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A pair of cyclodextrin—peptide hybrids (CD-peptides) having three functional groups, B-cyclodextrin (B-CD),
imidazole and carboxylate, in this order and in the reverse order were designed and synthesized as hydrolytic catalysts.
These CD—peptides were designed so as to make three functional groups placed on the same side of the a-helix
peptide work together. Another pair of CD—peptide hybrids which lack the carboxylate were also designed and
synthesized in order to examine the effect of the carboxylate in the novel catalysts. Circular dichroism studies
revealed that these CD—peptides have stable a-helix structures and their a-helix contents were high enough (around
70%) to place the functional groups at appropriate positions in the CD—peptides. Boc-D-alanine p-nitrophenyl ester
and Boc-L-alanine p-nitrophenyl ester were chosen as substrates and the enantioselectivity of the catalysts in the
hydrolysis was examined. Kinetic studies suggested that the presence of carboxylate in the CD—peptides enhances the

ester hydrolysis with substrate selectivity.

Introduction

Many enzymes have high activity and substrate specificity or
selectivity because they arrange multiple functional groups in a
masterly way. But the usage of enzymes in industrial fields is
limited due to their fragilility with regard to pH, temperature,
and so on. Therefore, artificial enzymes which overcome this
difficulty have been sought. One of the essential factors for
constructing useful catalysts is arranging the multiple func-
tional groups at appropriate positions. Among many candidates
for artificial enzymes, enzyme mimics using modified cyclo-
dextrins (CDs)! or peptides® have been studied extensively. In
the modified CDs used as catalysts, CD acts as a substrate bind-
ing site because of its remarkable ability to bind a guest
molecule in its central cavity. On this basis, CD derivatives hav-
ing a benzoate conjugated imidazole,** and a tripeptide (serine-
histidine-aspartate)® were proposed as serine protease mimics.
However, it is not clear whether those functional groups work
cooperatively or not. On the other hand, peptides, which can
form well-defined secondary structures,® are useful as a scaffold
on which to place multiple functional moieties at their appro-
priate positions. For example, a 4a-helix bundle was syn-
thesized as a hydrolytic catalyst, in which multiple functional
groups are arranged.” In this catalyst, it was confirmed that
multiple functional groups act together. But it is difficult to
construct a substrate binding site only from small peptide
molecules. The use of CD as the binding site might solve this
problem.

Recently, we have prepared cyclodextrin—peptide hybrids
(CD—peptides) with multiple functional groups. It was proved
that the CD unit acts as the substrate binding site and the carb-
oxylate as one of the functional groups plays a key role in ester
hydrolysis.” In this study, Boc-D-alanine p-nitrophenyl ester and
Boc-L-alanine p-nitrophenyl ester were chosen as substrates and
the enantioselectivity of the CD—peptide hybrids was studied.

Results and discussion
Design and syntheses of CD—peptides
In the design of these CD—peptides, to avoid any undesirable
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influence of the amino acid side chains, alanine was chosen as a
main component because it favors an o-helix structure.® Addi-
tionally, in order to stabilize an a-helical structure, two pairs of
intramolecular salt bridges (Glu4-Arg8 and Glul2-Argl6)°®
were introduced into the opposite face of the catalytic side.
Schematic illustrations of the CD-peptides and their amino
acid sequences are shown in Fig. 1. EHB19 has a carboxyl-
ate, an imidazole moiety and B-CD in this order from the
N-terminus side and HB19 has Ala6 instead of Glu6, and con-
sequently it lacks the carboxylate. BHE19 has three functional
groups in the reverse order of EHB19. BH19 lacks the carboxyl-
ate with Alal4 instead of the Glul4 of BHE19.

Scheme 1 shows the synthetic route to EHB19. The a-helix
peptide was synthesized by the stepwise elongation of Fmoc
protected amino acids. The side chains of His, Arg and Glu
except for Glul4 were protected with trityl (Trt), mesitylene-2-
sulfonyl (Mts) and benzyl (Bzl) groups, respectively. The side
chain of Glul4 was protected with the tert-butyl (tBu) group.
Synthesized peptide was cleaved from the resin by trifluoro-
acetic acid, and at this stage, tBu of Glul4 and Trt of His10
were removed. 6-Mono-deoxy-6-amino-B-CD was prepared as
previously described * and selectively introduced into the side
chain of Glul4 vig an amide bond linkage. Finally, all protec-
tion groups were removed by trimethylsilyl trifluoromethane-
sulfonate."! The other CD-peptides were synthesized in the
same manner as EHB19. All the products were purified using an
HPLC instrument equipped with a C4 reversed phase column
and identified by matrix-assisted laser desorption ioniz-
ation time-of-flight mass spectrometry (MALDI-TOFMS) and
amino acid analysis.

Structural analysis of peptide backbones in the CD—peptides

Circular dichroism studies revealed that all the CD-peptides
showed a typical a-helical pattern with double negative maxima
at 208 and 222 nm at various pH’s in phosphate buffer solu-
tions '? (Fig. 2). The secondary structure of the peptides did not
depend on pH (Fig. 3) in the pH region examined. The a-helix
contents’® of EHB19, HB19, BHE19 and BH19 were 73%, 67%,
72% and 68%, respectively. All the CD-peptides maintain a
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Fig. 1 Illustrations and amino acid sequences of CD-peptides.
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Scheme 1  Synthetic route to EHB19. a) Cleavage of the peptide from the resin. TFA, m-cresol, 25 °C, 1.0 h. b) Coupling of the peptide with NH,-f3-
CD. HBTU, HOBt, DIEA, NMP, 25 °C, 24 h. c¢) Deprotection of all protecting groups on the peptide. TFA, m-cresol, thioanisole, TMSOTT, 0 °C,
2.0 h. TFA = trifluoroacetic acid, HBTU = O-benzotriazol-1-yl-N,N,N',N'-tetramethyluronium hexafluorophosphate, HOBt = 1-hydroxybenzo-
triazole, DIEA = diisopropylethylamine, NMP = N-methylpyrrolidone, TMSOTT = trimethylsilyl trifluoromethanesulfonate.

stable a-helix structure at various pH in the buffer solutions
with helix contents high enough for them to maintain an
appropriate arrangement of the functional groups. Though the
orders of amino acids and functional groups in the CD-
peptides are different from each other, all the CD—peptides have
similar a-helix contents. On the other hand, the a-helix content
of another CD—peptide that lacks two Glu-Arg salt bridges was
22%." These results suggest that the a-helix structures of the
CD-peptides are governed not only by alanines as the main
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component but also by two pairs of Glu-Arg intramolecular
salt bridges.

Ester hydrolysis and its kinetic study

Boc-p-alanine p-nitrophenyl ester (D-AlaONp) and Boc-L-
alanine p-nitrophenyl ester (L-AlaONp) were chosen as enantio-
meric substrates. The hydrolysis was performed at various pH
in phosphate buffer solutions and monitored by increasing



{2
=

o
-

6.0 6.0

5,0 5

£ 4.0 £ 4.0

o o

o o

5 20 5 20

& by

S 0 T o0

o4 <t

=) \ =)

% 20 e = 20

200 220 240 200 220 240

A/nm A/nm

c) d)

6.0 6.0

s ]

2 a0 2 aopm

o o

o o

£ 20 £ 20

& &

S 0 T o0

<t <t

(=] (=]

Z Z 7

§»2.o T 20 S #

200 220 240 200 220 240

A/nm A/nm

Fig. 2 Circular dichroism spectra of CD-peptides in 50 x 10~ mol
dm™? phosphate buffer solutions containing 1.25 vol% trifluoroethanol
at 25°C. a) EHB19; b) HB19; c¢) PHEI19; d) BH19, pH 5.0 ( ),
6.0 (------ ), 6.5 (———-), 7.0 (——-), 8.0 (——).
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Fig. 3 pH profiles of a-helix content for EHB19 (O), HB19 (O),
BHEI19 (<) and BHI19 (A).

absorbance of the product, p-nitrophenolate.’® In all measure-
ments, the concentration of each CD-peptide was fixed at
2.5 % 107° mol dm*. The substrate concentration was varied
from 1.0 X 107* to 5.0 X 107* mol dm 3. Conditions of excess
substrate were kept in each measurement.

Initial rates of hydrolysis were measured in buffer solutions '
with different pH’s under the conditions of a fixed substrate
concentration of 3.0 x 10™*mol dm 3. Both EHB19 and BHE19
had a maximum point around pH 6.0 in the hydrolysis of
D-AlaONp and L-AlaONp. On the other hand, HB19 and fH19
did not have any maximum point (Fig. 4). Since the secondary
structures of the CD—peptides do not depend on pH, the differ-
ence in the catalytic activities around pH 6.0 must arise from
the presence of the carboxylate in EHB19 or BHE19. In the pH
region from 6.0 to 7.0, the activities decreased in EHB19 and
BHE19. One possible explanation is that the hydrogen bond
between carboxylate and imidazole is inhibited by water mole-
cules in the pH region, resulting in the inactivation of the
imidazole group. A pH around 6.0 might be optimal for form-
ing a hydrogen bond between carboxylate and imidazole. The
catalytic activities of all the CD—peptides increased beyond pH
7.0 because the nucleophilicity of the imidazole group simply
increases in the pH region.

In the absence of any catalyst, the rate constants of the
hydrolysis of b-AlaONp and L-AlaONp (k,,) were 1.84 x 107°

50 50
D-AlaONp D-AlaONp
'Tw 40 EHB19 '.'w 40
£ £
5 5 30
E E
2 @
© ©
T2 T 20
N N
10 Hp1o 0 BHE19 /
0 0
5.0 6.0 7.0 80 5.0 6.0 7.0 80
pH pH
50 50
1.-AlaONp 1-AlaONp
T 40 T 40
E E
© ©
T 3 B
E E
2 2
© ©
T 20 T 20
© N
10 10
0 0
5.0 6.0 7.0 8.0
pH

Fig. 4 pH dependence of hydrolysis of Boc-D-alanine p-nitrophenyl
ester (closed symbol) and Boc-L-alanine p-nitrophenyl ester (open
symbol) for EHB19 (@, O), HB19 (M, O0), BHE19 (¢, <) and BH19
(A, A). The concentration of all catalysts was 2.5 X 107> mol dm*. The
concentration of the substrates was fixed at 3.0 X 10~* mol dm .
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Fig. 5 Hydrolysis of Boc-p-alanine p-nitrophenyl ester (closed
symbol) and Boc-L-alanine p-nitrophenyl ester (open symbol) for
EHp19 (@, O), HB1Y9 (M), BHEIL9 (), BH19 (A). The concen-
tration of all catalysts was 2.5 X 107> mol dm*. The concentration of
the substrates was varied from 1.0 X 107 to 5.0 X 10™* mol dm 3. The
solid lines were obtained by least squares curve fitting based on the
Michaelis—-Menten equation.

and 1.78 X 107% s7!, respectively. Because EHB19 and BHEI9
showed maximum catalytic activity at pH 6.0, the kinetic
parameters of all the CD-peptides were compared at this pH
(Fig. 5) and are summarized in Table 1. The k., '” values of
EHP19 and BHEI19 having carboxylate, imidazole and B-CD
were higher than the CD-peptides HB19 and BH19, which
lack a carboxy group, for the hydrolysis of the substrates.
When EHB19 and HB19 were compared, EHB19 showed 4.5-
fold and 1.7-fold higher k_,, values (3.70 X 107* and 1.67 x 1073
s~!) than HB19 (0.82 x 107 and 0.96 x 107%s7!) for D-AlaONp
and L-AlaONp, respectively. The superior k,, values of EHB19
over those of HP19 must derive from the presence of
the carboxylate. The carboxylate in EHB19 might enhance the
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Table 1 Kinetic parameters for the hydrolysis of Boc-D-alanine p-nitrophenyl ester and Boc-L-alanine p-nitrophenyl ester catalysed by CD-peptide

hybrids at 25 °C in 5.0 X 1072 dm™* phosphate buffer solution (pH 6.0)

kead Ko/ (kead Ke)! Kol
Catalyst Substrate 1073571 10*mol dm™3 mol ' dm?®s™! 105 mol dm™3
EHp19 D-AlaONp 3.70 3.33 11.1 0.16
L-AlaONp 1.67 10.5 1.59 1.11
HB19 D-AlaONp 0.82 8.18 1.00 1.90
L-AlaONp 0.96 12.5 0.77 2.29
BHE19 D-AlaONp 1.60 11.9 1.34 1.34
L-AlaONp 2.53 6.89 3.67 0.49
BH19 D-AlaONp 0.66 14.1 0.47 4.08
L-AlaONp 1.16 6.75 1.72 1.04
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Fig. 6 Schematic illustration of ester hydrolysis performed by the cooperation of imidazole, carboxylate and $-CD units.

nucleophilicity of the imidazole group by forming a hydrogen
bond with the imidazole. A plausible mechanism,** for the ester
hydrolysis is shown in Fig. 6. On the other hand, EHB19
showed a 2.5-fold superiority in K, value over HB19 for the
hydrolysis of D-AlaONp. K, is considered as an approximation
of the dissociation constant of the catalyst-substrate complex.
Namely, the lower K, value is more favorable to the hydrolytic
reaction. This result suggests that the presence of the carboxyl-
ate in EHP19 is favorable for the binding of D-AlaONp. In the
case of L-AlaONp as the substrate, the superiority in the bind-
ing is not large. Tee et al. evaluated the dissociation constant of
the catalyst—substrate complex in the transition state as Krg
(kg (ke Ki))."® The Kyg values of EHB19 for p-AlaONp and
L-AlaONp are smaller than those of HB19, suggesting that the
complexes in the transition state are stabilized by the presence
of the carboxylate group. In the K, values of the CD—peptides,
there is no significant difference between BPHE19 and BH19
for p-AlaONp and L-AlaONp although BHE19 showed 2.4
and 2.2-fold higher values of k., than BH19 for p-AlaONp and
L-AlaONp, respectively. These results suggest that the presence
of the carboxylate in BHE19 did not improve the binding
for these substrates. Also, BHE19 showed 3.0- and 2.1-fold
superiority in the value of Kg over fH19 for pD-AlaONp and
L-AlaONp, respectively, and these results indicate that the
presence of the carboxylate in BHE19 stabilizes the transition
state of the substrate—catalyst complexes.
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When the K, values for the substrates of the enantiomers are
compared for CD—peptides with different arrangements of the
functional units, EHB19 and HB19, which have a -CD unit on
the C-terminus side, showed the superior value for p-AlaONp.
On the other hand, BHE19 and BH19, which have a 3-CD unit
on the N-terminus side, showed an advantage for L-AlaONp.
This result suggests that the order of the B-CD unit and the
imidazole group on the a-helix peptide determines the selectiv-
ity for the substrate binding. The selectivity difference may arise
from the topological difference, which reflects the arrangement
of the functional units on the a-helix. With respect to the k,,
values of the CD-peptides, EHB19 showed higher values for
D-AlaONp while BHE19 and BH19 showed higher values for
L-AlaONp. On the other hand, EHB19 had a 7-fold higher k_,/
K, value for p-AlaONp than for L-AlaONp. In the case of
HP19, in spite of the fact that the &, value for D-AlaONp was
a little inferior to that for L-AlaONp, the k./K, value for
D-AlaONp was superior to that for L-AlaONp. This superiority
is probably due to the advantage in K, for pD-AlaONp. In
contrast to the D-substrate preference of EHB19 and Hf19,
BHE19 and BHI19 had about 3-fold higher k. /K, values for
L-AlaONp than for D-AlaONp. This result indicates that the
substrate selectivity is mostly determined by the order of the
functional groups in the CD—peptides. Namely, the topological
aspect of the functional groups is important in these catalytic
systems.



All these results demonstrate that this new approach using
CD-peptides is useful for finding appropriate systems with high
catalytic activity and high substrate selectivity by arranging the
multiple functional groups on the a-helix peptide.

Experimental
Materials and methods

All chemicals and solvents were of reagent or HPLC grade.
Amino acid derivatives and reagents for peptide synthesis were
purchased from Watanabe Chemical Co. (Hiroshima, Japan).
B-Cyclodextrin (B-CD) was kindly donated by Nihon Shokuhin
Kako Co., Ltd., and was used as received. Mono-6-deoxy-
6-amino-B-CD (NH,-B-CD) was prepared as previously
reported.’® Boc-L-alanine p-nitrophenyl ester was purchased
from Sigma. It was used without further purification. Boc-D-
alanine p-nitrophenyl ester was synthesized. All peptides were
synthesized manually by the solid-phase method using the
Fmoc-strategy. The CD-peptides were purified by reversed-
phase HPLC. HPLC was carried out on a C4 reversed phase
column (YMC-Pack A-823 column, YMC Co.) (10¢ X 250
mm) by employing a Hitachi L-7100 HPLC system. The CD—
peptides were identified by matrix-assisted laser desorption ion-
ization time-of-flight mass spectrometry (MALDI-TOFMS).
MALDI-TOFMS was measured on a Shimadzu KOMPACT
MALDI III mass spectrometer by using 3,5-dimethoxy-4-
hydroxycinnamic acid or 2,5-dihydroxybenzoic acid as a matrix.
Amino acid analysis was carried out with a Shimadzu LC-
10ADvp system equipped with a Wakopak WS-PTC column
(4.0 x 200 mm, Wako Co.) after hydrolysis of each CD-—
peptide in 6.0 mol dm~* HCl at 110 °C for 24 h in a sealed tube
and labeling amino acids with phenyl isothiocyanate. The CD—
peptide concentrations were determined by quantitative amino
acid analysis using valine as an internal standard.

Syntheses of CD—peptides

Synthesis of EHp19. 4-(2',4’-Dimethoxyphenyl-Fmoc-amino-
methyl)phenoxy resin (Rink amide resin) was employed and the
peptide was synthesized manually by stepwise elongation of
Fmoc-protected amino acids on the resin according to the
reported procedure.’ The amino group on the resin (156
umol of 260 mg resin) was coupled with Fmoc amino acid
(3 equiv.) in the presence of O-benzotriazol-1-yl-N,N,N',N'-
tetramethyluronium hexafluorophosphate (HBTU, 3 equiv.),
1-hydroxybenzotriazole hydrate (HOBt-H,O, 3 equiv.) and
diisopropylethylamine (DIEA, 6 equiv.) in 2 ml of N-methyl-
pyrrolidone (NMP) for 20 min. The Fmoc group was removed
by treatment with 2 ml of 20% piperidine in NMP solution for
15 min. The terminal amino group of the peptide was acetyl-
ated with acetic anhydride (10 equiv.) in NMP for 20 min.
Coupling efficiency on the resin was checked by the Kaiser
test.? Then 487 mg of the acetylated peptide-resin (Ac-
peptide-resin) was obtained. The Ac-peptide was cleaved from
the resin and partially deprotected with 10 ml of trifluoroacetic
acid (TFA) in the presence of 0.25 ml of m-cresol as scavenger,
by stirring for 1.0 h at 25°C, then peptide was sedimented
by diethyl ether. The crude peptide was confirmed as the
desired product from the molecular ion peak [M + H]* in
MALDI-TOFMS. Ac-peptide (60 mg, ca. 24 pmol) and NH,-B-
CD (3 equiv.) were dissolved in 3 ml of NMP in the presence of
HBTU (3 equiv.), HOBt-H,O (3 equiv.) and DIEA (6 equiv.)
and stirred at 25 °C for 24 h. The crude product was obtained
as a precipitate (140 mg, ca. 24 pmol) in ether and analyzed
by reversed phase HPLC and identified by MALDI-TOFMS
(mlz 3628.6 [(M+H)"], calc. 3628.0). The crude peptide
was treated with 2.5 ml of trimethylsilyl trifluoromethane-
sulfonate'® in the presence of 1.5 ml of thioanisole and 0.25 ml
of m-cresol in 8 ml of TFA solution at 0 °C for 2.0 h. The final
product, EHB19, was purified by HPLC using a reversed C4

column and identified by MALDI-TOFMS (m/z 2993.7
[(M + H)*], calc. 2993.1). Total yield from the resin was 10%.

Synthesis of BHE19. This compound was synthesized and
purified in an identical way to EHB19, except for the introduc-
tion of Glu4(tBu) and Glul4(Bzl) instead of Glu4(Bzl)
and Glul4(tBu), respectively. MALDI-TOFMS (m/z 2993.3
[(M+H)™], calc. 2993.1). Total yield from the resin was 23%.

Synthesis of PH19. This compound was synthesized and
purified in an identical way to EHB19, except for the introduc-
tion of Glu4(tBu) and Alal4 instead of Glu4(Bzl) and Glul4-
(tBu), respectively. MALDI-TOFMS (m/z 2934.4 [M + H)7],
calc. 2935.1). Total yield from the resin was 20%.

Synthesis of HB19. This compound was synthesized and
purified in an identical way to EHB19, except for the introduc-
tion of Ala4 instead of Glu4(Bzl). MALDI-TOFMS (m/z
2935.4 [(M + H)™], calc. 2935.1). Total yield from the resin was
6%.

Preparation of substrate

Boc-p-alanine p-nitrophenyl ester was synthesized by coupling
Boc-p-alanine with p-nitrophenolate in the presence of dicyclo-
hexylcarbodiimide in DMF. Product was purified by silica gel
chromatography and recrystallization from hexane and identi-
fied by 'H NMR in CDCl,.

Circular dichroism measurements

Circular dichroism spectra were recorded on a J-720W1I spectro-
polarimeter equipped with a thermoregulator using a quartz
cell with 0.1 cm pathlength in the amide region (190-250 nm) at
25 °C. Stock solutions of all CD—peptides were prepared as a
trifluoroethanol solution (2.0 x 107 mol dm?) and diluted in
5.0 X 1072 mol dm™* phosphate buffer solution (pH 5.0, 6.0,
6.5, 7.0 and 8.0). The final concentration of CD—peptides was
2.5 x 1073 mol dm? in each measurement.

Hydrolysis measurement

Initial rates in the hydrolysis were measured in 5.0 X 1072 mol
dm? phosphate buffer solution (pH 5.0, 6.0, 6.5, 7.0 and 8.0)
and determined by the increase of the absorbance at 320 nm
(pH 5.0, 6.0 and 6.5) or 400 nm (pH 7.0 and 8.0) for released
p-nitrophenolate as a product. All the absorbance was moni-
tored using a UV/Vis spectrophotometer (Shimadzu) 3100
using a quartz cell with 1.0 cm pathlength at 25 °C. Stock solu-
tions of all CD—peptides were prepared as an NMP solution
(2.0 x 107> mol dm™®) and diluted in phosphate buffer solution
(the final concentration in each measurement was 2.5 X 1073
mol dm™®). Stock solutions of substrates were prepared with
acetonitrile (1.0 X 107* mol dm™®) and diluted in phosphate
buffer solution (3.0 x 10™* mol dm %) in each measurement.

Kinetics study

Substrate concentrations were varied from 1.0 x 10™* to
5.0 x 107* mol dm™?* at 25 °C and pH 6.0. Initial rates of sub-
strate hydrolysis were plotted against substrate concentrations.
Kinetic parameters were obtained by least squares curve fitting
analysis with the Michaelis-Menten equation [eqn. (1)] using
Kaleida Graph (Synergy Software).

Vo= keal CLISV(IS] + Kr) (M

V, represents the initial rate of hydrolysis, k., and K, repre-
sent the first-order rate constant from the catalyst-substrate
complex and the Michaelis—Menten constant, respectively, and
[C], and [S] represent the initial concentration of CD-peptide
and the concentration of substrate, respectively.
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