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Abstract: Mononuclear, dinuclear, and tetranuclear artificial metalloproteases were prepared by attaching
respective catalytic modules containing the Cu(ll) complex of cyclen (Cu(Il)Cyc) to a derivative of cross-
linked polystyrene. The polymeric artificial metalloproteases effectively cleaved peptide bonds of myoglobin
(Mb) by hydrolysis. The proteolytic activity increased considerably as the catalytic group density was
raised: the ratio of kca/ Km was 1:13:100 for the mono-, di-, and tetranuclear catalysts. In the degradation
of Mb by the dinuclear catalyst, two pairs of intermediate proteins accumulated. One of the two initial cleavage
sites leading to the formation of the protein fragments is identified as GIn(91)-Ser(92) and the other is
suggested as Ala(94)-Thr(95). On the basis of a molecular modeling study by using the X-ray crystallographic
structure of Mb, the site-selectivity is attributed to anchorage of one Cu(ll)Cyc unit of the catalytic module
to a heme carboxylate of Mb. The high site selectivity for the initial cleavage of a protein substrate and
mechanistic analysis of the catalytic action are unprecedented for polymeric artificial enzymes.

Introduction are often more effective than organic functional groups in

Synthetic polymers have been utilized as the backbones ofCatalyzing organic reactions. For example, several catalytic
artificial enzymes:7 Enzyme-like catalysts built on synthetic ~ SyStéms have been reported for peptide hydrolysis in which the
polymers would possess chemical, thermal, and mechanicaimetal centers are either tethered or untethered to the peptide

stabilities. In addition, macromolecules can carry enough
molecular information for substrate recognition and chemical
transformation that are needed for effective catalytic action.

substrate3?28 In peptide hydrolysis, metal ions can polarize
and activate the carbonyl group of the scissile peptide Bord,
metal-bound hydroxide ion is an effective nucleophile that

Several strategies have been reported for designing active sitegittacks at the carbonyl carbéh,'® and metal-bound water can

of polymeric artificial enzyme&:”

act as a general acid in expulsion of the leaving amine from

Various organic functional groups present in the side chains the tetrahedral intermediaté2® Often, a single metal center

of amino acids play key catalytic roles in enzymatic action acting
as nucleophiles, general acids, or general b&Jé® organic

performs several catalytic roles simultaneoddfi# Active sites

functional groups are also exploited in binding of the substrate (14) Chin, J.; Jubian, V.; Mrejen, KI. Chem. Soc., Chem. Commur29Q

through various polar or nonpolar interactions with the substrate. (15)

Metal ions, metal-bound water molecules, or metal-bound
hydroxide ions can play the roles listed abd%e.® Metal ions
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of polymeric artificial enzymes, therefore, have been constructed precisely defined structure (“a catalytic module”) to a polymeric
by using metal complexé&s 28 as well as organfé-34 functional backbone. Thus, it was attempted to synthesize new multinuclear
groups. polymeric artificial metalloproteases by preparation of catalytic
Many enzymes contain two or more metal ions in the active modules containing one, two, or four metal-chelating sites
site, exploiting collaboration among the metal centers in the followed by attachment of the modules to a polystyrene and
catalytic action. Examples of multinuclear metalloenzymes addition of metal ions to the chelating sites. Previous studies
catalyzing hydrolysis of acyl derivatives and related compounds indicated that polymer backbones such as polystyrene provide
are methionine aminopeptida®anetallo-lactamasé® proline microenvironments that can enhance the intrinsic reactivity of
dipeptidase (prolidasé}urease® and agmatinasé.In addition, metal centers in the hydrolysis of peptide or phosphodiester
there are a large number of multinuclear metalloenzymes thatbonds??2627In addition, polar interactions such as electrostatic
catalyze several other types of reactions such as nucleic acidinteraction, hydrogen bonding, and dipelgipole interaction
hydrolysis, synthetic transformations, or oxidatieeduction. become stronger in more hydrophobic environments, possibly
An effective multinuclear artificial metalloenzyme would be leading to stabilization of substrate-catalyst complexes and the
obtained if an artificial active site comprising two or more transition states.
proximal metal centers is designed. Various small molecules With an artificial enzyme obtained by attaching a prebuilt
with multiple metal centers have been synthesized and testedcatalytic module to a synthetic polymer, it is easier to interpret
for catalytic activity in several organic reactions including catalytic outcome on molecular basis since the structure of the
phosphoester hydrolyéfsand asymmetric organic reactions such catalytic module is known. Although several effective polymeric
as epoxidatiori! aldol condensatiof? and carbonyl reductiof? artificial enzymes have been designed for protein or DNA
On the other hand, construction of an artificial active site hydrolysis with various novel strategies to build artificial active
containing two or more metal centers on a polymeric backbone sites?226:27:3¢34 detailed mechanistic analysis has not been
has been seldom attempted. performed due to lack of information on exact structure of the
In an effort to design an artificial active site comprising active sites.
multiple metal centers on the backbone of synthetic polymers, The catalytic element used in construction of the catalytic
we have reported transfer of metal-chelating sites confined in amodule in the present study is the Cu(ll) complex of cyclen
bowl-shaped molecule to a cross-linked polystyr&hdhe (Cyc). Cu(ICyc was chosen in view of the tight bindfAgf
resulting artificial active site contained three moieties of Cu- Cu(ll) ion to Cyc at near neutral pH’s and proteolyfiactivity
(I1) complex of tris(2-aminoethyl)amine and manifested both of Cu(ll)Cyc attached to polystyrene derivatives. As the number
catalytic activity and substrate selectivity in the hydrolysis of of the Cu(ll)Cyc units present in the catalytic module is
small peptides. The metal centers of the artificial active site increased, the catalytic group density of the active site is raised.
were utilized both in substrate recognition and in catalytic Improvement of catalytic activity of the artificial active site
conversion: one metal center recognized the carboxylate groupthrough an increase in the catalytic group density would become
of the substrate and other metal centers cleaved the peptide bonca new methodology for designing artificial active sites. When
Little information is available, however, for the structure of the the multinuclear metal center participates in cleavage of a protein
active site obtained by using the bowl-shaped molecule. In substrate, some of the metal centers may act as the binding sites
addition, it is not possible to synthesize a variety of artificial to recognize the protein substrate and other metal centers as
multinuclear metalloenzymes by the method of transferring catalytic groups to hydrolyze peptide bonds. If a certain
catalytic elements confined in a prebuilt cage to a synthetic functional group of the protein substrate is recognized, then
polymer. some peptide bonds of the substrate may be selectively cleaved.
To develop a methodology applicable to designing a wide Selectivity in cleavage site is one of the important goals to
range of multinuclear polymeric artificial metalloenzymes, we achieve at the current stage in the area of designing enzyme-
attempted in the present study to prepare active sites by attachingnimetic catalysts. In this article, synthesis of the multinuclear
a molecular entity comprising various catalytic elements with artificial metalloproteases, kinetic data for the hydrolytic cleav-

age of myoglobin (Mb), and site-selectivity of the catalytic
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moieties protected withert-butyloxycarbonyl (boc) group to
L-lysine (Lys). In A(boc), (bogCyc is attached to theamino
group of N-Ac-Lys. In B(boc), two (bogCyc moieties are
attached to ther-and e-amino groups of Lys. In C(boc), four
(bockCyc moieties are attached to the amino groups of a trimer
of Lys obtained by attaching two Lys moieties to theand
€-amino groups of Lys. By removing the boc protecting groups,
B and C were obtained. B and C were converted in situ to Cu-
(INB and Cu(Il)C, where the Cyc moieties were transformed
to the Cu(Il)Cyc moieties, by treating with Cu(ll) ion in buffer
solutions.

X ! I
AP SO W Sy o
{/N I o o {/l;l (o) HN (e]
& T " \Eﬂ x
]
A(boc): X = boc B: X=H NN
B(boc): X boc XS x
X A\
N /
N-X X\N N
N L/\N'X—) Py Cow AL
/N\J\_(o o NH 3:0 Oy_g\‘ N
X HV\"" N HHN H l\/ \X
° \/\/"'&_OS C: X =H
C(boc): X =boc

As the polymeric support of the artificial enzymes, a cross-
linked polystyrene derivative (PS) containing aminomethyl
groups attached to a part of the phenyl rings was used. The
content of aminomethyl group in PS was 1.6 mmol/g: 17% of
the phenyl rings of PS contained aminomethyl group. As
summarized in Scheme 1 which illustrates the synthetic routes
using Cu(l)A—P3"S/Ac as the example, a small portion of the
amino groups were first converted to methanesulfonamido
groups by treating with methanesulfonyl chloride to introduce
sulfur to the polymer. Sulfur was introduced as a reference
element for electron probe microanalysis (EPMA) of Cu(ll)
present on the polymer surface. Another small portion of the
amino groups were subsequently coupled with A(boc), B(boc),
or C(boc), and the rest of the amino groups were acetylated.
The boc groups of Cyc moieties attached to the polymer were
removed to form A-PSVS/Ac B—P3US/Ac or C—PIMSIAC with
trifluoroacetic acid (TFA), which is known to quantitatively
remové® boc groups attached to amino groups on polystyrene
derivatives. By treating AP3¥S/Ac B—p3YS/Ac or C—P3MS/Ac
with a CuC} solution, the corresponding Cu(ll) complex (Cu-
(INA —PSMS/Ac - Cu(ll)B—PS!S/Ac or Cu(ll)C—PI"S/A%), in
which Cyc moieties were converted to Cu(ll)Cyc moieties, was
obtained.

The contents of Cu(ll) ion in Cu(l)APS"S/Ac, Cu(ll)B—
P3"S/Ac and Cu(ll)G-PS¥S/Ac were measured by inductively
coupled plasma absorption-emission spectroscopy (ICP-AES)
after Cu(ll) ion was released from the PS derivatives by multiple
treatment wih 1 N HNG;. On the basis of the Cu(ll) content,
contents of the catalytic modules were calculated as 1.9 mol %
(relative to styrene moieties) for Cu(IAPSVS/Ac, 1.4 mol %
for Cu(I)B—PS"S/Ac and 1.4 mol % for Cu(ll)GPSMS/AC,

(45) Merrifield, B. In Nobel Lectures in Chemistry (1981990) Frangsmyr,
T. Ed.; World Scientific: Singapore, 1992; pp H4875.
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Scheme 1 . Synthetic Route to Cu(ll)A—PSMS/Ac
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Figure 1. Results of SDS-PAGE performed on Mb incubated with the
PS-based catalysts: (a) Cu(IRBS"S/Ac (C, = 2.3 x 1073 M) at pH 9.0 ! L !
and 50°C, (b) Cu(Il)C-P3¥S/A¢ (C, = 1.1 x 1073 M) at pH 9.0 and 37 0 1 2 3
°C.

time, h

EPMA indicated that the molar ratios of Cu(ll) and S on the Figure 2. Plot of In [Mb]/[Mb], against time for the data of Figure la.
surfaces of Cu(I)A-PS"S/Ac, Cu(ll)B—PS"S/Ac, and Cu(Il)C-
pa¥SiAc were 1.15, 1.27, and 2.50, respectively, which agreed
well with the ratio of 1.19, 1.33, and 2.43, respectively,
calculated from the Cu(ll) contents determined by ICP-AES and
the S contents measured by elemental analysis.

Cleavage of Myoglobin. Proteolytic activity of Cu(ll)A-
PIMSIAc Cu(ll)B—PSMS/Ac, and Cu(ll)G-PS"S/Ac was examined =
by using horse heart Mb, bovine seryrglobulin, or bovine &
serum albumin as the substrageGlobulin and albumin were
not cleaved appreciably over the period of 24 h at pHL@
and 37°C or 50°C. On the other hand, considerable proteolytic
activity was observed with Mb. Mb is oxidized to metMb in
the presence of oxygen. The Mb purchased from a commercial
source and used in the present study was also in the met form
as checked by its visible spectrfwhile the buffer solution c,, mM

containing Mb (concentration: 1.2 105 M) was shaken with qure 3. The plot ofk. againstC, for the hydrolysis of the Mb catalyzed
. . . igure 3. e plot ofk, againstC, for the hydrolysis of the catalyze

the resin, d|sappeara_1nce of Mb was observ_ed by sodium dodecy(:y the PS-based catalysts: (i) Cu(IRSSAC at pH 9.0 and 50C, (i)

sulfate polyacrylamide gel electrophorést$ (SDS-PAGE). Cu(ll)B—PSS/AC at pH 9.0 and 50C, (iii) Cu(ll)C—PVS/Ac at pH 9.0

Typical results of electrophoresis performed on Mb cleaved by and 37°C. For the catalysts, optimum activity was observed at pH 9.0 as
_ i i i illustrated in Figure 4. The theoretical lines are drawn kK, = 13

:jhe PS-based c?t;ar:ystsl atre |Irl]ustr?teg |nd Flfg'l\,l/ll’s 1. Thatt (;heM*lhfl for (i), kealKm = 170 M~th~! and kes; = 0.34 I for (ii), and

isappearance of the electrophoretic band o was not duey ik = 370 M-th-1 andke = 1.0 I for (ii).
to the adsorption onto the resin was confirmed by measuring
the total amino acid contents of the product solution separated Rate data were collected by varying the amount of the catalyst

from the resin according to the method described previotisly. (Co). Here,C, is expressed as the concentration of the catalytic

The rate of protein cleavage was measé#€d34 by moni- module obtainable when the resin is assumed to be dissolved.
toring the decrease in the intensity of the electrophoretic bandsAs shown by the dependencelgfon C, (Figure 3), saturation
corresponding to Mb. The rate data were collected tGor kinetic behavior was observed at pH-80 for the cleavage of
Cu(Il)A—PS"S/Ac and Cu(ll)B-PSS/Ac, The rate was consider-  Mb by Cu(I)B—PSS/A¢ or Cu(Il)C—PS"S/Ac,
ably higher for Cu(l)G-PS¥S/Ac, for which the kinetic mea- Kinetics of the cleavage of Mb by the PS-based catalysts can

surement was carried out at 3Z. The pseudo-first-order kinetic ~ be analyzed in terms of Michaelidenten scheme (eq 1) as
constant K,) was estimated from the logarithmic plot as was done with the reactions catalyzed by other polystyrene-
exemplified by Figure 2. The effect of speed of shaking the based artificial enzyme®.Under the conditions of, > [CS],
reaction mixture containing the PS-based catalyst and Mb on pseudo-first-order kinetic behavior is expected withbeing

the rate data was examined, and it was found kha¢ached a derived as eq 22 In homogeneous systems, the quantity
plateau value at the shaking speed of 1200 rpm. Thus, kineticfollowed during kinetic measurement is the sum of the
data were collected at this shaking speed. khealues stand concentrations of free substrate ([S]) and the catalyst-substrate
for cleavage of Mb molecule itself and do not provide complex ([CS])under the conditions Gf > [CS]. On the other
information on further fragmentation of the initial cleavage hand, [S] is followed during the kinetic measurement in
products. heterogeneous systems such as the reaction of the PS-based
catalysts. In both cases, eq 2 is applicable. Kinetic data such as

(46) Bodwell, C. E.; McClain P. E. IiThe Science of Meat and Meat Prodycts H i i i
2nd ed. Price. J. F.. Schweigert, B, S. £d.. W, H. Freeman: San Francisco, those illustrated in Figure 3 were analyzed according to eq 2

1971; p 97. with a nonlinear regression program. For the kinetic data
(47) Lameli, U. K.Nature197Q 227, 680-685. i S/Ac H
(48) Hames, B. D. Iisel Electrophoresis of Proteinslames, B. D., Rickwood, _COII_eCt?d with CU(H)A_PS\A ) ko was prOpomonal toCo

D., Eds.; IRL Press: New York, 1990; Chapter 1. indicating Ky, > C, (proportionality constant= kea/Km) as
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Figure 4. pH profiles of kealKy for cleavage of Mb by the PS-based  Figure 5. pH profiles of key for cleavage of Mb by the PS-based
catalysts: (i) Cu(Il)A-PSVS/Ac at 50°C (@), (ii) Cu(I)B—PIMS/Ac at 50 catalysts: (i) Cu(ll)B-PS1S/Ac at 50°C (@), (ii) Cu(ll)C—PSVS/Ac at 37
°C (0), (iii) Cu(ll)C —PSMS/Ac at 37°C (). The theoretical lines are drawn  °C (O). The theoretical lines are drawn by assuming that each catalyst

by assuming that each catalyst is a diprotonic acid wKip= 9.1 and substrate complex is a diprotonic acidk@a = 9.4 and s, = 9.5 for i and
pKaz = 9.2 in which the monoprotonated form is reactive. pKa1 = 9.1 and s = 9.2 for ii) in which the monoprotonated form is
reactive.

illustrated in Figure 3. The kinetic data for cleavage of Mb by
Cu(IhA—Pg"s/Ae Cu(Il)B—P3"S/Ac, and Cu(ll)G-PSMS/Ac were
collected at various pH’s. The pH dependence&k@gfKy, and

keat for the cleavage of Mb by the PS-based catalysts are 6578

illustrated in Figures 4 and %S. % N 6868
c

Wk g /
C+S3=CS—C+P 1) £ 10382 16953

S 10086 / /

ko = ksalCo/ (K + C;) where e X JL

Kear= Ko @andK, = (k_y + ky)/k, (2) e
As illustrated in Figure 1, intermediate proteins accumulated Mass (m/z)

in amounts detectable by the electrophoresis (SDS-PAGE) Figure 6. MALDI-TOF MS spectrum of degradation products obtained
during the cleavage of Mb by Cu(l1)BPS¥S/Ac. On the other by incubation of Mb (1.2x 1075 M) with Cu(ll)B—PSS/Ac (C, = 2.3 x
hand, accumulation of intermediate proteins was not detectedlcr3 M) at pH 9.0 and 5¢°C for 4 h.

by matrix-assisted laser desorption/ionization time-of-flight mass ,,1
spectrum (MALDI-TOF MS) or SDS-PAGE when Mb was
incubated with Cu(l1)A-PSS/A¢ or Cu(ll)C—PS"S/Ac, MALDI-
TOF MS taken for the intermediate protein mixture obtained
by incubation of Mb with Cu(ll)B-PS¥S/Ac s illustrated in @]
Figure 6. Figure 6 indicates the presence of protein fragments o] _’JL_J_‘_N
obtained by cleavage of Mb at two different positions: peaks . n

with m/z of 6868 and 10 086 originate from cleavage of Mb  e+— o =N
(m/z= 16 953; the heme group dissociates during measurement H 10 1 2

of MALDI-TOF MS) at a single position and those of 6578 Figure 7. HPLC spectra of the product solution of a reaction mixture

. obtained by incubation of Mb (1.2 1075 M) with Cu(l))B—PS¥S/Ac (C,
and 10 382 from cleavage of Mb at another position. Those = 2.3 x 103 M) at pH 9.0 and 50C for 8 h after treatment with phenyl

intermediate proteins were further cleaved by the catalyst asjsothiocyanate. Line x represents the signal observed without treatment with
shown by the MALDI-TOF MS measured after further incuba- phenyl isothiocyanate. Typical conditions employed by the Waters Pico
tion. The amino groups of the proteins and peptides present inTag System were used for the elution.
the reaction mixtures obtained after incubation for a prolonged  The intermediate proteins with/z of 6868 and 10 086 may
period were labeled with phenyl isothiocyanate and the mixture pe attributed to cleavage of Mb either at GIn(91)-Ser(92), which
was separated by HPLC as illustrated in Figure 7. is expected to produce two protein fragments witlz of 6878
i o . ) ) and 10 094, or at Leu(61)-Lys(62), which is expected to produce
(49) The quality of data points in Figures 4 and 5 is not high. This has been . .
also observed in kinetic studies with other polymeric artificial proteses3 two protein fragments witm/z of 6909 and 10 063. On the
The erratic data points may be ascribed to several sources: accurategther hand. the intermediate proteins witiz of 6578 and
measurement of densities of the parent electrophoretic band is sometimes ' . .
difficult, the parent electrophoretic band may contain large degradation 10 382 may be attributed to cleavage of Mb either at Ala(94)-
products in addition to the uncleaved protein substrate, properties of surface Thr(95) which is expected to produce two protein fragments
of the polymeric catalyst may be affected by pH changes which is not ! . i
easily predicted, and so on. Despite scattered data points in Figures 4 andwith my/z of 6583 and 10 389, or at Ser(58)-Glu(59), which is

5, the general shape of the pH profile and the optimum pH may be ; ;
accurately identified and the value of a kinetic parameter measured at the eXpeCted to produce two protein fragments witfz of 6551

optimum pH can be taken as the representative value of the catalyst. ~ and 10 421.

&0 -

80 4

min 25
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Figure 8. MALDI-TOF MS spectrum of the protein fragment wittvz of \Jﬂf‘\‘.‘;\f v‘\\”“\\c‘\“,“\ o i “"‘V"«,}“'ﬁ‘.,b“}‘w
10 086 (obtained as indicated in Figure 6) after treatment with CPAX1.0 VT v
1077 M) at pH 7.5 and 25C for 30 m. Peak i is the protein fragment with
m/z of 10086 and peaks ii, iii, and iv are new fragments obtained by
sequential cleavage of tt@terminal residues with CPA. Compared with Mass (m/z)
i, the m'z Ivalues are smaller by 131, 200, and 312 for ii, iii, and V.  fg e 9. MALDI-TOF MS spectrum of the protein fragment with/z of
respectively. 10 382 (obtained as indicated in Figure 6) after treatment with CPAX1.0

1077 M) at pH 7.5 and 25C for 40 m. Peak i is the protein fragment with
To characterize the intermediate protein fragments formed vz of 10 382. Peaks ii and iii represent the new fragments expected from

during cleavage of Mb with Cu(“)BpS\/IS/Ac the electro- cleavage of the first and the seco@derminal residues if i was obtained

. . . by cleavage at Ala(94)-Thr(95). If i was obtained by cleavage at Ser(58)-
phoretic band newly appearing below the band of Mb (Figure Glu(59), the treatment with CPA is expected to produce new peaks at iv

1la) was excised from SDS-PAGE gels, destained, and extractednd v.
with the solution consisting of formic acid, water, and 2-pro-
panol (1:3:2 v/viv). The extract was purified and concentrated than the background signals. On the other hand, if the initial
with a Nanosep centrifugal device (cutoff MW 3000)- cleavage is Ser(58)-Glu(59), treatment with CPA is expected
Terminal sequencing of the extracted protein mixture was carried to produce peaks positioned at iv and v. Thus, both the MALDI-
out by Edman degradation. Amino acid residues found for each TOF MS of the initial protein fragments illustrated in Figure 6
position were Gly and either Ser or Thr for the first position, and the that of the CPA-cleavage products illustrated in Figure
Leu and His for the second position, and Ser and Ala for the 9 favor Ala(94)-Thr(95) rather than Ser(58)-Glu(59) as the
third position. The results are consistent with the presence of cleavage site leading to the protein fragments wwith of 6578
two kinds ofN-terminal residues: Gly(1)-Leu(2)-Ser(3) and Ser- and 10 382. The protein fragments withiz of 6578 and 6868
(92)-His(93)-Ala(94). This indicates that MALDI-TOF MS of Figure 6 resisted cleavage by CPA, and it was not possible
peaks withm/z of 6868 and 10 086 originate from cleavage at to obtain any meaningful information for the nature of their
GIn(91)-Ser(92). If all of the four protein fragments correspond- C-terminal residue® In Figure 10, the location of the proposed
ing to MALDI-TOF MS peaks withm/z of 6578, 6868, 10 086,  cleavage sites is indicated on the structuref horse heart
and 10 382 had been extracted from the SDS-PAGE gel, thenmetMb obtained by X-ray crystallography.
three kinds ofN-terminal sequences would have been observed.  The N-terminal sequencing of the intermediate proteins was
The failure to observe the third sequence may be ascribed tocarried out by Edman degradation, the fragmentation products
unsuccessful extraction of the protein fragment containing the were labeled with phenyl isothiocyanate leading to the results
third sequence. of Figure 7, and th€-terminal sequencing of the intermediate
To identify the C-terminal residues of the intermediate proteins was performed with CPA. These indicate that the amino
proteins, the reaction mixture separated from the catalyst wasand carboxyl groups were generated after cleavage of Mb with
treated with carboxypeptidase A (CPA). Because CPA cleaves Cu(ll)B—PS"S/Ac and demonstrate the hydrolytic nature of the
the C-terminal amino acid residues of polypeptides, MALDI- protein cleavage by Cu(ll)BPS'S/Ac,
TOF MS of the cleavage product can give information on the  As control experiments, rates for the cleavage of Mb by Cu-
C-terminal residues. Cleavage of the protein wittz of 10 086 (DB and Cu(Il)C, the Cu(ll)Cyc dimer and tetramer unattached
with CPA produced three additional MALDI-TOF MS peaks to PS, were measured. At pH 10, kinetic measurements were
as illustrated in Figure 8. The decrease in thie value (131, hampered by precipitation of the Cu(ll) complexes. At pHI/
with the initial cleavage of Mb at GIn(91)-Ser(92) for the mM due to the limited solubility. Under these conditions, Mb
formation of the protein fragment wittv'z of 10 086 (expected  cleavage was not detected for 3 days at ptB7and 50°C. If
reduction inm/z 128, 199, and 312). If the initial cleavage it is assumed that 10% cleavage of Mb can be detected by the
site is Leu(61)-Lys(62), the reduction iz is expected to be  electrophoretic method, the upper-limit kfis estimated as 1
113, 228, and 357 for ii, iii, and iv, respectively. On the basis x 1073 h™1,

of the results of théN-terminal and theC-terminal sequencing Whether the peptide bonds of Cu(ll)B or Cu(ll)C as well as
experiments, one of the two initial cleavage sites of Mb for the those of the catalytic modules in Cu(IlAPSMS/Ac, Cu(ll)C—
action of Cu(ll)B-PS8"S/A¢ is identified as GIn(91)-Ser(92). Pa¥S/Ac or Cu(ll)B—P3"S/Ac were cleaved by the intramolecular

The protein fragment witim/z of 10 382 was more difficult

i _ (50) Gly is theC-terminal residue of the protein fragments wittiz of 6578
.tO cleave ,Wlth, CPA, as reve,a,l,ed by the MA,LD! TOF MS and 6868 whereas Ala is that of 10 382. The low reactivity of these protein
illustrated in Figure 9. If the initial cleavage site is Ala(94)- fragments toward CPA is consistent with the substrate seleéfiatyCPA.
Thr(95), treatment with CPA is expected to produce new protein (1) Zeffren, E. Ilj—ipall7,3P.75ggelggudy of Enzyme Mechanjswiiley: New
fragments corresponding to peaks ii and iii, which are stronger (52) Evans, S. V.; Brayer, G..0J. Mol. Biol. 1990 213 885-897.
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modules of a PS-based catalyst contact the complexed Mb
molecule at the same time.

Peptide bonds are quite stable with half-life for spontaneous
hydrolysis being about 5601000 years at pH 7 and 2& 5556
Cu(I)B—P3"S/Ac and Cu(Il)G-PS¥S/Ac cleave Mb effectively
by hydrolysis, manifesting saturation kinetic behavior which is
analyzed by MichaelisMenten scheme (eq 1). The,; of the
Michaelis—=Menten scheme represents the maximal value of the
first-order rate constant achievable when substrate molecules
are completely bound by the catalyst. Thg: values at the
optimum pH for Cu(ll)B-P3"S/Ac and Cu(ll)G-PS"S/Ac are
0.34 ! (pH 9 and 50°C) and 1.0 h! (pH 9 and 37°C),
respectively, corresponding to half-lives of 2 and 0.7 h. These
may be compared with tHe, of 0.18 i1 (at the optimum pH
of 9 and 25°C) measured with a catalytic antibddywith
peptidase activity elicited by a joint hybridoma and combina-
torial antibody library approach in the hydrolysis of an amide
substrate.

Figure 3 illustrates kinetic data obtained for the PS-based
catalysts at their optimum pH’s. The kinetic data for Cu(H)C
P3VS/Ac were measured at 3T whereas those for Cu(ll)A
19, At o e il cegeses (o SN 862 b PSS and Cu1)3-PSE were btaned at G, Consic-
candidates for thegn([:)horage sites on Mb for the Cu(ll) center of the catalyst. ering the temperature difference, the ratidafKn, values can
The numbers indicate the side chains of the respective amino acid P€ estimated as 1:13:100 for Cu(IpAeg"SiAc, Cu(ll)B—
residues: Asp(44), Lys(45), Asp(60), Asp(87), Lys(96), His(97), Lys(145), PSIMS/Ac and Cu(ll)G-P3"S/Ac and the ratio oksqas 1:10 for
and _GIu(148). The he;me carboxylate marked with * is also among the Cu(ll)B—PS"S/Ac and Cu(ll)C-PS"S/Ac. ParameterkealKm
possible anchorage sites. .

stands for the reactivity of the cataly€l)(toward the substrate
(S andkg, represents that of the complex formed between the
catalyst and the substrat€9. As the catalytic group density
of the module is increased in the PS-based catalysts, up to 100-
fold enhancement is achieved in the reactivity of the catalyst.
An enzymatic active site has a high value of catalytic group
density with the catalytic groups placed in highly productive
positions. In the PS-based catalysts, catalytic activity was

catalytic action of Cu(ll)Cyc was examined. The catalytic
activity of the PS-based catalysts for Mb cleavage and the
amount of Cu(ll) ion held by the resins did not change
appreciably when the resins were incubated in the buffer
solutions under the conditions of the kinetic measurements. Cu-
(B and Cu(l)C were not destroyed appreciably when
examined by HPLC after incubation for 3 days at pH97and

50 °C.53 considerably improved simply by raising the catalytic group

density without deliberate positioning of the catalytic groups.

Discussion Saturation kinetic behavior was not observed (Figure 3) with
Catalytic modules are randomly attached to the surface of CU()A—PS"Sc in contrast to Cu(ll)B-PS*S*°and Cu(Il)C-

cross-linked polystyrene in Cu(IlyAPS/S/A, Cu(Il)B—PIISAC, PaVS/Ac. Thus, metal centers contained in a dinuclear or

and Cu(I)\G-PS"S/Ac f two or more catalytic modules interact ~ tetranuclear catalytic module of Cu(IyEPS"S/A¢ or Cu(ll)C—~

with one molecule of Mb complexed on the polystyrene-based PS"*A° appear to cooperate effectively both in reduckig
catalyst, mechanistic interpretation of the catalysis in Mb @nd in raisingkcalKm.

cleavage would be complicated. Mb may be considered as an The MALDI-TOF MS of the reaction mixture (Figure 6)
oval characterized by diameters of 45, 35, and 2% fhe area revealed two pairs of protein fragments formed by the initial
occupied by each styryl monomer of the PS resin is estirfated Cleavage of Mb by Cu(ll)B-PS"S/A¢. One of the two initial

as ca. 40 A Because the actual area occupied by the styryl cleavage sites is identified as GIn(91)-Ser(92) and the other is
monomer depends on its orientation on the surface of the PSsuggested as Ala(94)-Thr(95). High site selectivity manifested
resin, the average value for the effective area occupied by eachPy Cu(ll)B—PS'Sc may be attributed to anchorage of one Cu-
monomer may be approximated as 20 fhen, about 60 styryl (INCyc of the catalyst to a site on Mb and interaction of the
monomers would be accommodated in an ellipse with diametersother Cu(ll)Cyc center with the scissile peptide bond. The
of 45 and 35 A. Because the catalytic modules were attachedscissile peptide bond and the anchorage site may be connected
to 1.4-1.9% of the styryl monomers, the number of modules by a linker composed of several covalent bonds so that the
contained in the ellipse is 0-8L.1. Even if both Mb and the  catalytic action involves through-bond two-point interaction
PS-based catalyst were flat, therefore, only-CL8L active sites between the catalyst and Mb. On the other hand, the two sites
would be included in the area on the catalyst covered by one may take remote positions in the primary structure but occupy
Mb molecule. Thus, it is precluded that two or more catalytic Proximal positions in the tertiary structure so that the catalytic

(53) Negligible hydrolysis of the peptide bonds of the catalytic modules either (55) Bryant, R. A. R.; Hansen, D. Al. Am. Chem. Sod 996 118 5498-
on the surface of PS or in the bulk water suggests that the intramolecular 5499,
attack by the Cu(ll)Cyc group at the peptide linkage involves steric strain. (56) Radzicka, A.; Wolfenden, Rl. Am. Chem. Sod.996 118 6105-6109.
(54) stryer, L., Freeman, W. H., Ed8jochemistry New York, 1995; 4th, p (57) Gao, C.; Lavey, B. J.; Lo, C.-H. L.; Datta, A.; Wentworth, P., Jr.; Janda,
149. K. D. J. Am. Chem. S0d.998 120, 2211-2217.
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action takes place by through-space two-point interaction
between the catalyst and Mb.

For the through-bond two-point interaction, a functional group
present in the side chain of an amino acid residue located in
vicinity to the cleavage site is to be used as the anchorage site.
In the case of cleavage at GIn(91)-Ser(92), the imidazolyl group
of His(93) appears to be the only metal-coordinating group
located in an appropriate position among the functional groups
of those amino acid residues (Pro(88), Leu(89), Ala(90), Gin-
(91), Ser(92), His(93), Ala(94f With the peptide carbonyl
group of GIn(91)-Ser(92) interacting with a Cu(ll)Cyc moiety,
the imidazole of His(93) may be bound to the other Cu(ll)Cyc
center. Examination with a CPK model and molecular modeling
programs (HyperChem and Sculpt) suggested that the through-
bond two-point interaction may produce tetrahedral intermediate
D in the action of a Cu(ll)B derivative on an oligopeptide
containing GIn-Ser-His. This mechanism is unlikely, however,
because His(93) is the proxim#histidine whose imidazole is
coordinated to the Fe ion of the heme group of Mb. polystyrene

(b) HNO

o iy ‘
ugl W@

HO/K; ;NZJ CNNI{\J%N Ser (92)

polystyrene

NH, \
o o Gin (91)8_ H/\'Z.
° oNH HN
N
H
NH
HN
=N
o
N 2
5
D Figure 11. Structure of complex formed between Cu(IBBS"S/Ac and

Mb by the through-space two-point interaction leading to the cleavage of
. L. . Mb at GIn(91)-Ser(92) by the mechanism of F: (a) results of molecular
For the mechanism of the through-space two-point interaction, modeling shown with backbone of Mb displayed in the background, (b)

various functional groups of Mb may be considered as the schematic diagram for the interaction. The structure was obtained through
anchorage site. For the cleavage at GIn(91)-Ser(92) or A|a(94)_optimizati0n of the structure of the Cu(l)B portion by molecular modeling
Thr(95) possible anchorage sites suggested by the Crystal_programs with the structure of Mb frozen as the crystalline structure.

lographic structure of metMb are indicated in Figure 10. Mb \th the size of the linker connecting the two Cyc moieties. As
contains more than 50 functional groups of amino acid residues;jystrated in Figure 11, interaction of the catalyst with Mb at
such as Asp, Glu, Lys, His, Met, and Tyr that can coordinate G|n(91)-Ser(92) does not involve steric interaction with other
to the Cu(ll) center of the PS-based catalysts. It is not easy to parts of the protein when examined with molecular modeling
rationalize why the Cu(ll) is anchored by the functional groups programs (HyperChem and Sculpt). A similar situation is
indicated in Figure 10 instead of 40 or more other groups. In predicted for the cleavage at Ala(94)-Thr(95) by the modeling
this regard, it is most reaspnable to choose the heme carboxylatebrograms_ Examination of the crystallographic structure of Mb
group as the anchorage site. The Mb molecule might have somexq the mechanistic analysis ignores the dynamic nature of the
structural features that guide foreign molecules to the heme complex formed between the Mb and the catalyst. Crystal-
pocket. The heme carboxylate, which is located at the gate of jographic structures of many enzymes, however, have been used
entrance into the heme pocket, may serve as the initial contactyy geduce mechanistic information despite the static nature of
point for the catalysis. the crystal structures. By analogy, analysis summarized in Figure
With a Cu(l)Cyc moiety of Cu(ll)B-PS"S¢ anchored to 17 may lead to useful mechanistic implications.

the heme carboxylate, interaction of the other Cu(ll)Cyc with  Ejther attack (E) by the Cu(ll)-bound hydroxo ion at the
the peptide group of GIn(91)-Ser(92) or Ala(94)-Thr(95) agrees carhonyl carbon or attack (F) by an external hydroxide ion at

(58) Histidyl imidazole is utilized as a ligand for Cu(ll) ion in various Cu(ll) the carbonyl grOUp bound to the Cu(l,l) center ,IS possible leading
enzymes such as ascorbate oxidase, plastocycanin, hemocyanin, and coppdio the formation of the tetrahedral intermediate whose break-

zinc superoxide dismutasé. H _ i 61 i
(59) Lippard, S. J.; Berg, J. Mrrinciples of Bioinorganic ChemistryJniversity down |s_rate d(:_"termmmg (@y Mechanisms E and F are not
Science Books: Mill Valley, 1994; pp 87, 241, 285, 286, 300, 328. easily differentiated. It has been shown that both the attack by
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the metal-bound hydroxide and attack by external hydroxide the mechanism of E or F, one of the Cu(ll) centers of the catalyst
ion take place for the Co(lll)-catalyzed hydrolysis of peptide should have an aquo ligand to accommodate complex formation
bonds!? between Mb and the catalyst. Moreover, either a hydroxo ion

bound to the other Cu(ll) center of the catalyst (mechanism E)

or an external hydroxide ion (mechanism F) is needed for
cleavage of the scissile peptide bond. The bell-shaped pH

(I:u(II)GIn(g1) cu(i) profiles for kealKm (Figur_e 4) is cor_lsistent with this ana!ysis.
oOH PN o The bell-shaped pH profll_es féea (Figure 5) may be explalned
NH myoglobin/heme%c) in terms of the mechanism of G because protonation of the
Ser(92) alkoxide anion at low pH and deprotonation of the ammonium
E cation at high pH would redude.: In addition, replacement

of either alkoxide or carboxylate anion coordinated to Cu(ll)
in the mechanism of G with hydroxide ion at high pH’s would
also inhibit the reaction.

/cu(")em(gn g‘f(") For the PS-based catalytic modul€s,is the concentration
O \myoglobin/heme‘< attainable when the resin is dissolved in solution. Only a very
Ser(gz)\OH o small fraction of the catalytic modules are exposed to the open
F area that can accommodate Mb molecule. Altho@ghem-

ployed for Cu(ll)B-P3"S/Ac or Cu(ll)C—PS¥S/Acis up to 6 mM

(Figure 2), the actual concentration of the catalytic module
available for attack at Mb would not be significantly greater

Cu(l) cu(in thanC, (40 uM) used for Cu(ll)B or Cu(ll)C dissolved in water.

/ /Gln(gl) & Comparison of the rate data obtained for Cu(Il)B or Cu(ll)C
S “myoglobin-heme— with Cu(IB—PIVS/Ac or Cu(Il)C—PSVS/Ac reveals that the
ser(gz)\g proteolytic activity of the dinuclear or tetranuclear catalytic

G module is enhanced considerably on attachment to the poly-

styrene resin. This may be related to the microenvironments

Considerably higher activity was manifested by Cu(H)C provided by polystyrene. Previous studies indicated that the
PSS/Ac compared with Cu(ll)B-PSYS/Ac in terms of bothkeas intrinsic reactivity of metal complexes of Cyc in hydrolysis of
andkea/Km. No intermediate proteins accumulated in an amount Proteins or double-stranded DNA is considerably enhanced when
detectable by electrophoresis or MALDI-TOF MS during Mb  the metal centers are attached to polystyf&2’In addition,
cleavage by Cu(I)&PS"S/Ac in contrast to that by Cu(Il)B the binding of carboxylate anion of the heme of Mb by the Cu-
PS¥siAc. Both the higher activity and lack of accumulating (1) center of the catalyst would be considerably stronger in the
intermediate may be attributed to the presence of extra Cu(ll)- hydrophobic domain of the polystyrene than in bulk wafe.

Cyc centers that can attack at the complexed Mb molecule. If  Little proteolytic activity was manifested by Cu(IlYEPSVS/Ac

one of the four Cu(ll)Cyc centers of the tetranuclear catalytic or Cu(ll)C—PS"S/A¢ toward y-globulin or albumin, whereas
module of Cu(ll)C-PS"S/A¢js held by the anchorage site, then selectivity in cleavage site was demonstrated by Cu(H)B
the remaining three Cu(ll)Cyc centers may be able to attack at PSS/Ac toward Mb. The proteins obtained as intermediates by
several peptide bonds of the complexed Mb, producing severalcleavage of Mb were, however, effectively cleaved by the
protein fragments. The tetranuclear catalytic module may be polymeric artificial proteases. For effective degradation of a
also more effective than the dinuclear catalytic module in protein substrate by a polymeric catalyst, it is prerequisite that
degradation of the initial cleavage products to smaller fragments. the substrate is complexed effectively to the surface of polymer
In the degradation of the cleavage products by Cu¢HfEMS/Ac support. It appears that several factors such as functional groups
or Cu(ll)C—P8"S/ e, functional groups such as carboxylate, covering the surface of polymer support and polarity of the
imidazolyl, phenolate, amino, or methylthio groups provided microenvironments on the polymer support as well as confor-
by the peptide backbone of the cleavage products may bemation and surface properties of protein substrates play impor-
utilized by the Cu(Il)Cyc-containing catalysts as the anchorage tant roles in the complexation of proteifsit appears that

sites. . o . proteins produced by initial cleavage of Mb are readily
By analogy with enzyme kinetics,the pH profile ofkealKm complexed to the polymeric catalysts examined in the present

can be interpreted in terms of ionization of functional groups stydy whereas albumin angi-globulin are not. How to

in C andSand the pH profile okeatin terms of that ilCS*? In facilitate’® complex formation between a polymeric artificial

(60) Presence of the intermediate of G, which requires at least two Cu(ll)Cyc protease and various protein substrates and, at the same time,

moieties, is consistent with the much smakgrvalues observed with Cu- ~ t0 achieve selectivity in cleavage site is the next target in the
(1B —Pg"s/Ac or Cu(ll)C—PS¥S/Ac compared with Cu(ll)A-PS¥S/Ac 51
(61) To check whether small oligopeptides can be hydrolyzed by the polystyrene-

based catalysts by analogy with the mechanism ofr&@s-cinnamoylt.- (62) For example, another derivative of polystyrene containing Cu(ll)Cyc
Phe-Gly-Glyt-Phe was tested as a substrate. HPLC analysis of the reaction prepared in a previous study effectively cleaifedglobulin. This catalyst,
mixture obtained after incubation of the oligopeptide with Cu(l)AYPS, however, was not effective toward albumin. On the other hand, an artificial
Cu(Il)B—P8¥s/Ac or Cu(ll)B—P3"S/Ac at pH 9.0 and 37C for 1 d Co= protease prepared by construction of an artificial active site comprising
1.1 x 10°% M, § =1.8 x 10* M) revealed, however, neither the three salicylate residues on polystyrene effectively cleaved all5@iin
oligopeptide nor its hydrolysis products containing the cinnamoyl! chro- was not active towarg-globulin. Similarly, an artificial protease prepared
mophore were detected. This indicates ready adsorption of the oligopeptide by attaching two or more proximal imidazoles on polystyrene manifested
substrate and/or its hydrolysis products onto the resins. high proteolytic activity toward album# but did not cleave/-globulin.
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studies on polymeric artificial proteases aimed at practical x 2), and MeOH (30 mLx 5), and dried in vacuo. To 1.0 M Cugl
applications in protein industry. 2H,0 solution in DMF (20 mL), A-P8S/Ac (1.5 g) was suspended and
In conclusion, the dinuclear or tetranuclear catalytic modules the resulting mixture was shaken at 45 rpm and room temperature for
- - - . . 1day. The product resin (Cu(l)APS"S/A%) was collected by filtration,
attached to polystyrene manifested high proteolytic activity i
toward Mb due to the cooperative action of the Cu(ll)Cyc units washed with DMF (30 mLx 5) and MeOH (30 mLx 5). Then, Cu-

. b . d ¢l f ide backb f(II)A—PS"S’AC was resuspended in the pH 6 buffer and the mixture
in substrate recognition and cleavage of peptide backbone o was shaken at 45 rpm and room temperature for 1 day. Cu{P@/S/ e

the complexed substrate. Because of selective binding of they s collected by filtration, washed with water (30 mL5) and MeOH
catalyst to the anchorage site, certain peptide bonds of Mb were(3o mL x 5) and dried in vacuo. B(boc) and C(boc) were attached to
selectively cleaved in the action of the dinuclear artificial P3"s by the method described above for the preparation of Atboc)
protease. The high site selectivity for the initial cleavage of Mb PSS, The resulting resins were treated with acetic anhydride, TFA,
and mechanistic analysis of the catalytic action are unprec- and CuCj, in sequence, as described above for the preparation of Cu-

edented for polymeric artificial enzymes. (INA—PS"S”¢ to obtain Cu(l)B-PS"$A¢ and Cu(Il)C-PS8"S°. As
mentioned above, contents of the catalytic modules are 1.9 mol %
Experimental Section (relative to styrene moieties) for Cu(Il}APS¥S/A¢, 1.4 mol % for Cu-

(INB —P38"s/Ac and 1.4 mol % for Cu(l)&P3"S/Ac, These correspond
to 79%, 60%, and 58% vyields for the coupling steps of'P®ith
A(boc), B(boc), and C(boc), respectively.

Measurements.In kinetic measurements, the shaking speed and
temperature were controlled with a VORTEMP manufactured by
Labnet. pH measurements were carried out with a Dongwoo Medical
DP-880 pH/lon meter. The degree of cleavage of proteins was measured
by SDS-PAGE with a Mighty Small Il SE 250 model. Densities of the
electrophoretic bands were analyzed with a Alphalmager 2200 model
and a AlphaEase model. MALDI-TOF MS analysis was performed with
a Voyger-DE STR Biospectrometry Workstation Model. YVis
spectra were taken with a Beckman DU 68 spectrophotometer.
N-terminal sequencing was carried out by Korea Basic Science Research
Institute with a Procise 491 protein sequencer. ICP-AES measurement
was carried out with a Shimadzu ICPS-10001V model. EPMA was
performed with a CAMECA SX-57 model. Distilled and deionized
water was used for preparation of buffer solutions. Buffers (0.05 M)
used in this study werl-2-hydroxyethylpiperaziné¥-ethansulfonate
(pH 7—8), N-tris(hydroxymethyl)methyl-3-aminopropanesulfonate (pH
8.5) and boric acid (pH-910). All buffer solutions were filtered with
%.45Mm Millipore microfilter and autoclaved before use in the kinetic
measurements. The stock solution of Mb ([Mb]1.2 x 104 M) was
prepared by dissolving horse heart Mb (purchased from Sigma, used
without further purification) in water and was kept at’@. Bovine
CPA, albumin, and/-globulin were purchased from Sigma and used
without further purification. The resins were suspended in a buffer
solution and swollen fiol h prior to kinetic measurement. After Mb
(final concentration: 1.Z 10°° M) was added, the resulting mixture
was shaken at the speed of 1200 rpm and &C3@r 50°C. The mixture
was centrifuged at various intervals and aliquots (A0 of the
supernatant were collected for analysis by SDS-PAGE.

Preparation of Catalysts. The derivative (PS) of poly(styrers-
divinylbenzne) with 17% of styryl residues aminomethylated (1.6 mmol
NH; per gram resin) and with 2% cross-linkage was purchased from
Fluka. To a suspension of PS (2.0 g; 15 residue mmol of styrene
monomer) in 20 mL of methylene chloride (MC), methanesulfonyl
chloride (0.035 mL; 0.45 mmol) and triethylamine (TEA) (0.46 mL;
3.2 mmol) were added and the mixture was shaken at 45 rpm and room
temperature for 1 day. The methanesulfonyl-containing resif'PS
was collected by filtration, washed with MC (30 mt.5), MeOH (30
mL x 5), and dried in vacuo. Two batches of ¥*Svere prepared:
one (sulfur content: 2.1 mol % of styryl moieties as measured by
elemental analysis) was used for preparation of CuHpS"S’Ac and
the other (sulfur content: 1.6 mol %) for that of Cu(In®3"$/A¢ and
Cu(ll)C—P8"S/Ac, A solution (5 mL) of A(boc) (310 mg; 0.44 mmol)
mixed with 2-(H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexaflu-
orophosphate (HBTU) (180 mg; 0.47 mmol), idpropylethylamine
(DIEA) (0.17 mL; 0.98 mmol), andN-hydroxybenzotriazole (HOBT)
(66 mg; 0.49 mmol) in 5 mIN,N-dimethylformamide (DMF) was added
to the suspension of PS (2 g) in 20 mL of DMF. The suspension
was degassed for 30 m and shaken at 45 rpm and room temperatur
for 1 day. The product resin (A(boePS"S) was collected by filtration,
washed with DMF (30 mLx 5), MC (30 mL x 5), MeOH (30 mLx
5), and dried in vacuo. The unreacted amino groups of A(bB&"S
were acetylated by shaking the resin (2 g) with acetic anhydride (2.8
mL) and TEA (5.2 mL) in 20 mL DMF at room temperature for 1 day.
The product resin (A(boe)PS'$/A°) was collected by filtration, washed
with DMF (30 mL x 5), MeOH (30 mL x 5), and dried in vacuo.
Kaiser tes® indicated that the yield of the acetylation step was greater
than 99%. A(boc)PS"S/Ac (2 g) was shaken in the mixture of 5 mL
TFA and 15 mL MC at 45 rpm and room temperatureXd toremove
the boc groups. The product resin (RS'SA°) was collected by
filtration, washed with MC (30 mLx 5), 10% DIEA in MC (20 mL Acknowledgment. This work was supported by a Korea

Research Foundation Grant (KRF 2001-015-DS0029).
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