
alanine methyl ester and D-serine methyl ester were prepared
by the reaction of D-alanine and D-serine with methanol in
the presence of thiony chloride and purified by recrystal-
lization from methanol-ether. D-Alanine methyl ester was
then converted to D-alaninamide hydrochloride by reaction
with ammonia followed by treatment with hydrogen chlo-
ride.?¥ The product was purified by recrystallization from
methanol-ethyl acetate. The purity of the products was
confirmed by NMR and elemental analysis. All the solvents
were guaranteed grade and dried on molecular sieves 3A.

Peptide Synthesis. A typical synthetic reaction of
peptide from ATEE and L- or D-alaninamide hydrochloride
was carried out as follows: A solution of alaninamide hy-
drochloride (0.1 mmol) and triethylamine (0.1 mmol) in wa-
ter (0.45 ml) was added to a solution of ATEE (0.1 mmol)
and acetanilide (25 mg), which was an internal standard for
HPLC analysis, in acetonitrile (10 ml). Then, a solution
of CT (0.5 mg) in water (0.05 ml) was added to the above
solution, and the mixture was incubated at 30 °C with con-
stant reciprocal shaking (about 150 cycles per min). This
method guarantees enough hydration of the enzyme, which
is in dispersed (solid) state, to be activated even at the ini-
tial stage of the reaction. Triethylamine was used for de-
hydrochlorination of alaninamide hydrochloride to form free
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alaninamide. The final concentrations of ATEE and alanin-
amide were 10 mM. Aliquots of the reaction mixture were
taken at intervals and filtered by poly(tetrafluoroethylene)
membrane filters and injected into an HPLC (Shimadzu LC-
6A). Shim-pack CLC-ODS column (0.15 mx6.0 mm) was
used and eluted with water—acetonitrile (50/50 by volume).
Reaction components were detected with a UV detector at
270 nm. The initial reaction rate was calculated from the
slope of linear relation between reaction time and amounts
of the products using a least square method.

Result and Discussion

Time Course of Peptide Synthesis. Figures 1
and 2 illustrate time course of reactions of N-acetyl-L-ty-
rosine ethyl ester (ATEE) with L- and D-alaninamide,
respectively, by the catalysis of a-chymotrypsin (CT)
in acetonitrile containing 4.8% water. It is known that
the reaction proceeds via an acyl-enzyme intermediate,
N-acetyltyrosyl-CT.?® The competitive nucleophilic at-
tack of alaninamide and water on the intermediate gives
dipeptide (Ac-L-Tyr-Ala-NH>) and hydrolysis product
(Ac-L-Tyr—-OH), respectively (Scheme 1). As shown in
Fig. 1, when L-alaninamide was used, the amount of
hydrolysis product was small throughout the reaction,
reflecting much higher reactivity of L-alaninamide than
water. In contrast, when D-alaninamide was used as
an amine component, considerable amounts of hydrol-
ysis product were formed at early stage of the reac-
tion. However, with increase in reaction time, hydrol-
ysis product diminished while the amount of peptide
increased monotonously. After 24 h reaction, the dipep-
tide (Ac-L-Tyr-D-Ala-NH,) was obtained in 95% yield
which is comparable to that from L-isomer. The result
indicates that hydrolysis product again enters into reac-
tion to form acyl-enzyme intermediate and then peptide
(Scheme 1). This means that peptide formation is ther-
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Fig. 1. Time course of reaction of ATEE with L-

alaninamide by CT. ATEE 10 mM, L-alaninamide
20 mM, CT 1 mg, acetonitrile 10 ml, water 0.5 ml,
30 °C. O:Ac-L-Tyr-L-Ala—NH;; @: Ac-L-Tyr-OH;
A ATEE.
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Fig. 2. Time course of reaction of ATEE with D-
alaninamide by CT. ATEE 10 mM, D-alaninamide
20 mM, CT 1 mg, acetonitrile 10 ml, water 0.5 ml,
30 °C. O:Ac-L-Tyr-D-Ala—NH;; @: Ac-L-Tyr—OH;
A ATEE.

modynamically favorable over hydrolysis, and it seems
that the present method is useful for peptide systhesis
containing D-amino acid residues as well as L-isomers.

Effect of Organic Solvent. It has been reported
that reaction rate of peptide synthesis by CT in or-
ganic solvents is strongly dependent on nature of or-
ganic solvent.»2%:2") Therefore, reactivity of L- and D-
alaninamide with ATEE was investigated in several or-
ganic solvents and the results are summarized in Ta-
ble 1. It can be seen that rate of peptide formation is
markedly altered on going from a solvent to another.
Among the solvents used #butyl alcohol, acetone, and
acetonitrile are preferable to others in terms of catalytic
activity of CT. t-Pentyl alcohol, which was reported to
be a competitive inhibitor of CT,?® is a poor solvent as
compared to its close homologue t-butyl alcohol.

The reaction selectivity, which is expressed by
v/ (vL+vg) or up/(vp+wvf) in Table 1, is not so much
dependent on nature of solvent as total reaction rate
(v, +vg or vp+wvf). This implies that relative reac-
tivity and local concentration of alaninamides and wa-
ter around active site of the enzyme are not much af-
fected by nature of these solvents. No correlations were
found between activity of CT and solvent parameters,
such as dielectric constant and log P*® which has been
frequently employed for enzymatic reactions in organic
solvents. In the present reactions, hydrophobic solvents
are not suitable because of low solubilities of substrates,
and therefore it is difficult to examine solvent effects
over wide range of solvent parameters.

The enantiospecificity of CT expressed by wvr,/vp al-
ters significantly by changing organic solvent as seen
in Table 1. There is a correlation between catalytic
activity and enantiospecificity of CT in these organic
solvents; the higher the activity (v, or vp), the higher
the enantiospecificity (vL/vp). An inspection of Table 1
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Scheme 1.
Table 1. Solvent Effect on Initial Reaction Rate of ATEE with L- and D-Alaninamide by a-Chymotrypsin®
Initial rate (umol min~! mg~!)®
Solvent L-Alaninamide D-Alaninamide
L vy  vo+va vL/(vL+vH) UD vg  wp+wvg wp/(vp4vh) vL/vp
t-Butyl alcohol 7.5 1.9 9.4 0.80 1.7 6.4 8.1 0.21 4.5
Acetone 5.6 0.56 6.16 0.91 2.1 2.8 4.9 0.43 2.7
Acetonitrile 5.0 0.40 5.40 0.93 1.9 2.1 4.0 0.48 2.7
THF 1.3 0.14 1.44 0.90 0.71 1.3 2.01 0.35 1.8
1,4-Dioxane 0.77 0.057  0.827 0.93 0.51 0.55 1.06 0.48 1.5
Propylene carbonate 0.23 0.062  0.292 0.79 0.16 0.31 0.47 0.34 1.4
t-Pentyl alcohol 0.13 0.065 0.195 0.67 0.08 0.22 0.30 0.26 1.7
a) ATEE 10 mM, alaninamide hydrochloride 10 mM, triethylamine 10 mM, solvent 10 ml, water 0.5 ml, CT 0.5
mg, 30 °C. b) v and vp: peptide synthesis; vy and vf;: hydrolysis.
reveals that relaxation of enantiospecificity in solvents
from top to bottom of the table comes mainly from de- 120 ~
creases in v, rather than change in vp. The result may =
. . . . ~~ o)
be attributed to modification of enzyme structure which = £
results in decrease in specific binding of the substrate %‘) )
to the enzyme. i\ ’\;:?
Effect of Water Content on Enantiospecificity. K= S ‘@
. s =i 10 g
It is well-known that activities of proteases for pep- = =}
tide synthesis in organic solvents are strongly influenced g b
by water content.*2226:27:39) However, the effect of wa- S '%_
ter content on enantiospecificity of proteases for pep- ~ 2
tide synthesis has been rarely investigated. Therefore, >
next we studied the effect of water content on enan- 0 18
tiospecificity of CT for coupling reactions of ATEE with
L- or D-alaninamide in acetonitrile containing different Water (%)
amounts of water. As expected, by increasing water Fig. 3. Effect of water content on reaction rate of

content, reaction selectivity for peptide synthesis (ratio
of rate of peptide formation to that of hydrolysis) de-
creases sharply (Figs. 3 and 4). However, it should be
noted that, at 4.5% water (2.5 M, 1 M=1 moldm~3),
peptide formation from D-alaninamide (10 mM) is com-
parable to hydrolysis in spite of large excess of water.
This means that D-alaninamide is still about 250 times
more reactive than water. More interestingly, it can be
seen clearly that enantiospecificity expressed by v /vp
is also a strong function of water content (Fig. 5); the
value of v, /vp increases more than 20 fold by changing
water content from 2 to 40%. Maximum reaction rates
with D- and L-alaninamides were obtained at about 6
and 10% water, respectively. At water contents below
6%, the ratio are lower than 2, indicating a significant
relaxation of enantiospecificity.

Several reports have appeared on the effects of wa-
ter content on enantiospecificity of enzymes in organic
solvents. For example, enantiospecificity of a lipase for

ATEE with L-alaninamide by CT. ATEE 10 mM,
L-alaninamide 10 mM, CT 0.5 mg, acetonitrile-water
10 ml, 30 °C. O:Ac-L-Tyr-L-Ala—NH;; @:Ac-L-
Tyr—OH; [J: total rate; A :relative rate.

ester synthesis from 1-butanol and racemic 2-bromo-
propanoic acid in hexane increased with increase in wa-
ter content.'? However, in the case of transesterification
between racemic 1-phenylethanol and vinyl butanoate
in dioxane, the enantiospecificity of subtilisin Carlsberg
decreased with increase in water content.®) These re-
sults suggest that effect of water content on enzyme
specificity is highly specific to the nature of enzyme and
solvent.

The result obtained in the present work may be rati-
nalized as illustrated in Fig. 6. It has been deduced
that, in the case of peptide synthesis from ATEE and
amino acid amides by CT, the nucleophile is bound
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Fig. 4. Effect of water content on reaction rate of

ATEE with D-alaninamide by CT. ATEE 10 mM,
D-alaninamide 10 mM, CT 0.5 mg, acetonitrile-wa-
ter 10 ml, 30 °C. O:Ac-L-Tyr-D-Ala—NH,; @: Ac—
L-Tyr-OH; O: total rate; A :relative rate.
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Fig. 5. Effect of water content on reaction rate of

ATEE with L- and D-alaninamide by CT. ATEE 10
mM, alaninamide 10 mM, CT 0.5 mg, acetonitrile—
water 10 ml, 30 °C. O: Ac-L-Tyr-L-Ala-NHy; (0 : Ac—
L-Tyr-D-Ala—NHo;; A :relative rate (vL/vp).

to the acyl enzyme before deacylation occurs.?® On
the other hand, based on a crystallographic study of
a Michaelis complex of CT with a trypsin inhibitor,3"
it has been proposed that the alanine residue (Ala-16)
in the inhibitor at P} position (carboxyl-terminal side
of the sensitive bond) makes at least 15 contacts with
CT, including hydrophobic interactions of the Ala-16
methyl group with Cys-42 and His-57 of CT.3? The
methyl group points away from the mass of the en-
zyme. Glycine derivatives lacking the beta carbon are
of lower reactivity and D-amino acids cannot be ac-
commodated. In addition, the amide proton in Arg-
17 of the inhibitor (which corresponds to amide pro-
ton of alaninamide in peptide synthesis) has hydrogen
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Fig. 6. Schematic representation of binding of amine
components to reaction site of CT. (a):L-alanin-
amide; (b):D-alaninamide; (c):L-alanine methyl es-
ter; (d): D-alanine methyl ester; (e): L-serine methyl
ester; (f) : D-serine methyl ester.

bond contact with C=0O of Phe-41 in CT; estimated
bond length is 2.7 A3V Thus, as shown in Fig. 6a, it is
likely that, in peptide synthesis, L-alaninamide is bound
to acyl-enzyme by two-point interaction before deacy-
lation (peptide formation) occurs; that is hydrophobic
interaction of methyl group and hydrogen bonding of
amide hydrogen. The binding energy may be utilized
for the following deacylation step. Decrease in water
content will diminish interaction of the methyl group
with hydrophobic pocket of CT, causing lower reactiv-
ity of L-alaninamide.

On the contrary, a productive complex of D-alanin-
amide with CT would be such that as shown in Fig. 6b.
In this case binding would be due only to hydrogen
bonding with Phe-41, resulting in slower reaction with
acyl-enzyme in water than that for L-isomer. However,
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decrease in water content may not so much affect the
binding as for L-isomer, and this will lead to low enan-
tiospecificity at low water contents.

It has been reported that esters of L-alanine are poor
nucleophiles for peptide synthesis with ATEE by the
catalysis of CT.# Similar results were obtained for es-
ters of leucine and valine.!%2% These facts also support
the consideration that hydrogen bond between amide
hydrogen of a nucleophile and CT plays an important
role for its binding to the enzyme. As shown in Fig. 7,
reaction of L-alanine methyl ester with ATEE is much
slower than its amide counterpart, and almost identi-
cal to that of D-alanine methyl ester (Fig. 8). The re-
sult may be interpreted by very weak binding of L-ester
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Fig. 7. Time course of reaction of ATEE with L-ala-

nine methyl ester by CT. ATEE 10 mM, L-alanine
methyl ester 20 mM, CT 1 mg, acetonitrile 10 ml, wa-
ter 0.5 ml, 30 °C. O: Ac-L-Tyr-L-Ala~OMe; @: Ac—
L-Tyr-OH; A: ATEE.
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Fig. 8. Time course of reaction of ATEE with D-ala-
nine methyl ester by CT. ATEE 10 mM, D-alanine
methyl ester 20 mM, CT 1 mg, acetonitrile 10 ml, wa-
ter 0.5 ml, 30 °C. O: Ac-L-Tyr-D-Ala—OMe; @: Ac—
L-Tyr-OH; A: ATEE.
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due to lack of hydrogen bonding to the binding pocket
(Fig. 6¢). In this case, productive binding of D-ester
may be such that as shown in Fig. 6d; the difference in
binding energies between L- and D-esters may be very
small as compared to that for amides.

The above results led us to examination of reactivity
of serine methyl esters as amine components. Serine has
a hydroxyl group on beta carbon which may be a hy-
drogen donor at binding pocket of CT just like amide
groups of alaninamides. Possible productive binding
states are illustrated in Figs. 6e and 6f for L- and D-ser-
ine methyl esters, respectively. Figures 9 and 10 show
that both esters enter into reaction much more rapidly
than alanine esters. Furthermore, difference is small
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Fig. 9. Time course of reaction of ATEE with L-serine
methyl ester by CT. ATEE 10 mM, L-serine methyl
ester 20 mM, CT 1 mg, acetonitrile 10 ml, water 0.5
ml, 30 °C. O:Ac-L-Tyr-L-Ser—-OMe; @®: Ac-L-Tyr—
OH; A: ATEE.
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Fig. 10. Time course of reaction of ATEE with D-
serine methyl ester by CT. ATEE 10 mM, D-ser-
ine methyl ester 20 mM, CT 1 mg, acetonitrile 10
ml, water 0.5 ml, 30 °C. O:Ac—L-Tyr-D-Ser-OMe;
®: Ac-L-Tyr-OH; A : ATEE.
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between reaction rates of L- and D-serine methyl esters,
which probably reflects small energy difference between
complexes of the esters with acyl-CT. The hydrogen
bond between hydroxyl groups of serine methyl esters
and CT would strongly contribute to complex formation
and accelerate peptide formation.

In summary, enantiospecificity of CT for peptide syn-
thesis is a strong function of the reaction medium. The
nature of organic solvent and water content profoundly
affect the relative reactivity of enantiomeric amine com-
ponents. The results may be interpreted by difference
in medium effects on stability of complexes between the
enantiomeric substrates and CT, which is caused by dif-
ferent binding structures of the enantiomers. The im-
portance of hydrogen bonding between amine compo-
nents and acyl-CT was demonstrated, which illustrates
the structural effects of amine components on enan-
tiospecificity of CT for alanine and serine derivatives.
The present results may contribute to the better under-
standing of the effects of solvent and substrate structure
on enantiospecificity of CT in aqueous-organic media.

This work was supported in part by Grant-in-Aid for
Scientific Research Nos. 04205016 and 04453093 from
Ministry of Education, Science and Culture.
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