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STABILIZATION OF a-HELIX IN C-TERMINAL FRAGMENTS
OF NEUROPEPTIDE Y

Noboru Yumoto, Sachiko Murase, Takashi Hattori, Hitoshi Yamamoto, Yoshiro Tatsu,
and Susumu Yoshikawal

Government Industrial Research Institute, Osaka, Ikeda, Osaka 563, Japan

Received September 30, 1993

To elucidate the a-helix-stabilizing effect of amino acids at the helical ends, we
prepared analogs of C-terminal fragments of neuropeptide Y (NPY) containing
an a-helical part. The helix-stabilizing tendency of N-terminal amino acid in
NPY(12-36) was found to be as follows: Thr > Ser > Gly > GIn > Cys > Asn >
Asp > Val > Phe > Glu > Lys > Tyr > Ala = Trp > His > Arg, suggesting the
importance of end capping. The capping effect was not evident when N-termini
in NPY(11-36) and NPY(13-36) were replaced. Under the same conditions as
those for the receptor binding, [Thri2]NPY (12-36) had about 4-fold higher o-
helix content than [Argl? ] NPY(12-36). However, there was no apparent
relationship between the helix content and binding affinity to the Y2 receptor.

© 1993 Academic Press, Inc.

Neuropeptide Y (NPY) is an amidated 36 amino acid peptide, and has been
proposed to have a compact globular structure named the PP-fold as shown in Fig. 1
based on the X-ray analysis of the homologous avian pancreatic polypeptide (1).
However, recent NMR studies indicated that the o-helical part extends over residues 11-
36 and the N-terminal part (residues 1-9) is an unstructured mobile segment in aqueous
solution (2, 3).

NPY is widely distributed in the central and peripheral nervous systems, and
thought to be involved in the sympathetic vascular control, the central regulation of
endocrine and autonomic function, food intake, circadian rhythm, etc. (4). Two subtypes
of receptors for NPY have been well characterized (S): Y1 receptors are activated poorly

by fragments of NPY, whereas Y2 receptors can bind C-terminal fragments of NPY such

ITo whom correspondence should be addressed at Government Industrial Research
Institute, Osaka, 1-8-31 Midorigaoka, lkeda, Osaka 563, Japan. Fax: (+81)-727-51-9628.

Abbreviation used: NPY, neuropeptide Y.
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Copyright © 1993 by Academic Press, Inc.
All rights of reproduction in any form reserved. 1
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Fig. 1. Schematic drawing of porcine neuropeptide Y. The PP-fold comprises two
antiparallel helices, an N-terminal polyproline helix (residues 1-8) and an amphipathic a-
helix (residues 14-32), connected by a type I p-turn.

as NPY(13-36) effectively. A single substitution of the middle residue in the ¢-helical
region with a helix-breaking proline residue caused decrease in the binding affinity to
both types of receptors as well as in the a-helix content (6), suggesting that the formation
of a-helical structure is very important for the receptor binding. To elucidate the o-helix-
stabilizing effect of amino acids at the helical end in NPY, we have prepared analogs of C-
terminal fragments of NPY, in which N-terminal residues were substituted.

Two major interactions that stabilize o-helix at its ends are known; charged side-
chain/helix dipole interactions (7) and side-chain/main-chain hydrogen bonding (8). «-
Helices have a large macrodipole with a positive pole near the N-terminus and a negative
pole near the C-terminus, because individual peptide dipoles are aligned almost parallel to
the helix axis. Therefore, electrostatic interactions between the macrodipole and charged
side-chains at the ends of helix are important for o-helix stability (7, 9). An alternative
determinant is the presence of residues at the helix ends whose side chains can form
hydrogen bonds with the initial four NH groups and final four CO groups of the main
chain, because these groups lack intrahelical hydrogen-bond partners. Such a type of side-
chain/main-chain hydrogen bonding is called end capping or capping interaction (8, 10).
In the PP-fold family, the charged side-chain/helix dipole interactions are reported to be
important for the stabilization for the a-helical part (11, 12). In this study, however, we
found that end capping at the N-terminus of the ¢-helical part in NPY is more important

for the stabilization.

MATERIALS AND METHODS

Materials. NPY and Fmoc-L-amino acids were purchased from Peptide Institute,
Inc. (Osaka, Japan), reagents for peptide synthesis and TentaGel TG-RAM resin from

—2—
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Fig. 2. CD spectra of NPY(12-36), [Thrl2]NPY(12-36) and [Arg!2]NPY(12-36).
CD spectra were measured at 10°C (A), 25°C (B) and 37°C (C) with a 0.2 c¢m light path.
The peptides were dissolved in 5 mM 7, N-[tristhydroxymethyl)methyl]-2-
aminomethanesulfonate buffer (pH 7.5). Curve 1, NPY(12-36) (30.8 uM); curve 2,
[Thri2]NPY(12-36) (18.0 uM); curve 3, [Arg!2]NPY(12-36) (14.3 uM).

Shimadzu Corp. (Kyoto, Japan), and ! 25]-NPY labeled with Bolton and Hunter reagent
from Amersham International (Amersham, U.K.). All the other chemicals used were of

reagent grade.
Peptide Synthesis. NPY analogs were synthesized on a Shimadzu automated

solid-phase peptide synthesizer PSSM-8, cleaved from the resin by trifluoroacetic acid,
and purified by reversed phase HPLC. The purity of each peptide was checked by
analytical HPLC, and the molecular weights were confirmed by mass spectrometry on a
time-of-flight mass spectrometer (Shimadzu/Kratos Kompact MALDI II) with matrix-

assisted laser desorption ionization.
CD Measurements. CD measurements were carried out with a Jasco

spectropolarimeter, Model J-500A, equipped with a data processor DP-501. The
temperature of peptide solutions was controlled by using a thermostatically controlled cell

holder.
Receptor Binding Assay. Porcine hippocampal membranes used for binding

assay were prepared according to the method of Shigeri et al. (13). The 125[-NPY
binding to Y2 receptors on the hippocampal membranes was determined also by the

method of Shigeri er al. (13).

RESULTS AND DISCUSSION
The secondary structure of analogs of C-terminal fragments of NPY was analyzed
by CD, and typical examples are shown in Fig. 2. The analogs showed characteristic CD
spectra indicating a mixture of ¢-helix and random coil. Calculation of the o-helix
content by using the mean residuc ellipticity at 222 nm, -[6]222 (14) revealed that
[Thr!2JNPY(12-36) had about 4-fold higher a-helix content than [Arg!2]NPY(12-36) at

the same pH (pH 7.5) and temperature (37°C) as those for the receptor binding assay.
Figure 3 shows the a-helix contents of analogs of NPY(11-36), NPY(12-36) and
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Fig. 3. a-Helix contents of analogs of NPY(11-36) (A), NPY(12-36) (B) and
NPY(13-36) (C). In all analogs, N-terminal amino acids were replaced with the indicated
amino acids. a-Helix contents were calculated by using [6]222 values at 37°C according to
the method of Chener al. (14). Arrowheads indicate the wild-type N-terminal amino
acids. *, not determined.

NPY(13-36) at pH 7.5 and 37°C. When the CD spectra of analogs of NPY(12-36) were
monitored as a function of temperature, the midpoint temperatures of thermal unfolding
curves decreased in order of a-helical content shown in Fig. 3B. In NPY(12-36), N-
terminal residues whose side chains can accept a main chain NH proton (Thr, Ser, Gln,
Cys, and Asn) are more effective for the helix-stabilization than negatively charged
residues (Asp and Glu). Although the replacement of N-terminal Pro with Thr or Ser in
NPY(13-36) also stabilized the ¢.-helix to some extent, other substitutions in NPY(13-36)
and any substitution in NPY(11-36) did not significantly affect the stability (Fig. 3AC).
These results indicate that Ala-12 in NPY is located at the N-cap position which
demarcates the helix N-terminus, and that N-terminal capping is more important for helix
stabilization than negatively charged side-chain/helix dipole interactions in NPY. The
helix-stabilizing tendency at this position is consistent with the preferences observed in X-
ray elucidated proteins (10, 15) and short model peptides (16-18). The presence of Pro at
13th residue in NPY also coincides well with the preference at N-cap + 1 (10). The
helix-stabilizing etfect of Gly at 12th residue cannot be attributed to capping or charge-
dipole interactions. A similar result obtained in barnase was explained in terms of the
least interference of Gly with solvation of the NH groups at the helix terminus (19).

To reveal the relationship between formation of the o-helical part and receptor

binding activity, we examined the inhibitory effect of above peptides on 125]-NPY binding

—4—
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Fig. 4. Inhibition of 125]-NPY binding to Y2 receptor by analogs of NPY(12-36).
1Cs¢ values were calculated from inhibition curves which were obtained by displacement
of specific 12°1-NPY binding to porcine hippocampal membranes by the analogs.

to porcine hippocampal membranes, which were often used as a homogeneous Y2 receptor

preparation (6, 13). 1Csq values of the analogs of NPY(12-36) significantly differed as

shown in Fig. 4, but there was no apparent relationship between the helix content and ICsg

value. Recent studies on the arginine-rich region (17 amino acid peptide) of the HIV Rev

protein revealed that t-helix content of its analogs correlated well with specific binding to

Rev response element RNA (20). In this case, formation of a rigid secondary structure is

a prerequisite for specific binding to its target. In contrast, it seems unnecessary for NPY

to form a rigid o-helical structure before binding to the Y2 receptor.

10.
11.
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Quantitative structure-activity relationship (QSAR) study of elastase

substrates and inhibitors
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One hundred Suc-X-Y-Ala-pNA peptides (Suc: succinyl, pNA: p-nitroanilide, X, Y: Gly, Ala, Val, Leu, Ile,
Phe, Pro, a-aminobutyric acid, norvaline, norleucine) were synthesized and their reaction constants with
porcine pancreatic elastase (Km, kcar and kca/Km) were determined. These reaction constants were quanti-
tatively analyzed using the Free—Wilson/Fujita~Ban method. The contribution of amino acid side chains to
the reaction constants K, kcar and kca/Km, expressed logarithmically, was found to be additive. On the other
hand, 19 elastase inhibitors of the general formula CF3;CO-X-Y-Ala-pNA (X,Y: ten amino acids) were
synthesized, and their inhibition constants were compared with the Michaelis constant for the correspond-
ing substrates and analyzed using free-energy-related substituent constants. In the analysis of amino acid side
chains in the Y position, the K; value of the inhibitor was generally correlated to the K., value of the sub-
strate, which corresponded to the inhibitor, thus confirming the validity of the equation

log(1/K;) = 1.271 log(1/K,,) + 4.8331

This study may serve as a prototypical approach to unraveling structure—activity relationships of peptide

substrates and inhibitors of medicinal or agricultural importance. © Munksgaard 1993.

Key words: elastase; Free—Wilson/Fujita~Ban analysis; inhibitor; peptide; QSAR analysis; substrate

Elastase is a major serine proteases which is considered
to participate in the pathogenesis of some diseases,
particularly of emphysema (1-3). Porcine pancreatic
clastase (PPE) has bcen the subject of many studies
using synthetic substrates and inhibitors (4—-10). In par-
ticular, the substrate specificities of PPE have been
determined and discussed with peptides p-nitroanilides
(6), methyl esters (7), chloromethyl ketone inhibitors (8)
and natural peptides (10).

Abbreviations used: Suc, succinyl; pNA, p-nitroanilide; Aba,
z-aminobutyric acid; Nva, norvaline; Nle, norleucine; PPE, porcine
pancreatic clastase; QSAR, quantitative structurc—activity relation-
ship; Boc, tert-butyloxycarbonyl; TFA, trifluoroacetic acid; DCC,
N N'-dicyclohexylcarbodiimide; Su, N-hydroxysuccinimidyl; Np,
p-nitrophenyl; TLC, thin-layer chromatography; HPLC, high-
performance liquid chromatography; DMF, dimethylformamide;
THF, tetrahydrofuran; DCHA, dicyclohexylamine; DMSO, di-
methyl sulfoxide.

Recently, the quantitative structure—activity relation-
ship (QSAR) analyses of biologically active peptides,
oxytocin (11), enkephalin (12), renin inhibitors (13),
and bitter thresholds of peptides (14), have been stud-
ied. The hydrophobicity of oligopeptides has also been
analyzed using QSAR techniques, and their structural
descriptors were discussed (15).

In this paper we describe the QSAR analyses of the
PPE substrates of the general formula Suc-X-Y-Ala-
pNA [Suc: succinyl, pNA: p-nitroanilide, X,Y; Gly,
Ala, Val, Leu, Ile, Pro, Phe, Aba (z-amino butyric acid),
Nva (norvaline), Nle (norleucine)]. The QSAR analy-
sis of the effects of the amino acid side chain on the
substrates was useful for designing inhibitors. One hun-
dred substrates have been synthesized and their cleav-
age by PPE was determined (Km, kcar and kcae/Km).
The reaction constants were quantitatively analyzed
using the Free—Wilson/Fujita-Ban method (16), and
the effects of amino acid side chains on the reaction
constants were elucidated in detail. In studies of en-



zyme and ligand, the specificity of the P; and P’ sites
(17) is the most important determinant, but in design-
ing specific ligands or drugs, the specificitics of the
other sites are also important factors. The quantitative
analyses of the subtle effects of amino acid side chains
at the P> and Pj sites should provide useful information
for designing new inhibitors of elastase.

Nineteen trifluoroacetylated inhibitors (18, 19) with
the general formula CF3CO-X-Y-Ala-pNA were syn-
thesized, and their kinetic constants (K;) were deter-
mined. The effects of amino acid residues in the X and
Y position on inhibitory activity were also analyzed by
QSAR techniques, providing an interesting correlation
between the inhibitors and the corresponding sub-
strates.

RESULTS

Synthesis of substrates and inhibitors

The synthesis of substrates and inhibitors is outlined
as follows. Suc-tripeptide-pNA or CF3CO-tripeptide-
pINA was prepared by acylation with succinic anhy-
dride or trifluoroacetylimidazole of the corresponding
triffuoroacetic acid (TFA) treated tert-butyloxycar-
bonyl (Boc)-tripeptide-pNA. Boc-tripeptide-pNA com-
pounds were synthesized by two routes. One route uti-
lized the N,N’-dicyclohexylcarbodiimide (DCC) (20)
condensation reagent for coupling of Boc-X-Y-OH with
H-Ala-pNA. Boc-X-Y-OH was prepared using the
N-hydroxylsuccinimidyl (Su)(21) or p-nitrophenyl (Np)
(22) active ester procedure. The other route utilized the
DCC condensation through coupling of Box-X-OH
with HCl-dioxane-treated Boc-Y-Ala-pNA. Boc-Y-
Ala-pNA was prepared by condensation of Boc-Y-OH
and H-Ala-pNA using the DCC method.

Enzyme assays and kinetic analysis

Amidolytic activities of the above synthetic substrates
were assayed using PPE and spectrophotometric
monitoring at 410 nm of the rate of production of
p-nitroaniline. Kinetic studies were carried out to de-
termine Km, ke and kca/Km. The Michaelis constant,
Km, was calculated from the Lineweaver-Burk plot
obtained with substrate concentrations in the range
0.01~2.5 mM; (keq = v/[E]).

.The inhibitory activities of the above trifluoroacetyl
tripeptide derivatives toward the enzyme were tested,
an_d kinetic studies were carried out in order to deter-
mine the. mode and potency (K;) of the inhibition.
Enzymanc activity was assayed by the use of the syn-
thetic substrate Suc-(Ala)s-pNA (compound 11) (9)

and monitoring the rate of production of p-nitroaniline
at 410 nm.

Analysis of substrates

The reaction constants which were observed for the
synthetic substrates were analyzed quantitatively. Suc-
Pro-Y-Ala-pNAs (Y: ten amino acids) were essentially

QSAR of elastasc substrate/inhibitor

uncleaved by PPE, and Suc-Gly-Gly-Ala-pNA showed
extremely low activity. Therefore these compounds
were not used in these analyses. The log(1/Km), log kca:
and log(kc.i/Km ) values of the 89 compounds are shown
in Table 1. In each position the mathematical contri-
butions of amino acid side-chains to the reaction con-
stants were analyzed quantitatively using the Free—
Wilson/Fujita—Ban method (16), using the regression
equations shown below. This analytical method was
based on the effect of a residue in each position rela-
tive to that of alanine, using the indicator variables for
each amino acid residue except alanine. In these equa-
tions the variable takes a value of 0 or 1 [e.g. Gly(X)
is the variable which takes a value of 1 only when the
amino acid at position X is glycine in Suc-X-Y-Ala-
pNA.].

log(1/Km) =0.127Nva(X) - 0.519GIy¥(Y) + 0.166Phe(Y) +

(0.119) (0.134) (0.128)
0.524Nle(Y) + 0.206Aba(Y) - 0.171 (1)
(0.128) 0.128)  (0.050)

n=289,5=0.178, r=0.815

log kear = — 1.052Gly(X) - 0.309Phe(X) — 0.557Gly(Y)

(0.116) (0.110) (0.125)

- 0.498Leu(Y) - 0.871Phe(Y) + 0.389Pro(Y)
(0.119) (0.119) (0.119)

- 0.213Nle(Y) + 0.939 (2)
(0.119)  (0.052)

n=2389, s=0.163, r=0.948

log(kca/Km)= — 1.158Gly(X) — 0.439Phe(X) — 0.147Leu(X)

(0.089) (0.085) (0.085)
- 1.050Gly(Y) - 0.527Leu(Y) ~ 0.674Phe(Y)
(0.100) (0.095) (0.095)
+0.457Pro(Y) + 0.347Nle(Y) + 0.199Nva(Y)
(0.095) (0.095) (0.095)
+0.242Aba(Y) + 3.793 3)
(0.095)  (0.051)

n=2389, s=0.125, r=0.979

In these and the following equations, » is the number
of compounds, s is the standard deviation, r is the
correlation coefficient, and the values in parentheses
are the 959, confidence intervals.

The constant values have been calculated for Suc-
Ala-Ala-Ala-pNA.

Analysis of inhibitors

Next, the inhibitory potencies of the synthetic inhibi-
tors, general formula CF3CO-X-Y-Ala-pNA, were
quantitatively analyzed. The mathematical contribu-
tions of amino acid residues in the X and Y positions
to the inhibitory potency were calculated.
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TABLE 1

Synthetic substrates and their reaction constants

No. Suc-X-Y-Ala-pNA log (1/Km) log ke log (kear/Kem)
X Y Obsd. Calcd. Obsd. Calcd. Obsd. Calcd.
1 Gly Ala -0.354 -0.170 0.049 -0.113 2.695 2.636
2 Gly Val -0.231 -0.171 -0.105 -0.113 2.703 2.636
3 Gly Leu 0.125 -0.171 - 0.796 -0.611 2.328 2.109
4 Gly Ile 0.036 -0.171 -0.337 -0.113 2.704 2.636
5 Gly Pro -0.322 -0.17 0.068 0.276 2.746 3.092
6 Gly Phe -0.260 -0.006 -0.854 -0.984 1.881 1.961
7 Gly Aba 0.059 0.034 -1.121 -0.113 2.832 2.877
8 Gly Nva -0.220 -0.171 0.041 -0.113 2.882 2.834
9 Gly Nle 0.149 0.353 -0.155 -0.326 2.994 2.983
10 Ala Gly - 0.686 ~0.690 0.107 0.383 2.422 2.743
11 Ala Ala -0.225 -0.171 0.936 0.939 3711 3.793
12 Ala Val -0.049 -0.171 0.979 0.939 3.930 3.793
13 Ala Leu -0.193 -0.171 0.515 0.441 3.322 3.267
14 Ala Ile -0.083 -0.171 0.951 0.939 3.869 3.793
15 Ala Pro -0.207 -0.171 1.436 1.328 4.230 4,250
16 Ala Phe -0.072 -0.006 0.375 0.068 3.303 3.119
17 Ala Aba -0.114 0.034 1.033 0.939 3.920 4.035
18 Ala Nva -0.061 -0.171 1.045 0.939 3.985 3.992
19 Ala Nle 0.638 0.353 0.622 0.726 4.265 4.141
20 Val Gly ~-0.493 -0.690 0.467 0.383 2.974 2.743
21 Val Ala -0.215 -0.171 1.185 0.939 3.970 3.793
22 Val Val 0.041 -0.171 0.876 0.939 3.920 3.793
23 Val Leu -0.243 -0.171 0.561 0.441 3.318 3.267
24 Val Tle -0.170 -0.171 0.880 0.939 3.710 3.793
25 Val Pro 0.033 -0.171 1.476 1.328 4.509 4.250
26 Val Phe 0.018 - 0.006 0.210 0.068 3.225 3.119
27 Val Aba 0.276 0.034 0.866 0.939 4.140 4.035
28 Val Nva 0.060 -0.171 0.965 0.939 4.025 3.992
29 Val Nle 0.228 0.353 0.864 0.726 4.090 4.141
30 Leu Gly ~0.559 -0.690 0.188 0.383 2.628 2.596
31 Leu Ala -0.326 -0.171 1.107 0.939 3.781 3.646
32 Leu Val - 0.185 -0.171 0.780 0.939 3.595 3.646
33 Leu Leu -0.340 -0.171 0412 0.441 3.072 3.119
34 Leu Ile -0.452 -0.171 0.991 0.939 3.539 3.646
35 Leu Pro 0.142 -0.171 0.996 1.328 4.140 4.103
36 Leu Phe -0.152 -0.006 0.033 0.068 2.881 2.971
37 Leu Aba -0.158 0.034 1.053 0.939 3.895 3.888
38 Leu Nva -0.045 -0.171 0.925 0.939 3.880 3.844
39 Leu Nle 0.071 0.353 0.956 0.726 4.041 3.993
40 e Gly -0.708 -0.690 0.607 0.383 2.900 2.743
41 Ile Ala -0.371 -0.171 1.210 0.939 3.838 3.793
42 Ile Val -0.252 -0.171 0.927 0.939 3.674 3.793
43 lle Leu -0.312 ~0.171 0.358 0.441 3.045 3.267
44 Ile Ile -0.152 -0.171 0.738 0.939 3.585 3.793
45 Ile Pro 0.071 -0.171 1.274 1.328 4.346 4.250
46 Ile Phe -0.188 - 0.006 0.158 0.068 2.971 3119
47 Ie Aba -0.086 0.034 1.068 0.939 3.982 4.035
48 lle Nva -0.228 -0.171 1.061 0.939 3.333 3.992
49 Ile Ni¢ 0.585 0.353 0.407 0.726 3.992 4.141
50 Phe Gly -0.812 -0.690 0.037 0.073 2.225 2.305
51 Phe Ala -0.425 -0.171 0.890 0.630 3.465 3.355
52 Phe Val -0.207 -0.171 0.511 0.630 3.303 3.355
53 Phe Leu —0.344 -0.171 0.310 0.132 2.965 2.828
54 Phe Ile -0.255 -0.171 0.490 0.630 3.236 3.355
55 Phe Pro -0.107 -0.171 1.000 1.019 3.893 3.811
56 Phe Phe 0.013 - 0.006 -0.409 -0.241 2.605 2.680

Continued
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TABLE 1
(continued)

No. Suc-X-Y-Ala-pNA log (1/Km) log kear log (ke /Km)
X Y Obsd. Calcd. Obsd. Calcd. Obsd. Caled.
57 Phe Aba 0.053 0.034 0.556 0.630 3.610 3.596
58 Phe Nva -0.033 -0.171 0.612 0.630 3.579 3.553
59 Phe Nle 0.108 0.353 0.553 0.417 3.660 3.702
60 Aba Gly -0.906 -0.690 0.565 0.383 2.658 2.743
6l Aba Ala -0.155 -0.171 1.086 0.939 3.931 3.793
62 Aba Val 0.215 -0.171 0.619 0.939 3.834 3.793
63 Aba Leu -0.037 -0.171 0.471 0.441 3.435 3.267
64 Aba Ile 0.222 -0.171 0.653 0.939 3.876 3.793
65 Aba Pro -0.362 -0.171 1.581 1.328 4.220 4.250
66 Aba Phe 0.252 —-0.006 -0.076 0.068 3.179 3.119
67 Aba Aba 0.060 0.034 1.045 0.939 4.107 4.035
68 Aba Nva -0.244 -0.171 0.787 0.939 4.029 3.992
69 Aba Nle 0.538 0.353 0.589 0.726 4.124 4.141
70 Nva Gly -0.377 -0.563 0.199 0.383 2.822 2.743
71 Nva Ala ~-0.362 -0.044 1.060 0.939 3.699 3.793
72 Nva Val 0.051 -0.044 0.814 0.939 3.863 3.793
73 Nva Leu -0.246 -0.044 0.471 0.441 3.226 3.267
74 Nva Ile -0.228 -0.044 0.860 0.939 3.631 3.793
75 Nva Pro -0.143 -0.044 1.380 1.328 4.238 4.250
76 Nva Phe 0.222 0.121 -0.102 0.068 3.124 3.119
77 Nva Aba 0.131 0.161 0.925 0.939 4.061 4.035
78 Nva Nva 0.316 -0.044 0.741 0.939 4.057 3.992
79 Nva Nle 0.569 0.480 0.604 0.726 4.057 3.992
80 Nle Gly -0.851 -0.690 0.581 0.383 2.730 2.743
81 Nle Ala -0.328 -0.171 1.143 0.939 3.814 3.793
82 Nle Val -0.188 -0.171 0.840 0.939 3.653 3.793
83 Nle Leu -0.371 -0.171 0.303 0.441 2.947 3.267
84 Nle Ile -0.068 -0.171 0.730 0.939 3.662 3.793
85 Nle Pro -0.196 -0.171 1.380 1.328 4.185 4.250
86 Nle Phe 0.244 -0.006 -0.086 0.068 3.158 3.119
87 Nie Aba 0.215 0.034 0.812 0.939 4.025 4.035
88 Nle Nva -0.262 -0.171 1.176 0.939 3914 3.992
89 Nle Nle 0.420 0.353 0.736 0.726 4.173 4.141
In the analysis of the X position, the log(1/K;) val- TABLE 2
ues of the seven CF3CO-X-A1a-A1a-pNAs are shown Inhibition of PPE by CF;EO-X-AIa-AIa-pNA
in Table 2. n-Values for amino acid side chains were
proposed on the basis of the experimentally measured No.  CF;CO-X-Ala-Ala-pNA log(1/K:) ™™ BP
hydrophobicity (15, 23). Equation (4) was derived using
them. Obsd.  Caled.
log(1/Ki)=0.515n - 0.329B + 4.471 (4) 11 Ala 4.545 4631 031 0
(0.193) (0‘209) (0‘249) 102 Val 4.773 4.770 1.22 1
103 Leu 5.062 5.018 1.70 1
n=17,5=0.089, r=0.967 104 Ile 5022 5.069 180 1
107 Aba 4,988 4.909 0.85 0
In eqn. (4), B is an indicator variable: if the amino acid 108 Nva 5274 5.187 139 0
109 Nle 5.384 5.415 1.93 0

X has a branched side chain, B = 1; if it has a linear side
chain, B =0.

In the analysis of the Y position, the log(1/K;) values
of the nine inhibitors are listed in Table 3. The corre-

2 g.values from ref. (23).
b B =0 if the amino acid has linear side chain, or B =1 if the amino
acid side chain is branched.
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TABLE 3
Inhibition of PPE by CF;CO-Ala-Y-Ala-pNA

No. CF;CO-Ala-Y-Ala-pNA log(1/K;) log(1/Km)*
Obsd.  Caled.
110 Gly 3.935 3.959 -0.354
101 Ala 4.545 4.545 -0.225
111 Val 4.847 4.769 —-0.049
112 Leu 4.701 4.586 -0.193
113 Ile 4.569 4.726 -0.083
114 Pro 4.582 4.568 -0.209
115 Phe 4.635 4.740 -0.072
116 Aba 4.756 4.686 -0.114
117 Nva 4.764 4.754 -0.061

2 log(1/Km) value corresponding to Suc-Ala-Y-Ala-pNA substrate
listed in Table 1.

lation between log(1/K;) for CF3CO-Ala-Y-Ala-pNA
and log(1/K ) for the corresponding succinyl tripeptide
derivative was found, and eqn. (5) was derived.

log(1/K;) = 1.271log(1/Km) + 4.831 (5)
(0.392) (0.104)
n=9, 5s=0.093, r=0.945
In eqn. (5) log(1/Km) is the logarithmic reaction con-

stant of the corresponding succinyl tripeptide deriva-
tives.

DISCUSSION

In eqns. (1)-(3) each slope value of the indicator vari-
able terms shows the degree of the variation of activ-
ity caused by replacing the alanine residue with the
corresponding amino acid into this position. The mathe-
matical contributions of the amino acid side chains to
the reaction constants in the X and Y positions are
summarized in Table 4.

The Free-Wilson/Fujita—Ban method assumes that
the mathematical contributions of each partial structure
to the activity are additive. The contributions of amino
acid side chains to log(1/Ky) and log kca. were found
to be additive to some degree; each value is found
within a small range.

Equation (3) for log(kcar/Km) is a very satisfactory
equation, as is shown by the standard deviation and
the correlation coefficient. It suggests that effects of
variation of the amino acids side chain in each posi-
tion are almost completely explained by the additive
model.

As shown in Table 4, an increase or decrease of the
volume of amino acid side chain in the X position fails
to increase log(1/Km) and log kcar relative to substrates
having alanine in this position. In the Y position, the
values of 1/Km were found to show a tendency to in-
crease with the length of the amino acid side chains,
and the presence of amino acids with branched side
chains did not affect 1/Kn, relative to the values with an
alanine residue in the same position. The kcac-values

TABLE 4
Effect of amino acid residues at X and Y positions on the substrate activity, the reference being taken as alanine in each position

X Y - Side chain
Alog(1/Km) Alog kea Alog (keat/Km) Alog(1/Km) Alog(kca) Alog(kca/Km)
Gly 0 -1.05 -1.16 -0.52 -0.56 -1.05 —H
Ala 0 0a 02 0= 0s 0s —CH;
Aba 0 0 0 0.20 0 0.25 —CH,—CH;
Nva -0.13 0 0 0 0 0.20 -~ CH,—CH,—CH;
Nle 0 0 0 0.52 -0.21 0.35 —CH,—CH»—CH;~CH;
CH;
Val 0 0 0 0 0 0 —CH
CH,
CH;
Leu 0 0 -0.15 0 -0.50 -0.52 —CH,—CH
CH;
CH;
Ile 0 0 0 0 0 0 —CH
CH,—CH,
Pro (negative) 0 0.39 0.46 —CH,;—CH,—-CH,—(N)
Phe 0 -0.31 -0.44 0.17 -0.87 -0.67 —CH.—

* Based on the effect of an alanine residue in each position.



relative to that of alamine were increased more by pro-
line residues but were decreased by glycine, norleucine,
leucine and phenylalanine.

These analyses suggest that the reaction constants
in cach position were related to hydrophobicity and
steric effects of the amino acid side chains. K, relates
to the binding of the substrate to the enzyme, and kcac
to the preparation of acylated enzyme and the release
of p-nitroaniline from the enzyme, which is related
to the conformational variation of the enzyme. Thus
this seemed to require a more detailed investigation
by comparison with the effect of inhibition using inhibi-
tors.

The effect of the amino acid residue in the X posi-
tion is given in eqn. (4), which shows that 1/K; is in-
creased by hydrophobic amino acid side chains, and
decreased by branched side chains. For the set of 7
residues in the X position, a correlation of the inhibi-
tors and the substrates was not found. Thus the results
suggested that in the case of a Suc-type substrate and
a CF3:CO-type inhibitor, the amino acid in the X po-
sition binds to a different site on the enzyme.

From eqn. (5), obtained by analysis of the effect of
the amino acid residue in the Y position, an interesting
phenomenon is observed: the 1/K; and K, values are
neutrally correlated (for details see Table 3). This phe-
nomenon suggested that in the Y position the same
amino acid is favored both in the substrate and in the
inhibitor.

Many studies of the X-ray crystal structures of PPE
with or without ligands have appeared (24), and the
X-ray structure of trifluoroacetyl-dipeptide-pNA with
PPE has been determined by Hughes er al. (25). This
X-ray study showed that the CF3CO group is at the S1
subsite in the active site of PPE, and dipeptide-pNA is
bound at sites close to the S1’ to S3’ subsite. Com-
parison between the X-ray studies and our QSAR re-
sults suggests that the Suc-type substrate and CF3CO-
type inhibitor are bound in different sites. Nle was most
suitable in the X position of CF3CO-tripeptide-pNA,
and the Lys residue in CF3CO-dipeptide-pNA is bound
at the S1’ site of PPE. Nle and Lys have similar shapes
but have differing charge distributions. Thus the two
residues seem to bind close together in an area which
is narrow and hydrophobic. However, in our QSAR
study, a correlation of the amino acid effects in the Y
position of the substrates (Km) and the inhibitors (K;)
was observed. From this observation we postulate that
the Y residue of the Suc-type substrate and the CF3CO-
type inhibitor seem to bind to close or similar sites of
PPE.

These quantitative analyses of the effects of the amino
acid composition on substrate and inhibitory activity
are very interesting enzymatically and lead to a useful
index for the design of new elastase inhibitors and the
development of peptidic drugs.

QSAR of elastase substrate/inhibitor
EXPERIMENTAL PROCEDURES

Amino acid derivatives and peptide reagents were ob-
tained from Kokusan Chemical Works, Ltd. (Tokyo,
Japan). Melting points were determined on a Yanagim-
oto melting point apparatus, model MP-J3. Optical ro-
tations were measured with a JASCO automatic pola-
rimeter, model DIP-140. The hydrolyses of peptide
derivatives for amino acid analyses were carried out in
6 N HCl at 110 °C for 24 h. Amino acid compositions
of acid hydrolysates were determined with a Hitachi
amino acid analyzer, model L-8500. Thin-layer chro-
matography (TLC) was performed on silica-gel plate
(Kieselgel G60, Merck). HPLC was conducted with a
Waters compact model 204, using a Nucleosil 5Cis
column (7.5 x 250 mm).

General procedure for synthesis of Boc-Y-Ala-pNA
(Y=Gly, Ala, Val, Leu, Ile, Pro, Phe, Aba, Nva, Nle).
DCC (5.92 g, 28.68 mmol) was added to a mixture of
Boc-Y-OH (26.68 mmol) and H-Ala-pNA (5.00 g,
23.90 mmol) in dimethylformamide (DMF) (80 mL) at
0 °C and the mixture, after being stirred at room tem-
perature overnight, was filtered. The solvent was re-
moved by evaporation and the residue was extracted
with AcOEt (200 mL). The organic phase was washed
with 59 citric acid, 5%, NaHCO3; and H-O, dried over
Na»SO4 and concentrated. The residue was crystal-
lized from ether or isopropylether followed by recrys-
tallization from MeOH with ether or isopropylether.

General procedure for synthesis of Boc-X-Y-OH
(X,Y=Gly, Ala, Val, Leu, Ile, Pro, Phe). Boc-X-OSu or
ONp (30.0 mmol) in tetrahydrofuran (THF) (100 mL)
was mixed with a solution or suspension of H-Y-OH
(90.0 mmol) and EtsN (12.5 mL, 90.0 mmol) in H-O
(50 mL) in an ice-bath. After 6 h the solvent was re-
moved by evaporation and the residue was dissolved in
5% NaHCOs3 (200 mL). The aqueous phase was
washed with ether and acidified with citric acid. The
resulting precipitate was extracted with AcOEt
(200 mL) and the extract was washed with 39 citric
acid and aqueous saturated NaCl solution, then dried
over Na>SOj4 and concentrated. The residue was pu-
rified by recrystallization from appropriate solvents
(MeOH-Et,0, MeOH-isopropyl ether, AcOEt-n-
hexane). If an oily precipate was obtained, it was con-
verted into the dicyclohexylamine (DCHA) salt and the
salt was recrystallized or precipitated from MeOH-
ether or AcOEt—n-hexane. Boc-Pro-Pro-OH and its
DCHA salt were oily products, and could not purified
by the above procedures. They were purified by column
chromatography on silica gel using CHCl3-MeOH
(10:0.5) as an eluent.

General procedure for synthesis of Boc-X-Y-Ala-pNA from
Boc-X-Y-OH and H-Ala-pNA (X, Y = Gly, Ala, Val, Leu,
Ile, Pro, Phe). DCC (592 mg, 2.87 mmol) was added to
a mixture of Boc-X-Y-OH (2.87 mmol) and H-Ala-
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TABLE 5

Purification procedure, m.p., optical rotation, Rf values and HPLC retention time of Suc-X-Y-Ala-pNA

No. Suc-X-Y-Ala-pNA Purification M.p. (°C) {2]% in DMSO R HPLC
system? (conc.) retention
X Y time (min)°
0 Gly Gly C 200-202 -29.2(0.3) 0.11 26.22
1 Gly Ala C 125-127 -28.7(0.1) 0.23 27.86%
2 Gly Val C 185-188 -27.6 (0.7) 0.26 32.16
3 Gly Leu A 148-150 -23.4(0.6) 0.38 36.40
4 Gly HE A 120-123 —-35.2(0.2) 0.40 35.56*
5 Gly Pro A 216-218 -57.8(0.4) 0.16 29.40
6 Gly Phe A 102-105 -30.9(0.1) 0.40 38.22
7 Gly Aba A 151-153 —-20.0(0.3) 0.16 31.16
8 Gly Nva A 108-110 -13.8(0.5) 0.16 35.24
9 Gly Nle A 97-99 -11.8(0.5) 0.16 37.46
10 Ala Gly A 130-132 -1.4(0.2) 0.24 28.82
11 Ala Ala B 122-124 —-26.2(0.5) 0.16 30.64
12 Ala Val B 122-124 -39.8(0.5) 0.29 34.04*
13 Ala Leu B 175-177 —-35.4(0.3) 045 38.90
14 Ala Ile B 225-227 —-40.8 (0.6) 0.37 38.60
15 Ala Pro B 130-132 -57.2(0.4) 0.37 30.46
16 Ala Phe B 136-138 -20.2(0.3) 0.54 41.38
17 Ala Aba B 214-216 -30.3(0.5) 0.18 34.04*
18 Ala Nva B 190-192 -24.5(0.3) 0.27 36.90
19 Ala Nle B 142-144 -23.7(0.5) 0.30 40.42
20 Val Gly A 190-194 - 11.2(0.3) 0.38 34.12
21 Val Ala B 145-148 -21.5(0.4) 0.32 36.02
22 Vai Val B 221-224 -29.8(0.3) 0.39 38.90
23 Val Leu B 122-125 -30.4(0.3) 0.51 44.42
24 Val Ile B 182184 -27.2(0.3) 0.59 41.80
25 Val Pro B 115-117 -39.8(0.3) 0.45 35.54*
26 Val Phe B 229-233 —20.4(0.4) 0.49 49.82
27 Val Aba B 237-239 -26.7(0.3) 0.26 38.80*
28 Val Nva B 223-227 -26.5(0.3) 0.26 41.96*
29 Val Nle B 196-198 -17.5(0.4) 0.30 45.42
30 Leu Gly A 192-195 -28.7(0.5) 0.28 39.16*
31 Leu Ala B 170-173 -22.9(0.7) 0.36 40.80*
32 Leu Val B 222-225 -29.9(0.7) 0.40 42.74
33 Leu Leu B 120-122 -30.6 (0.6) 0.68 48.60
34 Leu Ile B 214-217 -31.1(0.8) 0.56 45.80*
35 Leu Pro B 104-108 —-46.8 (0.5) 0.39 39.84
36 Leu Phe B 198-200 -17.4(0.3) 0.64 49.60
37 Leu Aba B 212-214 -29.1(0.4) 0.28 43.56
38 Leu Nva B 211-213 -30.5(0.5) 0.36 45.96*
39 Leu Nle B 178-180 -31.1(0.3) 0.39 49.84
40 Ile Gly C 113-115 -9.2(0.2) 0.32 37.56
41 Ile Ala B 225~228 —-16.9(0.3) 0.47 40.20
42 Ile Val B 227-230 -19.2(0.3) 0.47 42.08
43 Ile Leu B 185-187 -24.3(0.3) 0.52 47.78
44 Ile Ile B 245-247 —-26.1(0.3) 0.69 45.32
45 Ile Pro B 135-140 -49.2 (0.4) 0.40 38.56
46 Ile Phe B 115-118 -13.2(0.3) 0.68 49.86
47 Ile Aba B 239-241 -21.6(0.4) 0.27 43.16*
48 Ile Nva B 238-240 -26.6 (0.4) 0.37 47.54*
49 Ile Nle B 201-203 -24.1(0.3) 0.42 49.64*
50 Phe Gly A 105-107 —14.6 (0.3) 0.42 38.86
51 Phe Ala A 195-197 -12.8(0.2) 0.40 41.80*
52 Phe Val B 120-124 -10.4 (0.4) 0.68 39.20
53 Phe Leu B 206-208 -14.7(0.4) 0.65 48.76
54 Phe Tle B 192-195 -12.7(0.4) 0.68 46.66
55 Phe Pro A 100-102 -21.3(0.2) 0.46 41.46*
Continued
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TABLE 5
(continued)

No. Suc-X-Y-Ala-pNA Purification M.p. (°C) {«]? in DMSO Rf® HPLC
system? (conc.) retention
X Y time (min)¢
56 Phe Phe B 210-223 -38.1(0.3) 0.52 49.40
57 Phe Aba B 210-212 -11.3(0.3) 0.56 43.76
58 Phe Nva B 212-215 -19.2(0.7) 0.54 46.62*
59 Phe Nle B 225-228 -14.4(0.5) 0.55 50.16*
60 Aba Gly C 215-217 - 13.8(0.6) 0.15 31.42
61 Aba Ala A 219-221 -13.6(0.3) 0.23 34.96
62 Aba Val B 200-203 -37.3(0.4) 0.37 42.56
63 Aba Leu B 230-233 -29.7(0.4) 0.27 37.42*
64 Aba Ile B 225-230 —-40.1(0.5) 0.30 39.80
65 Aba Pro C 92-95 -41.7(0.4) 0.20 34.24
66 Aba Phe B 225-228 -64.4(0.5) 0.42 44.40
67 Aba Aba B 249-253 -21.5(0.3) 0.21 36.98
68 Aba Nva B 224-227 -33.3(0.6) 0.24 39.42
69 Aba Nle B 192-194 -30.0(0.3) 0.26 42.62
70 Nva Gly C 209-212 -12.2(0.3) 0.20 35.58
71 Nva Ala B 199-202 -22.5(0.3) 0.28 37.96
72 Nva Val B 228-230 -27.2(0.4) 0.62 46.86
73 Nva Leu B 221-223 -32.3(04) 0.28 40.16
74 Nva - Ile B 234-237 -41.8(0.4) 0.31 44.02
75 Nva Pro A 96-99 -69.5(0.4) 0.24 37.44
76 Nva Phe B 216-219 -26.5(0.5) 0.34 47.20*
7 Nva Aba B 239-243 -32.4(0.5) 0.24 40.78*
78 Nva Nva B 228-231 -26.6(0.7) 0.32 43.18
79 Nva Nle B 198-200 -25.0(0.7) 0.39 46.38
80 Nle Gly A 122-124 -10.4(0.3) : 0.24 38.84
81 Nle Ala B 182-184 -30.6 (0.5) 0.39 43.40
82 Nle Val B 172-174 -19.1(0.4) 0.40 49.98*
83 Nle Leu B 221-223 -25.6(0.5) 0.37 44.16
84 Nle Ile B 228-230 -39.2(0.6) 0.24 44.60
85 Nle Pro C 90-92 -57.1(0.4) 0.25 40.88*
86 Nie Phe B 213-215 -14.7(0.3) 0.45 51.58
87 Nie Aba B 226-228 -31.2(0.4) 0.31 47.16
88 Nle Nva B 216-218 -21.5(0.3) 0.27 47.02
89 Nle Nle B 174-177 -20.5(0.4) 0.39 49.56
90 Pro Gly C 92-94 -19.3(0.2) 0.40 33.10
91 Pro Ala C 102-104 -26.9(0.2) 0.51 35.22
92 Pro Val C 102-105 -31.5(0.3) 0.43 36.80
93 Pro Leu A 109-111 -39.4(0.3) 0.69 42.34
94 Pro Tle C 116-117 -31.3(0.3) 0.51 39.94
95 Pro Pro C 118-120 —-46.8 (0.4) 0.45 35.98
96 Pro Phe A 166-170 -28.3(0.3) 0.60 43.66
97 Pro Aba C 96-98 -50.7(0.3) 0.35 36.54*
98 Pro Nva C 94--98 -42.3(0.5) 0.38 39.60*
99 Pro Nie C 84-86 -40.3(0.5) 0.43 43.20

2 Compounds were purified following procedures A, B and C. (A) recrystallized from MeOH with n-hexane; (B) recrystallized from DMF
with ether; (C) purified by HPLC, followed by precipitation from MeOH with n-hexane.

b Rf values were determined in the following solvent system: CH;Cl-MeOH-AcOH (9:1:0.5, v/v).

¢ HPLC on Nucleosil 5C;5 column (7.5 x 250 mm) with gradient of acetonitrile (10-60%,, 60 min) in 0.1% aq. TFA at a flow rate of
2.0 mL/min.

* Compounds were analyzed for C, H, and N within +0.49 of the theoretical values.

pNA (500 mg, 2.39 mmol) in THF (20 mL), and the AcOEt (50 mL). The organic phase was washed with
mixture was stirred at room temperature overnight, then 59, citric acid, 5%, NaHCO; and H,0, dried over
filtered and concentrated. The residue was dissolvedin  Na>SO4 and concentrated. The residue was crystal-

— 14—



M. Nomizu et al.

lized or precipitated from appropriate solvents (DMF-
Et,0, MeOH-Et>0, MeOH-isopropyl ether, AcOEt-
n-hexane). If the residue did not dissolve in AcOEt, the
crude product was triturated with Et;O and 5%, citric
acid, and the resulting powder was washed with 59,
citric acid, 5% NaHCOj; and H,O and crystallized or
precipitated from appropriate solvents (DMF-AcOEt,
DMF-Et,0, MeOH-Et,0).

General procedure for synthesis of Boc-X-Y-Ala-pNA from
Boc-X-OH and Boc-Y-Ala-pNA (X, Y = Gly, Ala, Val, Leu,
lle, Pro, Phe, Aba, Nva, Nle, at least one of X or Y is Aba,
Nva or Nle). Boc-Y-Ala-pNA (2.50 mmol) was treated

with TFA (5 mL) in the presence of anisole (0.5 mL) at
ice-bath temperatures for 60 min. After evaporation of
TFA in vacuo at 30 °C or less, the residue was washed
with n-hexane. The resulting oily precipitate was dis-
solved in 4 N HCl-dioxane (10 mL) at ice-bath tem-
peratures, and after 10 min, n-hexane was added and
washed. The residue was dried over KOH pellets in-
vacuo for 3 h and dissolved in DMF (20 mL), together
with Et;N (348 pL, 2.50 mmol) and Boc-X-OH
(3.75 mmol). After addition of DCC (774 mg,
3.75 mmol), the solution was stirred overnight, then
filtered and concentrated. The crude sample was puri-
fied by the above same procedures.

TABLE 6
M. p., optical ratation, Rf values and C, H, N analysis data of CF;CO-X-Y-Ala-pNA

No CF3;CO-X-Y-Ala-pNA M.p. (°C) [«]%°in DMSO Rfe Formula Calcd. (Found)
(conc.)
X Y C H N
100 Gly Ala 220-223 -323 0.20 Ci6H1gN;5O6F5 44.35 4.19 16.16
(0.46) (44.63 4.21 16.13)
101 Ala Ala 245-247 ~40.3 0.38 C17HoNsO6F3 45.64 4.51 15.66
(0.45) (45.60 4.48 15.72)
102 Val Ala 272-274 -43.7 0.36 Ci9H24N;5O6F3 48.00 5.09 14.73
(0.48) (47.81 4.99 14.57)
103 Leu Ala 243-245 -430 0.41 C,0H26N5s06F3 49.08 5.35 14.31
(0.45) (48.83 5.26 14.23)
104 Ile Ala 239-243 -49.8 0.51 Co0H26N5O6F; 49.08 5.35 14.31
(0.35) (43.88 5.38 14.26)
105 Phe Ala 255-257 -93 0.54 CisH22NsO6F3 48.21 4.68 14.80
(0.49) (48.51 4.70 14.67)
106 Pro Ala 252-256 -64.9 0.35 C3H24NsOgF3 52.77 4.62 13.38
(0.66) (52.63 4.64 13.44)
107 Abu Ala 249-253 -39.1 0.43 C1sH2oNsO6F3 46.86 4.81 15.18
(0.48) (46.80 4.81 15.18)
108 Nva Ala 259-263 -42.1 0.50 C1oH24NsOGF; 48.00 5.09 14.73
(0.42) (48.04 5.02 14.62)
109 Nle Ala 254-258 -36.5 0.44 CaoH26NsO6F3 49.08 5.35 14.31
(0.50) (48.90 5.36 14.23)
110 Ala Gly 222-224 -55.8 0.28 C16H13N506F3 44 .35 4.19 16.16
(0.49) (44.30 4.20 16.02)
111 Ala Val 274-277 —-40.3 0.34 CioH24N;sO¢F; 48.00 5.09 14.73
(0.45) (47.81 5.07 14.47)
112 Ala Leu 199-203 -324 0.48 C,y0H26NsOgF; 49.08 5.35 14.31
(0.50) (48.81 5.33 14.18)
113 Ala Ile 207-210 -36.3 0.49 CoH26NsOF; 49.08 5.35 14.31
0.39) (48.79 5.22 14.15)
114 Ala Phe 240-245 -19.2 0.45 Ci9H2oNsO¢F5: 47.31 4.81 14.45
(0.52) 1/2H,0 (47.60 4.76 13.91)
115 Ala Pro 105-108 -115.1 0.39 C3H24NsO6F; 52.77 4.62 13.38
(0.31) (52.55 4.60 13.25)
116 Ala Abu 269-272 -404 0.36 C13H2NsOgF3 46.86 4.81 15.18
(0.44) (46.92 4.80 15.14)
117 Ala Nva 256-258 ~-30.0 0.38 CsH24NsOgF3 48.00 5.09 14.73
(0.45) (47.86 5.03 14.60)
118 Ala Nle 271-273 ~30.4 0.33 C20H36N506F3 49.08 5.35 14.31
(0.45) (48.90 5.36 14.27)

4 Rf values were determined in the following solvent system: CH3Cl-MeOH-AcOH (9:1:0.5, v/v).
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General procedure for synthesis of Suc-X-Y-Ala-pNA
(X,Y=Gly, Ala, Val, Leu, Ile, Pro, Phe, Aba, Nva and
Nle). Boc-tripeptide-pNA (1.0 mmol) was cleaved by
TFA (ca. 10 mL per g of peptide) in the presence of
anisole (0.5 mL) at 0 °C for 60 min. After evaporation
of TFA in vacuo at 30 °C or less, the residue was treated
with dry ether. If a powder was obtained, it was col-
lected by filtration, dried over KOH pellets in vacuo for
3 h and then used for the coupling reaction. If an oily
precipitate was obtained, it was washed with n-hexane,
dried over KOH pellets in vacuo for 3 h and then used
for the coupling reaction. The TFA-treated samples
were dissolved in DMF (20 mL) together with EtsN
(418 uL, 3 mmol) and succinic anhydride (368 mg,
2 mmol). After stirring for 4 h, the solvent was evapo-
rated and the residue was redissolved in n-butanol
(100 mL). The solution was washed with 5%, citric acid
and H»0O, and n-butanol was evaporated in vacuo. Prod-
ucts were purified by crystallization and precipitation
from MeOH with n-hexane or DMF with Et>O. If the
obtained products had not been completely purified,
these samples were purified by HPLC on a Nucleosil
5C;g column (7.5 x 250 mm), which was eluted with a
linear gradient of acetonitrile in 0.1% TFA. Then the
sample was precipitated from MeOH with n-hexane.
The purity and identity of the sample were confirmed
by TLC, HPLC and amino acid analysis. The final
purification procedure, m.p., optical rotation, Rf values
and retention time of analytical HPLC are shown in
Table 5.

General procedure for synthesis of CF3CO-X-Y-Ala-pNA
(X.Y=Gly, Ala, Val, Leu, Ille, Pro, Phe, Aba, Nva, Nle,
where either X or Y was an alanine residue). TFA-treated
samples of Boc-tripeptide-pNA (1.0 mmol) were dis-
solved in DMF (20 mL) together with EtsN (418 uL,
3 mmol) and trifluoroacetylimidazole (630 mg, 3 mmol).
The solution, after being stirred for 24 h, was concen-
trated and the residue was triturated with ether and 5%
citric acid. The resulting powder was washed with 5%,
citric acid, 5% NaHCO3; and H>O and precipitated
from DMF with Et,O or AcOEt. Their physical con-
tents and analytical data are shown in Table 6.

Enzyme assay. PPE was purchased from Sigma Co. All
enzyme assays were performed spectrophotometrically
at 40 °C on a Shimadzu UV-3000 spectrophotometer.

In a typical experiment the substrate [500 uL, 2.0
0.25 mM in 50 mM Tris buffer containing 2%, dimethyl
sulfoxide (DMSO)] was added to 450 uL of a 50 mm
Tris buffer solution (pH 8.0) in a quartz cuvette and
thermally equilibrated in the spectrophotometer for
2 min, and the absorbance was balanced at 410 nm.
The enzyme (50 uL, 656 um in 50 mM buffer) was
added to the sample cuvette, and the increase in ab-
sorbance was monitored for 10 min. The Michaelis
constant Km was calculated from the Lineweaver—Burk
plot obtained with substrate concentrations in the range
2.0-0.25 mM; kcae = V/[E].

QSAR of elastase substrate/inhibitor

Enzyme inhibition studies. In atypical experiment, 250 L
of the inhibitor (40-800 uM in 50 mMm Tris buffer
containing 10% DMSO) and 250 uL of Suc-(Ala)s-
pNA (4mM in 50 mM Tris buffer containing 29,
DMSO) were added to 450 uL of 50 mM Tris buffer
in a quartz cuvette and thermally equilibrated in the
spectrophotometer for 10 min, and the absorbance was
balanced at 410 nm. The enzyme (50 uL of 656 mM in
50 mM Tris buffer) was added to the sample cuvette,
and the increase in absorbance was monitored for
10 min. Kj-values were determined by plotting the
slopes from Lineweaver—Burk curves vs. inhibitor con-
centration.
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B-Pleated Sheet Peptidomimetics

Linked pyrro]ixiohe compound
mimics shape of J-pleated sheet

Pyrrolinone-based peptidomimet-ic .
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Pyrrolinone-based peptidomimetic simu-
lates B-pleated sheet conformation of tet-
rapeptidyl angiotensinogen fragment.
Dashed lines show alignment of carbonyl
groups in the two structures. Side chains
are also aligned
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TH-NMR Analyses of cis-trans Isomerization

— [midapril and Imidaprilat ——

| m gow e
Roay c“‘u )‘“’
= — u N
Y oHy " H
° w
cis-form (o = 0°) trans-form (o ~ 180°)
(Bloactive form)
Compound Solvent cis [ trans ratio
Imidapril hydrochloride D50 >99% trans
Imidapril (free) D,0 >99% trans
Imidaprilat D20 + TFA >99% trans

TH-NMR Analyses of cis-trans Isomerization
' — Enalapril and. Enalaprilat ==

u OOzH (\H H
) ROC C"‘:HJ
O/\/’\ —— g\/LN)%)‘“
H
S © com
cis-form (@ =~ 0°) trans-form (o = 180°)
: (Bloactive form)
Compound Solvent cis | trans ratio
Enalapril maleate D0 : 44 | 56
Enalapril (free) D,0 52 / 48
Enalaprilat D,0 20 / 80
D,0 + TFA 27 | 73 .

The conformation of the amide bond of Imidaprilat is
‘restricted to the bioactive trans geometry.
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Synthesis of Barnase Site-Specifically Labelled
with Two 3C Atoms Using Partially Protected Peptide
Thioester Building Blocks

Hironobu HoJo and Saburo AimoTo*
Institute for Protein Research, Osaka University, 3-2 Yamadaoka, Suita, Osaka 565
(Received May 6, 1993)

Barnase, site-specifically labelled with two !3C atoms, was synthesized using partially protected peptide
thioesters as building blocks. Four partially protected peptide segments (Boc—{Lys(Boc)'®?]-barnase(1-—34)—
SC(CH3)2CH2CO-Nle-NH,, iNoc-[Lys(Boc)?®*]-barnase(35—52)-SC(CHj)2CH,CO-Nle-NH;, iNoc—[Lys-
(Boc)®?%%}-barnase(53—81)-SC(CH3),CH,CO-Nle-NH,, [Lys(Boc)?®1%8|-barnase(82—110)) were successively
condensed in the presence of silver ions and N-hydroxysuccinimide (HONSu). Finally, barnase with full ribonu-
clease activity was obtained in a yield of 11% based on the carboxyl terminal peptide segment.

Most protein production is not performed by a chemi-
cal method, but by recombinant DNA technology. This
is because neither the solid-phase nor solution methods
of peptide synthesis are appropriate for the rapid prepa-
ration of highly pure proteins. In order to overcome
the problems involved in both methods, we developed
a procedure in which partially protected peptide thio-
esters prepared via a solid-phase method are used as
building blocks for protein synthesis in a solution. This
procedure? was applied to the syntheses of c-Myb Pro-
tein (142—193) amide,? HU-type DNA-binding protein
(HBs) of 90 amino acids® and its stable-isotope-labelled
derivative.?

To demonstrate the usefulness of this method for en-
zyme synthesis, we synthesized barnase, a protein com-
prising 110 amino acids with RNase activity (Fig. 1).
In this study, barnase site-specifically labelled with two
13C atoms was synthesized for a structural study of bar-
nase in the future. This paper describes the results of
the synthesis and the use of this method for protein
synthesis.

Results and Discussion

Preparation of Peptide Segments: For syn-
thetic purposes, the barnase sequence was divided into
four peptide segments, as shown in Fig. 1. Gly®? and
Ala™ were labelled with 13C as (2-13C) Gly and (1-13C)
Ala, respectively.

A partially protected peptide thioester was pre-
pared according to the procedure described in a pre-
vious paper.Y To a 4-methylbenzhydrylamine resin
(MBHA resin or NHjy-resin}, t-butoxycarbonyl-L-nor-
leucine (Boc-Nle) and Boc-Gly-SC(CH3),CH,COOH
were successively introduced using dicyclohexylcarbodi-
imide (DCC) in the presence of 1-hydroxybenzotri-
azole (HOBt) to obtain Boc-Gly—-SC(CHj3)2CH,CO-
Nle-NH-resin. On this resin, Boc-amino acids were
successively condensed. After peptide chain assem-
bly, the terminal amino group was protected with a 4-
pyridylmethoxycarbonyl (iNoc) group. The protected
peptide resin was treated with anhydrous hydrogen fluo-
ride® to give a crude iNoc-peptide thioester, which

was purified by reversed-phase HPLC (RPHPLC). Boc
groups were introduced to the side-chain amino groups
of an HPLC-purified peptide thioester in order to real-
ize selective removal of the amino protecting groups af-
ter segment condensation. The partially protected pep-
tide segments were prepared in good yields without any
problems, and were used for the barnase synthesis.

All of the partially protected peptide segments used
for barnase synthesis are listed in Table 1. The yields
of the peptide segments were calculated based upon the
amino groups in the MBHA resin. The linker contain-
ing Nle and S-t-alkyl thioester moieties, where t-alkyl
means 1,1-disubstituted alkyl, gave satisfactory yields
in the preparation of peptide segments as in a previous
synthesis.?

Synthesis of Barnase by Segment Coupling:
Segment condensation was performed according to the
scheme shown in Fig. 2. The typical coupling conditions
were as follows: Peptides 3 (120 mg, 17 pmol) and 4
(100 mg, 13 umol) were dissolved in dimethyl sulfoxide
(DMSO) (2.3 ml). HONSu (30 mg, 260 pmol), AgNO;
(13 mg, 77 umol), and 4-methylmorpholine (NMM) (9
ul, 82 umol) were then added in succession. The solu-
tion was stirred overnight at room temperature in the
dark. The peptide was precipitated with distilled water
and washed twice. After the precipitate was dissolved
in 70% aqueous acetic acid, 800 mg of zinc dust was
added. The solution was sonicated for 7 h under a nitro-
gen stream. After removing the zinc dust by centrifu-
gation, the supernatant was dialyzed against distilled
water using a Spectrapor membrane 6 and freeze-dried
to give a mixture containing peptide 5 (170 mg). Ac-
cording to a similar procedure, peptides 2 and 5, then
peptides 1 and 6, were successively condensed. The
condensation reactions were monitored by HPLC using
a C4 column. The HPLC elution profiles of the reaction
mixtures are shown in Fig. 3. The segment coupling
of peptide 5 and 2 and that of peptide 6 and 1 were
almost complete within 6 h. During peptide chain elon-
gation by segment coupling no HPLC purification was
performed.

After segment condensation of peptides 1 and 6, dis-
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1 10
Ala-Gln-Val-Ile-Asn-Thr-Phe-Asp-Gly-val-Ala-Asp-Tyr-Leu-Gln-
20 30
Thr-Tyr-His-Lys-Leu-Pro-ABp-Asn-Tyr-Ile-Thr-Lys-Ser-Glu-Ala-
40
Gln-Ala-Leu-Gly-Trp-Val-Ala-Ser-Lys-Gly-Asn-Leu-Ala-Asp-VvVal-
50 * * 60
Ala-Pro-Gly-Lys-Ser-Ile-Gly-Gly-Asp-Ile-Phe-Ser-Asn-Arg-Glu-
70 *
Gly-Lys-Leu-Pro-Gly-Lys-Ser-Gly-Arg-Thr-Trp-Arg-Glu-Ala-Asp-
80 ‘ 90
Ile-Asn-Tyr-Thr-Ser-Gly-Phe-Arg-Asn-Ser-Asp-Arg-Ile-Leu-Tyr-
100
Ser-Ser-Asp-Trp-Leu-Ile-Tyr-Lys-Thr-Thr-Asp-His-Tyr-Gln-Thr-

110
Phe-Thr-Lys-Ile-Arg

Fig. 1. Amino acid sequence of barnase. The arrows indicate the sites of segment coupling; * indicates amino acids
labelled with 3C; (2-'3C)Gly®? and (1-'*C)Ala"™.

Table 1. Partially Protected Peptide Segments Prepared for Segment Coupling

Peptide segments Yield/%

Boc—{Lys(Boc)'?:*"|-Barnase(1—34)-SC(CHj3)>CH.CO-Nle-NH. (1) 12
Boc-Ala~Gln—Val-Ile-Asn—Thr-Phe-Asp—Gly-Val-Ala-Asp—Tyr-Leu~Gln-Thr-Tyr-His—
Lys(Boc)-Leu—Pro-Asp—Asn-Tyr-Ile-Thr-Lys(Boc)-Ser—Glu—Ala—-GIn-Ala-Leu—Gly-

SC (CH3 ) 2 CHz CO—Nle—NHz

iNoc—{Lys(Boc)3**%]|-Barnase(35—52)-SC(CH;)2CH2CO-Nle-NH, (2) 32
iNoc-Trp—Val-Ala-Ser—Lys(Boc)-Gly—Asn-Leu-Ala—~Asp—Val-Ala~Pro-Gly-Lys(Boc)-Ser—
Ile—Gly_SC(CH(;)QCHQCO—NIB—NHZ

iNoc—[Lys(Boc)®%%¢|-Barnase(53—81)-SC(CHj3)2CH2CO-Nle-NH, (3) 12
iNoc-Gly-Asp-Ile-Phe-Ser—Asn—Arg—Glu—Gly-Lys(Boc)-Leu~Pro—Gly-Lys(Boc)-Ser-Gly-
Arg-Thr-Trp—Arg-Glu-Ala-Asp-Ile-Asn—Tyr-Thr-Ser-Gly-SC(CHj3)2CH2CO~-Nle-NH>

[Lys(Boc)?8:1%]—Barnase(82—110) (4) 12
Phe—Arg-Asn-Ser—Asp—Arg-Tle-Leu-Tyr-Ser-Ser-Asp~Trp—Leu~Ile-Tyr-Lys(Boc)-Thr—Thr—
Asp-His-Tyr-Gln—Thr-Phe-Thr-Lys(Boc)-Ile-Arg

m @ @) ) lowed by Pharmacia HiLoad S-Sepharose HP (Fig. 4)
(Boc), (Bac), (Bock, (Boc), to give the final product, barnase (1—110) (7) in 11%

aoc-@-sa NocSR Noc—{53-81)-sr H-{82-110}-0H yield, based upon peptide 4. Its amino acid composition
J

agreed well with that predicted. The RNase activity of
1) AgHO; + HONSw, 1) Zn/AcOH the synthetic barnase was determined by measuring the
" -C_Tu_%o%-oti ) hydrolytic activity toward yeast RNA according to the
method described by Rushizky et al.® The synthetic
1 AqHoy « HONSA, ) Zalheok (Boc)s and native barnases had similar activity, as shown in
bt H-{ 35-110 _J-OH (6} Table 2.
) AgHO; « HONSu , W) TFA, ) HPLC Application of the Method: In the barnase syn-
H-{ 1-110 on () thesis, all of the segments were condensed almost com-
-SR: -SC(CHghCHZCO-Nie-NHy pletely within 6 h, even that between peptides 1 and
6 of 34 and 76 amino acid residues, respectively. This
Fig. 2. Synthetic route of barnase (1—110). fact suggests that the peptide segment with minimum

tilled water was added to the reaction mixture. The
formed precipitate was washed with water and freeze- Table 2. Enzymatic Activity of Barnase
dried to give a powder which was treated with trifluoro-
acetic acid (TFA) containing 5% 1,4-butanedithiol (v/v)

Specific activity = Relative activity

Y .
for 15 min. After removing the TFA under a nitro- T x10 5 ;ilots;/ Azeo 1?0
gen stream, the product was washed twice with ether. ative barnase =
) e p e ° Synthetic barnase 2.440.3 114

The crude product was purified on PROTEIN-RP, fol-
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Fig. 3. HPLC elution profiles of the reaction mix-

tures of segment couplings after an overnight re-
action. Arrows in panel A,B,C indicate iNoc~
[Lys(Boc)5%%6:98:108)_parnase(53—110), iNoc-[Lys-
(Boc)39:49,62:66.98,108)_}51na5e(35-—110), and Boc—
[Lys(Boc)!9:27:39,49.62.66.98,108|_parnase(1—110), re-
spectively. Column: YMC-Pack C4 (4.6x250 mm).
The broken line indicates the acetonitrile concentra-
tion in 0.1% TFA.

protecting groups was well solvated by DMSO, kept
good flexibility around the reaction sites and, hence,
retained high reactivity. Thus, the thioester building
block method, which uses a minimal protection strat-
egy, is suitable for protein synthesis, not only because
of the ease of segment preparation, but also because of
the high reactivity during segment condensation. The
points which must be overcome in this method are to
find an easily-removable protecting group instead of 2,2,
2-trichloroethoxycarbonyl (Troc) or iNoc for the termi-
nal amino group, and to establish a strategy with which
to synthesize cysteine-containing proteins.”

Materials and Methods

Boc-amino acid derivatives and MBHA resin were pur-
chased from the Peptide Institute Inc. (Osaka). Boc-
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Fig. 4. Ion-exchange chromatography of the HPLC-
purified barnase(1-—110) (7) by Pharmacia HiLoad
S-Sepharose HP (16x100 mm). The broken line indi-
cates the NaCl concentration in 0.05 M sodium phos-
phate buffer (pH 6.0).

Arg(Tos)-OCH,-Ce¢H,CH2,CONHCH,—-CgHy—resin  (Boc—
Arg(Tos)-OCH2-PAM-resin) was purchased from Applied
Biosystems Inc. (Foster City, CA.). (1-13C)Ala and (2-13C)
Gly were purchased from Isotec Inc. (Miamisburg, OH.).
The solvents and reagents used for solid-phase peptide
synthesis were purchased from Watanabe Chemical Ind.
Ltd. (Hiroshima). Analytical RPHPLC was performed on
YMC-Pack ODS-AM or C4 (4.6x250 mm) and prepara-
tive RPHPLC was on YMC-Pack ODS-AM or PROTEIN-
RP (20x250 mm) (YMC, Kyoto). The amino acids were
analyzed on an L-8500 amino acid analyzer (Hitachi Ltd.,
Tokyo) after hydrolysis with 4 M# methanesulfonic acid at
110 °C for 24 h in an evacuated sealed tube. The peptide
mass number was determined by fast atom bombardment
mass spectrometry using a JMS-HX100 (JEOL Ltd., Tokyo)
equipped with a JMA-3100 mass data system. Although the
peptide weight was an observed value, the yield was calcu-
lated based upon the amino acid analysis data. Sonication
was performed using a Branson Model B-220. Dialysis was
carried out using a Spectrapor 6 membrane (M. W. cut off
1000). Native barnase was a gift from Dr. H. Yanagawa of
Mistubishi-Kasei Institute of Life Sciences. Yeast RNA was
purchased from Kohjin Co., Ltd. (Tokyo).

Synthesis

Peptide Chain Elongation on a Solid Support.
Solid-phase syntheses of peptide segments were performed
on a peptide synthesizer 430A (Applied Biosystems Inc.)
using the 0.5 mmol scale, double-coupling protocol of the
benzotriazole-active ester method of the system software
version 1.40 NMP/HOBt tBoc. Unreacted amino groups
were capped by acetic anhydride after each amino acid in-
troduction. The side-chain-protecting groups of Boc—amino
acids were o-chlorobenzyloxycarbonyl (Cl-Z) for the N° of
Lys, benzyl (Bzl) for the alcoholic OH of Thr and Ser, cyclo-
hexyl ester (OcHex) for the S-carboxyl group of Asp, benzyl
ester for the y-carboxyl group of Glu, tosyl (Tos) for the N9
of Arg, benzyloxymethyl for the N* of His, 2-bromobenzyl-

#1M=1 moldm™2.
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oxycarbonyl for the phenolic OH of Tyr and formyl (For) for
the N* of Trp. Boc-Gly-SC(CH3)2CH2COOH was prepared
according to the method described in a preceding paper.*)

iNoc—[Lys(Boc)?®4®, (2-*C)Gly®?]-barnase(35—
52)-SC(CH3)2CH2CO-Nle-NH3 (2). Boc-Nle (170
mg, 0.75 mmol) was mixed with 1 M HOBt in l-methyl-
2-pyrrolidinone (NMP) (0.75 ml) and 1 M DCC in NMP
(0.75 ml). After 30 min, this solution was mixed with neu-
tralized MBHA-resin (850 mg, 0.54 mequiv of NH> group)
and shaken for 4 h. After the Boc group was removed
with 55% TFA in dichloromethane (DCM) for 5 and 15
min followed by neutralization with 5% N,N-diisopropyl-
ethylamine (DIEA) in N,N-dimethylformamide (DMF) for
5 min (x2), Boc—(2-'*C)Gly-SC(CH3)2CH2COOH (220
mg, 0.75 mmol), prepared as the same procedure described
previously,‘” was introduced to the Nle—-NH-resin using
1 M HOBt in NMP (0.75 ml) and 1 M DCC in NMP
(0.75 ml) in a similar manner, to give Boc-(2-'3C)Gly-SC-
(CH3)2CH2CO-Nle~-NH-resin. Using this resin, a protected
peptide resin corresponding to the sequence of barnase
(35—52), Boc—Trp(For)-Val-Ala-Ser(Bzl)-Lys(CIl-Z)-Gly-
Asn—Leu-Ala—Asp(OcHex)-Val-Ala—Pro—-Gly-Lys(Cl-Z)-
Ser(Bzl)-Ile-(2-*C)Gly-SC(CHz)2CH2CO-Nle-NH-resin
was prepared on a synthesizer by means of double cou-
pling. After this resin was treated with 55% TFA in
DCM for 5 and 15 min, followed by neutralization with
5% DIEA in DMF for 5 min (x2), 4-pyridylmethyl p-ni-
trophenyl carbonate (iNoc-ONp) (410 mg, 1.5 mmol) was
allowed to react with the terminal amino group in 80%
DMSO-NMP overnight, to give a protected peptide resin
(19 g). An aliquot of the resin (510 mg) was treated
with HF (8 ml), p-cresol (0.5 ml), and 1,4-butanedithio-
1 (1.5 ml) at 0 °C for 90 min to give 250 mg of a crude
product. This product was purified on RPHPLC to obtain
zNoc—[(?-13C)G1y52]—-barnase (35—52)-SC(CH3)2CH,CO-
Nle~-NH, (150 mg, 50 pmol, 35% based on the amino
groups in the MBHA resin). Found: m/z 2134.5 (M +
H)*. Caled for (M+H)*:2134.1. Amino acid composition:
ASp2 1eSer2 03Pr01 03G1y3 Alas 27Va12 04 Heo 98L8u1 oleeo 99
Lys2.08Trpo.s4.

To the iNoc—[(2-13C)Gly*?]-barnase (35-—52)-SC(CHs).-
CH2CO-Nle-NH; (150 mg, 50 pmol) dissolved in DMSO
(2.6 ml), N-(+butoxycarbonyloxy)succinimide (Boc-ONSu)
(56 mg, 260 umol) and triethylamine (36 pl, 260 pmol) were
added; the resulting solution was stirred for 5 h. A mixed
solvent of ether and ethyl acetate was added to the reaction
mixture. The formed precipitate was collected by centrifu-
gation and freeze-dried from a dioxane suspension to give
180 mg of peptide 2 (46 umol, 32% based on the amino
groups in the MBHA resin). Found: m/z 2335.0 (M+H)*,
Caled for (M+H)*:2334.2. Amino acid analysis of pep-
tide 2: ASP2.OSS€I‘1,33PI‘O1_07Gly3405Ala3Va11_931160,93Leu1,02
Nleo.9oLys2 02 Trpo.s0-

Boc— [Lys(Boc)*??7]- barnase(1— 34)— SC(CHa)2
CH;CO-Nle-NH; (1). This peptide was pre-
pared following the procedure described for the synthe-
sis of peptide 2. Yield of peptide 1: 12% based on the
amino groups in the MBHA resin. Amino acid analy-
sis of peptide 1: Asps‘oeThrz,gzSero_nglU4,osPr01,02G1y2.01
AlagVal, golle; gLeus, 99(Tyr+Nle)s 02Pheg.97Lys2 00 His1 00.

iNoc~[Lys(Boc)®%%®, (1-'>C)Ala"*]-barnase(53—
81)— SC(CHa)gCHgCO—Nle—NHg (3).  This peptide

Synthesis of Barnase

was prepared by the procedure described for the synthesis
of peptide 2. Ala’™ was incorporated manually, by mix-
ing with Boc—(1-'3C)Ala (0.75 mmol), 1 M HOBt in NMP
(0.75 ml) and 1 M DCC in NMP (0.75 ml) for 4 h. Yield of
peptide 3: 12% based on the amino groups in the MBHA
resin. Found: m/z 3775.5. Calcd for (M+H)*1:3775.9.
Amino acid analysis of peptide 3: Asps.29Thry 03Sers.o0
Gluz.16P101.03Glys 05 Alailler .goleus oo (Tyr+Nle), 9sPheg g7
Lys2.01Trpo.6aArg.0s.

[Lys(Boc)?®'%®]-barnase(82—110) (4).  Starting
from Boc-Arg(Tos)-OCH;-PAM-resin (0.83 g, 0.5 mmol),
iNoc—{Lys(Boc)?®1%®|-barnase(82-—110) (440 mg, 62 pmol)
was prepared by the procedure described for peptide 2
This peptide (130 mg, 18 pmol) was sonicated with zinc
dust (200 mg) in 75% aqueous acetic acid (4 ml) under
nitrogen for 2 h. After removing zinc dust, the solution
was dialyzed against distilled water (1dm®x3) and freeze-
dried to give peptide 4 (120 mg, 17 pmol, 12% based on
Arg in the starting resin). Found: m/z 3868.3. Calced
for (M+H)":3868.0. Amino acid analysis of peptide 4:
Aspa.19Thrs 13Ser3.02Gluy . 111lez. 73LeusTyrs gsPhe, 79L}'Sz 10
His1.03Trpo.40Arg2.77.

Synthesis of [(2-'*C)Gly®*?, (1-*C)Ala’*]-barnase
(1—110) (7). Peptides 3 (120 mg, 17 umol), 4 (100
mg, 13 pmol) and HONSu (30 mg, 260 pmol) were dis-
solved in DMSQ (2.3 ml) containing NMM (9.0 pl, 82 umol).
AgNO3 (13 mg, 77 pmol) was then added and the mixture
was stirred for 5 h at room temperature in the dark. The
solution was stirred overnight after adding more NMM (4.0
ul, 36 pmol). A precipitate obtained by adding distilled wa-
ter to the solution, was freeze-dried to give a powder (220
mg). This peptide was sonicated with zinc dust (800 mg)
in 70% acetic acid (25 ml) under nitrogen for 7 h at room
temperature. The solution was dialyzed against distilled
water (1 dm®x3) and freeze-dried to give a mixture (170
mg) containing peptide 5. Following the same procedure,
peptides 2 (81 mg, 20 pmol) and 1 (93 mg, 14 pmol) were
successively condensed. The crude peptide obtained (320
mg) was treated with TFA (2.6 ml) containing 5% 1,4-bu-
tanedithiol (v/v) at room temperature for 15 min. TFA
was removed under a nitrogen stream and the peptide was
precipitated with ether. This peptide was purified on RPH-
PLC using PROTEIN-RP to give powdered peptide 7 (81
mg, 3.7 umol) after freeze-drying. This peptide was further
purified by ion-exchange chromatography using Pharmacia
HiLoad S-Sepharose HP (16x100 mm), which was equili-
brated with 0.05 M sodium phosphate (pH 6.0) and eluted
with a 0 to 0.3 M NaCl gradient in the buffer over 30 min
at a flow rate of 2.5 mlmin™!. The elution of the pep-
tide was monitored by absorbance at 220 nm. The main
fraction was collected and desalted by RPHPLC to give [(2-
13C)Gly®?, (1-'3C)Ala™]-barnase(1—110) (22 mg, 1.4 umol,
11% based on peptide 4). Aminoc acid analysis of peptide
T: Aspia.gs4Thrs 50Serg 30Glur.osPros.g6Glyio.21 Alag Valz 54
lleg.g7Leug.77Tyre.s0Phes a1 Lyss.13His2 12Trpi 79 Args.a2.

Measurement of RNase Activity. Yeast RNA (1.6
mg) was dissolved in 0.125 M Tris-HCI pH 8.5 (0.8 ml) and
0.2 ml of appropriately diluted enzyme was added. The mix-
ture was incubated at 37 °C for 15 min. The reaction was
stopped by adding a solution containing 6% HClQ4 and 1%
lanthanum acetate (1 ml). The mixture was kept at 0 °C for
15 min and the precipitate was removed by centrifugation.
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The supernatant (0.5 ml) was diluted with 4.5 ml of water,
and the absorbance at 260 nm (Agg0) was measured. An
increase in Ajgp of 1.0 under these conditions was defined as
100 units of enzyme activity.

We express our thanks to Professor Mitiko Go of Fac-
ulty of Science, Nagoya University, for her kind ad-
vice throughout this study, Dr. Hiroshi Yanagawa of
Mitsubishi-Kasei Institute of Life Sciences for the gift of
native barnase and Professor Fumio Sakiyama and Mr.
Satoshi Kuroda of the Institute for Protein Research,
Osaka University, for measuring the enzymatic activity.
We also thank Professor Yasutsugu Shimonishi of the
Institute for Protein Research, Osaka University, for use
of the mass spectrometer. This study was partly sup-
ported by a Grant-in-Aid for Scientific Research No.
02263101 from the Ministry of Education, Science and
Culture.
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1 10 ;
Met-Asn-Lys~-Thr-Glu-Leu-Ile~Asn-Ala-val~-Ala-Glu-Thr-Ser-Gly-

20 30
Leu-Ser-Lys-Lys-Asp-Ala-Thr-Lys-Ala-Val-Asp-Ala-vVal-Phe-Asp-

40
Ser-Ile-Thr-Glu-Ala-Leu-Arg-Lys~-Gly-Asp-Lys-vVal-Gln-Leu-Ile-

50 60}
Gly-Phe-Gly-Asn-Phe-Glu-Val-aArg-Glu-Arg-Ala-Ala-Arg-Lys-Gly-

hd 70
Arg-Asn-Pro-Gln-Thr-Gly-Glu-Glu-Met-Glu~-Ile-Pro-Ala-Ser-Lys-

80 90
val-Pro-Ala-Phe-Lys-Pro-Gly-Lys-Ala-Leu-Lys-Asp-Ala-Val-Lys

Fig. 1. Amino acid sequence of HBs. The arrows indicate the sites of segment coupling.
Met* indicates methionine-methyi-ds.
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0. 7a57—Eoikkes")

Table 1
Enzyme Preferred cleavage site Enzyme Preferred cleavage site
N-terminal C-terminal N-terminal C-terminal
Serine proteases Thiol proteases
!
Trypsin —Arg({orLys)-Yaa— Papain, Streptococcus protease ~Phe {or Val, Leu)-Xaa—~Yaa—
Achromobacter protease —Llys—-Yaa- Clostripain, cathepsin B —Arg—-Yaa-
. {
Chymotrypsin, subtilisin —Trp {or Tyr, Phe, Leu)—Yaa— Cathepsin C H-X-Phe {or Tyr, Arg)-Yaa—
. l -Metal proteases
Elastase, a-lytic protease —Ala{or Ser)—Yaa~
. . Thermolysin ~Xaa—Lleu (or Phe}-
Proline-specific protease ~Pro~-Yaa-—
Staphyi V8 A Glu)oy : Myxobacter protease ll —Xaa-Lys-
taphylococcus V8 protease —Asp {or Glu -I aa Aspartic proteases
idase Y -Xaa~Yaa-— ) !
Carboxypeptidase aa-Yaa Pepsin —~Phe (or Tyr, Leu)—Trp (or Phe, Tyr)~-

m. ki DY
(1) FHERITTO—F — TTOTOFT—EEAIHTE 5
al  R-COOH + H,N-R’
R-COO™ + H;N*-R' = R-COOH + H;N-R’' = R-CO-NH-R’ + H,0 (1) ”
R-CO-NH-R -+ H,0

o =SSO —_
- OH R'-NH
[ lob ( Zlob ‘, R-COOH
-
Keo= {71077 (1 + 10°5 ) o )
R-CO-NH-R’
} —
— Fig- 1 — Table 2
Effect of blocking residues on
(a) product solubility
Soluble faclanl 1 Enzyme  n.ccoived product Solid product (precipitate) Solubility?/
Soluble reactant 2 + H0 A Product Lol
Ac-Phe-Leu-NH, 10 (in water)
(b) Z-Phe-Leu-NH; 27
. Z-Phe-OH + Leu-NH, 0.2 mu a-chymotrypsin . Z-Phe-Leu-NH, g:g:::tg::gg‘u‘ 13‘7
(0.1w) (0.1 m) pH 7.0,25°C, 16 h (Yield, 70-80%) Z-Phe-Leu-NHCgHs 08
Equilibrium controlled synthesis (1) — Precipitation. Z-Phe-Leu-0DPM 0.03
*n pH 7.0 buffer containing 10%
dimethylformamide.
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}-’,-3, 2 FEPYTYVILY—EY Y12 E S Z-Phe-Leu-NH: SRR E RIGE I

100

100 100

H - i
p BERiRE (mM) Ercesha (ER)

(A) pH DEM—EEPE: 0.1 M Z-Phe-OH, 0.1M Leu-NHz, 0.4mM a-=
FUTov (O—O) TR 1ugM y—2 U v (@---@), 0.2M Y REEHIC
X b pH A% (Rdh); 37°C, 20 s5iRA.

(B) REBEORE—FICHEN : Z-Phe-OH & Leu-NH: ®ja/E iz, 0.2mM
a-¥F VT (O—0O) 412 10uM =Y v (@---@), 0.2M } ¥ =
BERIZE D pH7 12358 +ofthizAlICFEL.

(C) BEREEFUICHMOEE —RCE& a-F2 Y72 v 0.4mM (O—0O),
0.2mM (—@), 0.1mM (@0—@) HHWIEY— T Y ¥ v 3pM (X ---X),
1eM (A---4), 0.3uM (A---4), 0.2M + vy REEFRICE Y pHT 12588, T
[EEERRIE R, FoftiTAICREL.

Equilibrium controlled synthesis (2) — Biphasic system.

r Fig.3

(a) (Solvent phase) ! (Water phase)
]
1

Reactants < Reactants
i
i
| Enzyme] [
i
i
Product T ———— Product + H,0

i

(b}

Ac-Trp-OH + Leu-NH, 5 um a-chymotrypsin. pH 7.0 _ Ac-Trp-Leu-NH,

(0.4 mu) (0.4 mw) 98% ethyl acetate (Yield, 44%)

Equilibrium controlled synthesis (3) — Dissolved state system.

Fig.
—FHig 4
Reactant 1 Enzyme, organic cosoivent
(a) + e —— > Product + H,0
Reactant 2 (excess)
0.2 mm trypsin
b Ara. R - 7-Arq- .
(8} Z-Arg-OH + Leu-NH, STE 50T Z-Arg-Leu-NH,
(0.05 w) (0.5 m) : — (Yield, 11%)
(0.054)  (1.0m) > (Yield, 40%)
Q, N l H
(0.05 w) (0.5 M 50% dimethylformamide - (Yield, 46%)
{c) Reactant 1 Enzyme molecular trap
+ ——> Product + H,0 ————————"> Product—molecular trap
Reactant 2

— 34—




(2) BERE7TO—F — TUUSMIBERRT 21 U BLUFA L TOFT—E

LHFIFTE2»

R-CO-X + H,N-R’

R-CO-NH-R’ « HX

R-CO-NH-R’

rFig‘. S
b)
Ac-Phe-OH + E
kJ
k, H,0
Ac-Phe-X + E T—= Ac-Phe-X:-E ——= Ac-Phe-E
k-, + Nu
X D
Ac-Phe-Nu + E
Kinetically controlled synthesis. x
The catalytic mechanism of a-chymotrypsin: the covalent-linked enzyme-
peptide intermediate (Ac-Phe-E) is subjected to nucleophilic attack from H,0
or other nucleophiles (Nu): the rates of the reactions (k; and k4} dictate its
outcome.

V. 2o 7ar7—EoT 3 FiEgEtomm 9 5 0 DD
TIROKEE — TLUPMGBOERAYEEEFE T, p HITHTEL 2L

TATIVOKEE — BT IVAEEERET. p HITHAET 3

Organic cosolvent efiec! on porcine lrypsin

140 y ¥
1 |
A u
120 A n
] A
100 Ts /4 A
-E’ 80 esterase aclivily
2 ;
< 60
2 1 amidase aclivity
40 @ l
20 é
0 T T T 4 Q_'A
0 20 40 © 60 8o

% organic cosolvent

Figure 6. Effect of water-miscible organic solvents on the activities of
porcine trypsin. The esterase activity toward /N-benzoylarginine methyl
ester (40 mM) was determined in 0.02 M CaCl; (2 mL) containing
organic solvent. A 50-uL enzyme solution (4.17 X 1073 M) in 0.004 M
Tris, pH 7, was added to the substrate solution, and the solution was held
at pH 8 by automatic addition of 0.025 M NaOH through a Radiometer
pH-stat. The activity was dctermined on the basis of consumption of
base. (O) dioxane; (o) DMF. To determine the amidase activity, the
enzyme was added to a solution (1 mL) containing /N-benzoyl-pL-arginine
p-nitroanilide, Tris (0.1 M), CaCl; (0.02 M), pH 8.0. The absorbance
change at 410 nm was monitored. (O) acetonitrile; (o) DMF; (O)

dioxane.

80
60 - —
40 - : cosolvent modified enzyme

%Yield

no organijc cosolvent

20 H
ui‘:
0 . — — .
0 50 100 - 150
Time (min.)

Figure 7. Comparison of cosolvent-modified enzyme and all-aqueous
system for the synthesis of Bzl-Arg-Gly-NH,, as monitored by HPLC
with a C-18 column. Conditions: 0.2 M Bzl-Arg-OEt, 0.2 M Gly-NH,,
0.25 M Tris, 0.02 M CaCl,, 0.1 mM TPCK-treated bovine teypsin, pH
10; cosolvent-modificd system is 60% by volume dioxane, and approxi-
mately 30% of the initial esterasc activity is retained after'2.5 h. No
peptide formation was observed in the absence of enzymes. The product
is soluble in both systems.



V. DEIBITEERSAT I JEEDEA 10) 11)12)

Cbz-Ala-OMe (0.1 M) + Gly-OPnj (02 M) + D-Leu-OMe (0.2 M)

subtilisin, 0.1 g

crude papain (150mg)

60% MeOH, pH 9.5, 10 mL, 12 h

Ac-D-Phe-Phe-NH; (67%)

Ac-D-Phe-OEt + Phe-NH,
3.1 mmol 3.1 mmol

VI. #iLwyAJo7asy7—+E Y

SOL' ———————————————————— A
/ D-Ala
r 4
AA
{mol]
25 /
L]
L-Ala
%1 20 30 0 50 &0
t{min} —

tert-Amylalcohol, 31 mL, 45°C, 3 days

Cbz-Ala-Gly-D-Leu-OMe (69%)

@)

&)

Table3. Aminolysis of alanine methyl ester with 3-aminopentane catalyzed by

Achromobacter D-alanine aminopeptidase {a].

Acyl donor Solvent

Yield [%] [b]

p-alanine methyl ester HCI
D, L-alanine methyl ester HCI
L-alanine methyl ester HCI
p-alanine methyl ester HCI
p-alanine methyl ester HCI
p-alanine methyl ester HCI

benzene

toluene

butyl acetate
butyl acetate
butyl acetate

trichloroethane

98
48

{a) A reaction mixture containing PU-6-immobilized D-alanine aminopepti-
dase (7.5 units of partially purified enzyme of 210 units mg™"'), 0.1 mmol of
alanine methyl ester hydrochloride, and 0.5 mmol of 3-aminopentane in water-
saturated organic solvent (I mL) was incubated at 30°C for 1 h. [b] The yield
was calibrated with chemically synthesized authentic products with ninhydrin.

Fig.8. Kinetic resolution of b, L-alanine amide by Achromobacter p-alanine

aminopeptidase.

VI. Tas7—tozstont Y

120 120
Aqueous solution Anhydrous DMF
100 4
100 1 e l..\
= *— .
—_—y— \.\‘
——a 80 4

% Activity
-
g
L}
e

L

40 4 \
o 20 T
~—
~
20 T T T T [} '0 T T T
0 20 40 €0 80 t00 0 20 40 60 80 100

Time, hr Time, hr

Table}, Kinctic Constants for Subtilisin BPN’ and Mutants®

Figure 9. Stability of subtilisin BPN’ and mutants in aqucous solution
(0.05 M Tris-HCI, pH 8.4) and in DMFat 25 °C: 0, wild-type BPN";
m, 8350; @, 8397; 4, 8399. The rate of inactivation was measured on
the basis of the remaining activity as described previously.* The inac-
tivation is not simple first order. 8350: Met 50 Phe (hydrophobic), Gly
169 Ala (hydrophobic and configurational entropy), Asn 76 Asp (Ca**
binding and H bonding), Gin 206 Cys (oxidized ta Cys-SH., van der
Waals), Tyr 217 Lys (H bonding), Asn 218 Ser (H bonding). 8397: The
same as 8350 except no change for Tyr 217. 8399: The same as 8350
except no changes for Gly 169 and Tyr 217.

BPN’ 8399
ke, K. ko / K Keae Kone ko) Ko
substrate st uM M1 gt s-! uM M-l g
Suc-AAPF-pNA’ 47 172 2.7 x 103 76 112 6.8 X 10°
NTCI¢ 0.2 76 2.2 x10? 0.2 33 6.0 X 10}
Z-Lys-SBzl 46 531 8.7 x 10* 32 9438 14 x 104
70 1700 4.1 X 104 73 2358 3.1 x 108

Bz-Tyr-QEL
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Protease from S. cellulosae

VI . BAOFEFER.

TapLeS  RELATIVE ACTIVITY OF THE ENZYME FOR VARIOUS SYNTHETIC PEPTIDES

The final concentration of the substrate was 10 mu, except for those given in parentheses. The rate of L-
Phe-L-Leu-NH,; was taken as {00,

. Relative . Relative . Relative
Peptide activity Peptide activity Peptide activity
Gly-lle 21.8 Leu-Val* 54 Phe!Leu!NHl 100
Gly-Phe 12.3 Leu-Tyr* 2.2 Pro-Phe!NHl 48.1
Gly-Leu 5.2 Leu-Pro 0 Pro-Lcu!'Gly-l’\ﬂ—{2 3717
Gly-Lys 0 D-Leu-Tyr 0 Gly!LeuiNH1 10.3
Gly-Glu 0 Tyr-Leu* 3.2 Asp-Phe-OMe 0
Gly-Ala 0 Ser-Leu 3.8 Cbz-Ser 0
Gly-Asn 0 His-Leu* 0 Cbz-Phe 0
Gly-Gly 0 Pro-Leu 0 Cbz-Gly-Pro 0
Gly-Asp 0 Val-Phe 6.3 Bz-Gly-Lys 0
Gly-Pro 0 Lys-Glu N Cbz-lle-Pro 0
Gly-p-Leu 0 Glu-Val N Cbz-Phe!Leu 4.7
Gly-p-Phe N Leu;Leu!Lcu 24 Cbz-LcuéTyr‘ 6.3
T TDJH SI03H SOJH
Cly—Ile-VuhClu-Gln-Cy-‘Cyl-Aln—Ser-Vul-Cyc-Ser-I.Au-'l’yr-cln-Leu-Clu-Aun-Tyr-(‘:yl-Mn
+ f T T 5. cellulosae
proteane
I T Chymotrypsin Ala)
1 AR B S BT Gymoceypatn ¢'?)
l’ " 1 I I T [ Pqpclnzo)
' r S repase’?)
. ' Asp. o 2‘!21)
{ f H riv 11 T T proteinase
. °ch"“u'22)
T T r { r r ﬁslelnule
evicau. 'ZJ)
(A S S A S 1o St
FiG. 10 Cleavage Site of Oxidized A-Chain of Insulin by the Protease from S. cellu/osae and by Other Enzymes.
The arrows indicate a major site of action. The broken-line arrows indicate other bond split less readily.
=
-~ 100 |~ Q.
:? W oo PR o
bS] S = Oeen Tt T S
O -
2 S 50k 2
5 & =
< ©
o
°
3
0
o
: L ! 1 1 &
0 20 40 60

Temperature (°C)

Fig.ll. The temperature dependences of the initial
velocities of formation of (L-Leu-Gly),, (L-Leu-Gly),,
and r-Leu (or Gly) from r-Leu-Gly. A, v, (initial
velocity of (L-Leu-Gly), formation); e, v, (initial
velocity of (L-Leu-Gly); formation); O, v,r (the sum of
v, and v;); O, vg (initial velocity of r-Leu (or Gly)
formation). In condensation and hydrolytic reactions,
the relative velocities of 100%; correspond to v,y and
vy at 65°C, respectively. Enzyme concentration: 3.0 X
1073 M. Substrate concentration: 1.3 x 10~ M.

Reaction Time (h)

Fig.12Z An example of the time courses of formation
of (L-Leu-Gly),, (L-Leu-Gly),, r-Leu, and Gly. a,
(L-Leu-Gly),; @, (L-Leu-Gly),; O, sum of (L-Leu-Gly),
and (L-Leu-Gly);; W, r-Leu; O, Gly. Enzyme con-
centration: 1.4 x 10-% a.  Substrate concentration: 1.3 x
10~ M.
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1. i2E®IC

L-ZV% 3 VEEIIEIEY O PR RIC BT 2 REMEEWE L L CEELBE YA
EEBIT, VARVBLLHE - HERBCEIRCABHEEYRL. TARECE: ) REREY
DB EBR AR FBIEC I P bA LRI NEHEED TS, 20L&
e b7z 5 EBBRORBICR VT TACBYI IV I VEBLE T Y — LIREWE 0T
HERDEEEL R oTBY., LETI -7V I VENI»DIGTFEROBEOR
L E e AR RO XL L TEELHAREL 2o T3,
BEICINVIIVEBLETSY—i3 (1) AFVF 2V ANVERBRTBEAFT Y F VRV
B (2) G-EHEA L —EOMBARHER 2 EHLT 2 RERHGEICA S LTS,
D (1) TRBREPORFEN LT I=ZAELTHA = VBEKA) N-XFV-D-T ANT
FUBNMDA), -7 I /3- L FOF VS5 AF V44V FH SV TFOEL VB (AMPA)
ERHY), TNOLTIVBEICE->TIDLE T Y —DH T4 IHENEEINRTNS,
(2) TEAS3R)-1-TI/¥2unry sy 13-TANMEEE ((1S,3R)-ACPD) »CEM %
FTITZAMNTChb, Bill, 20— {LiIcE W 7V I VEEL Sy —BIIBHALVARVTEDL
WCHIMMEENBIZE STV, ;
INOBMELDVLETI—LYH Y RTHITINIIVBLEOEAICEI IV I VB3
BOBEEREIEE TS (3ABERHE) . 2 /vy I VBOBEEREDEMERE I
VY IVEENEDE I RAV T A A—Ya vk EBDPILoTHRTE D, LA oT, #
NENDLE TS =ik, VI IVEBEOBENIV T4+ A—aviBILTIVY I VB
EREETAHALDEMMETHAILNTESL, TNETNVIIVEEL YT Y — D AREREER &
V), T, (1) 2 (2) DA TDOLETIY—RBEDEIRAYTHRA—Ya DTNV
FIVEREEEATE2DTHAIN?bbNISNVIIVEED Y 74 A -2 a v’ HEL
1273 BEERE, AT AZEIEDV NI VEEL TS —DOVAEREES YL »
KTE, CNRRICHRTIA LR T V4T A  ORFTOFHP Y B LNZ DL
EXl A, PV IVEBOa 7+ A—TavEHHT AL VI RECEBBELA-RED
BERIC DWW TR0,

i n NHe HOC |, NH,
HOL,C CO.H CO,H
L-Glu (extended form) L-Glu (folded form)
A HO,C : H
HOzC 2 y s NHZ H >
W NHp H H H NH, H H NHe
L-CCG-l (NC) L-CCG-ll (CC) L-CCG-lll {NC) L-CCG-V (CC)
mGiuR agonist uptake inhibitor uptake inhibitor NMDA agonist



2. L2-AvEFyyrusanvsy vy (L-CCGIIV) DHFEt

XXIC, blbNIZ VY I VBEOT Y 7+ A —3 3 7 *extendedBI B B i3 folded B i
HIEL-ERE LTAEOL2-ANVEF Y270 ra iy ¥ ¥ (L-CCGI'IV) *3&it.
AL (K1) o MIFLE O PREMER Y BV - EB2MEOER. CCGHIZI VY I v
BEL Y7y —2BAICERLT 5BIRN L 7 T A FTh ) S BBBII CAF L2 7O
—TERBPWERTHLI UL IR oTE (K1) , >

=1 Neuropharmmacological Profile of CCG Isomers (relative potency ratios; L-Glu = 1)

H CO,H H COMH COH  COH HO.C COM
z ¢ Ho TNH, H " =
HoL™ 2 97 Wi HTIE NN,

NH, H N,
L-CCG-I L-CCG-ll L-CCG-NI L-CCG-IV
Depolarizing | Binding | ¥s formation { cAMP | | Receptor
ccG activity * affinity * rat® | mGiur1 ¢| mGiuR2 ¢ | Subtype Remarks
extended Selective metabotropic agonist
" H [QA > CCG-I > t-ACPD > L-Glu}
CCG-l 6 0.006 5 1 70 metabotropic { Depression of monosynapic reflox
CCG-ll 0.3 ~0 <1 0.1 0.07 L-Glu uptake inhibitor
folded
CCG-ll 05 | -0 - - - :f':“x‘;‘; '"""’"_: (potentiation)
(:] agoni:
CCG-lV 100 17 - - - NMDA [CCG-IV > NMDA > L-Glu]
NMDA 40 0.2 - - - NMDA
KA 100 ~0 - - - KA
AMPA & i ;

QA 300 0.15 | 350 45 0.01 | Metabotropic | ™ 2™

(1S,3R)- metabotropic

ACGP 2 not tested| 1 0.2 1 P
* Depolarizing action on the rat spinal cord.  (Shinozaki et aL, Br. J. Pharmacol., 1989.)
®Binding affinity to NMDA receptor in the rat cereb conex {{*HICPP). (Kawaletal. Eur. J. Pharmacol., 1992.)
¢ Enhancement of IP, metabolism in the rat hipp pal synap (Nakagawa et al., Eur. J. Pharmacol., 1990.)
“Stimutation of PI hydrolysis in mGiuR1-expressing Chinese hamster ovary (CHO)cell.  (Hayashi et al., Br. J. Pharmacol., 1992.)
“Inhibition of forskolin-stimulates CAMP formation in mGIuR2-expressing CHO cell.  (Hayashi et al., Br. J. Ph L, 1992.)

NHCH, N
woe A, i o (e
Mo i oo o oo T
NMDA Kainic acid AMPA Oursqualk: ackd (1S.3R)-ACPD

mtmﬁ%#aﬁwysV&Vtiy—miwﬁgﬁﬁ&tf\ﬁ&%u(2)@ﬁ%ﬁ
ﬁ'ﬁﬁ!iﬂh?’ﬁ’-(iextendedﬁ!o)ﬁ’)lx?S7&@37717—17*\ T7- (1) @5 LNMDA X
V74 7idfoldedBD T NS I VBO AV T AR —DEETHI Db ol Thb
BNV I VBOREHD Y 7+ 2 -V a VBT AERTH 5, X5 ICERERIEREE
FHBLDICREEHOTY 7 47— Ae-7 I/ B0 EIRRMEA b A0 1T 2
WP ETH2, b L. CCGHN -7 I /BBl ERICEAETET. G LABELTYVS
51, CCGEO-TI/BHENODaAYy 7+ X—a v RRARAIEIZEYW I VY I VEEL
YTy —OVURREBEFY SOICEFLTAILNTEDL, 22T (1) CCGHOLSXKER
FHIC L DHETECERNT. (2) CCGHDa-7 I/ BEALo MEERMR % FEE T & 2 5E4k,
3’ (BRCCGENER. 51T (3) CCGROZHARPRNESL & B L - A0 G5
YBRE L7,



3. CCGH D KB ERNT

CCGHEDo-7 3 /BN ORIERBEITHEREL B/DCTHHE LA 4 258 EH
THEED2ENFELLNSD, NMDARIL £ 7% — D% 7 T=X } T& HL-CCG-IV
rBCLBE, ANVEXFVVEE) LOFHIEVTI Y T2 <~ (CCH) La-T3I 3L
2-ANEX Y NVEFBEONCAAENICHYE TS (H2) . #0EhOIY T4 —DHT
SEREEREOLERMNEIKE(RE> TV, > T, CCGEMBELLDI VY 747 —%
EoTwa, FLMEFERNEGTEETCELZ P LIPFARDZILEILVETSY —DVK
REEFEHNAL ) A TEETH 5,

CCGEHD'HNMR (J = 10~ 11 Hz, pH 3~4) » 5 CCGHNDH-C2-CI'-H ® 2 Hff it ~180°2 ~
0°TH b, 2HAY ~0CL LEBEFCRIBEREFI=ZBRITL T2 Y 7AB% & Y AEE
THb, )T 5&, L-CCGIVOBEART VFRY 75+ —ICEZE L7 (CCR) »EEs
Zzions: (182) o MBRICH2EHIYET v FRYY 755 —% &5 ETHIIL-CCG-TIZ

(NC) B, mix (cc) B, mix (NC) Rithsr, 3. pHEML L MEDHE % AR THA:

(B3) o CCG-1& MDa-T I/ EEHAOSARRKE IIIED S EpHER TIIIZEEL T3
Elbhd, —F. CCGNEIVOHMEIZHFMD BV ITEFEMETRS5~9.0HzE 2 Y, HHIEE
BENTWwaEEXOND, biAIZ, BREET A7V Y I VBRI EpHEIR TIEIZ6.0~6.5
Hz TH o7z RIZ, BIRPCA® M+ VOHELET ONMREER TRIER Y VT A DNE —
HELERZRDON LD o7, ULEOKREP»S. CCGED -7 I /BB i B HEERL T
WHRWEHETE D, & BX-HREREN 2 5 RIRECIRL-CCG-NI~IVIRT ¥ FR) 75
F—DAVTA A=V avEESTVEI bR (1. 6) &

M2. L-CCG-IVOEEZREHK 3. CCGHDpH L HENTEM
jonic (€ 4 HAEE M) steric I FR %) 12
0,c NHs*, 0,c CO2- I

L-CCG-lil

uuuuuu

—y
-k

H ?
~J2 — 1 2
W(Coz- — \H%ﬁ‘(\\NH;

ho-Hy (HZ)

0,C,, 5 Hon
H(z) NH3+ 7 ™ -
NC Glu
6 - L
NC-rotamer CC-rotamer 3
{N-C1"<C1-C1") (C1-C1"<N-C1") 5 br1rrrrT1r1 —r—T—7—r . 1T

L L L DL L L L B |
0 1 2 3 4 5 6 7 8 9 10 11 12 13
pH

4. MCGE D&

CCGHDBEERYT 5. CCCEDa-7 I /BB I AL WEEL TWA I EHPHEETE .
CHREWELVNIVCTHETARAAL LT, CYMICEBBREXEA L 72cis-MCG-1, cis- B L U
trans-MCG-III EIVD A% B % o 72 (cisBUICIMNEBRIEIC & D o7 I / BEERAL o BlEE
PIRBICHEINLZETFNTDHD) o T/, SRICEINLETY —ALORBOHREERH
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VXY FORBOIAFETCE S, D) F - VFEALLBOHRBER L L TELNIE
BB L UZRIOR BT — 7 Ve VWS FARICA MRS 2 <. SEEHEOMCGEHLZ A/ L
7z (4) , cisBiD Y27 0O ENIZAF VOransH~DOREL BERIEE LTHAVWD I L
LY. FTRTCORMMEL VAEBROICHELIZ L TEL, W

X4

OMe

R773" R,
cis-MCGV (Ry=H, R=CH,OMe)

cis-MCG-lli

(Ri=H, R;=CHOMe)

cis-MCG-|
trans-MCG-lll (R,=CH,OMe, R=H) trans-MCG-IV  (R,=CH,OMe, R,=H)
Boc . cis-MCG-I :(2S,1'S,2'R,3'R)-2-(2-carboxy-3-methoxymethyicyclopropyl)glycine
SN cis-MCG-lil :(2S,1'S,2'S,3'R)-2-(2-carboxy-3-methoxymethylcyclcpropyl)glycine
: trans-MCG-Ill : (2S,1'S,2'S,3'S)-2-(2-carboxy-3-methoxymethyicyclopropyl)glycine
OHC/\/O cis-MCG-IV :(2S,1'R,2'R,3'S)-2-(2-carboxy-3-methoxymethylcyclopropyl)glycine
l j trans-MCG-IV : (2S,1'R,2'R,3'R)-2-(2-carboxy-3-methoxymethyicyclopropyl)glycine
E-ether

TBSO

Pd(OAc), M

exo-adduct
exo/endo=33:1

T
O

1. Ox.

2.TFA
T— trans-MCG-lll

3. Ba(OH), H
4. Boc,0

oTes OMe
H
H H
H
H o Pd(OAc) 2 LF LMY coH
H _— - H \ OR,
N—f-~.  single isomer “R, 2. Mel
N # H 3. ACOH H NH,
it (61%) o 4. Ba(OH), H  NHBoc ’
3 Ry = R = acetonide 5. BocO cis-MCG-Ill
Z- ether R, =Boc, R, = TBS 45%)
1.H,0
I LIOH/MeOH (65%) 2. Jones Ox.
3.c
1. CSAMeOH otes 1 qres 4 L‘v:ﬁl:lleOH Hoe O
2. CSA/Me C(OMe), H 1. DIBAL H H )
H . oTas > N NaOH
. oTS| 2 FSO;Me 6. TFA H 1 NH,
NHBoc |~ gomy NHBoc ===
81%) (92%)
~ (22%) H
H7 oo um
OMe
(A) cis MCG-IV
1.HO*
2. Jones Ox.
oTBS 3.CHN; HO,C COH
1.0.5N NaOH H ° 4. 1N NaOH H
2.c 5. TFA H NH
Lot L sm g
(100%) . Boc ~H
MeO | 1.DIBAL MeO  trans-MCG-IV
1 2. n-BuLiFSO4H
(85%)
1.F
oTBS oTBS 2. Mel/NaH MeO
3. TFA
H H H
H b (o] KNTMS, 4 O |4BcO H
N AcOH N ]
Boc (84%) ~N Boc 00%)
H"2 7 "CO,Me MeO.C H MeO L™ “H
(B8) 100% inversion (C) cis-MCG-|
mp 208-212 °C (dec)
L +35.0° (HO)



5. MCGHEODIERE VY I VBV T 9 — O KRB E R

AL 7z 5 EOMCGHE®D ) Beis-B & U rans-MCG-IVIZFAE T v P BB HIEARCEHE L
HABIEHR AR L7 FOEBRBETHEL-CCGIVENREDVWHDDT VY I V%

X% I8 Co MRREERRNTH & cis MCG-IVIINMDARI O 7 =X b TdH o 12o —FHCI AL
DN ARELE 2z U 7-trans-MCG-1ViZNon-NMDAX! (KAR!) oXgh%RrL 7~ (BaR) . cis-
MCG-I1ZL-CCG-1& F# I CHAMEI L 75 —0BIRW 7 T= X P ESEENT, cis-®

trans-MCG-IIIZ X IR E T O RABIEHPLHE TH AL-CCGHIND &L S /vy I Y EROBR
PHHEFRSHRIRD NP o o (CIMLOBRENS BRI ICTIEEEL Z>TVRE0O0
dbLizwn) ,

5. MCGEDpH & HE DM COH
MeO H ) H.'
3R 4]
147 M
3;'; 13 . L Hy "NH,
T 12 7 NOE
T 1 pxvwt cis-MCG-Ill H CO,H
=S 11 |0e<9
] cis-MCG-ll( Jy., =11.5Hz)
10 g 0 g NC confomer
1 trans-MCG-ill
S .‘ trans-MCG-IV
8 -
)
71 Glu
el  T—p—o—oor—o" o0
57
A TTTTT T T T T T T T T T T T cls-MCG-IV ( Jy.p =11.5Hz)

r*~r 1 "1 1 v"'35¥Irvy¥i1rvrT
0 1t 2 3 4 5 6 7 8 9 10 11 12 13 pH CC confomer

'HNMRICBWTTRTOMCGEHDC2HIZ K E RMER /R L 720 % iCcisth T2 J4E 12pHK
FHEOBEAI/NEL B Y, THC2HECIMD A FF TV AF LV AE L DRJICHRVNOEDE
WME Ny (o T, C2HEC-IHAET Vv FR) 75+ —%EBEX L >THB Y, cis-MCG-1 111
IINCE!, cis -MCG-IVIZCCRIDVREE R b DT &dbholz, a7 I/ B OECRE % 3
¥ L 72cis-MCG-1, IV B % B L 22362 R 32 L 5 HL-CCG-IIINCEITH ) | L-
CCG-IVIZCCRID AR TH S L E X b b, FIFKICL-CCG-IT iZCCH %, L-CCG-IIIIINC
BrloTwnabnbiEEL 2o

6. YVYIVBELE TS — ORI ER

RFRABRL LTS —OBINWT7T T2 THAL-CCCINEREDEBIEI IV S I VB
DEERED—D, anti-NODEFNE L V—FKERT, £/, COLETI—DRENET
T=Z b, (1S,3R)-ACPDHL-CCG-IONCEI L S ER BRI D VLR T ¥ — DV AKERE
FEHRIINVS I VEOan-NORIDay7r<w—+bwnwz b (H6) - NMDARIL 75—
M%7 T= A FL-CCGIVOEFERDERE I/ V& I ¥ BEDgauche-(CC)Y D F & Lv—
BTERT, o Ty & 2 TCldgauche-(COFNMDALV £ 745 — DV KERBEF*HET 23V
Tav—kEZLbND,
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6. )23 BMEBBEOIULGEERH
co, co,

CO, COy
H. 2 M, H H, 2 ‘0, H
Hoess 0,C 0,0 H
‘0,C H H NH;* H H H NHz*
NH,* NH,*
L-CCG-1 (NC) L-CCG-1li (CC) L-CCG-lll (NC) L-CCG-IV (CC)
H - - co,
H co, ¢0. wo B ooy oL 2
‘0.C H Hia.,, H
-— 2 -ozc"' -— H
H H” NH.* N H H NH,*
0,8 NHz* M 3 Ny NH,* H
L-Glu extended L-Glu extended L-Glu folded L-Glu folded
anti-(NC) anti-(CC) gauche-(NC) auche-(CC
AR R RGBTt uptake? uptake? ?\IMDAﬂ(E‘%ﬁﬁ%
H
CcO,
NHS* HOZC 3 1 ’NHz
NH.* ‘0,C
3
cis-MCG-1 (NC) (1S,3R)-ACPD (NC: i BERRSRE&T I=Z })

7. ZEBRICHR T2 _HARPROELZBERL-FEE LA/ V7T b

7. HMZCBREFREDOIBEEERS

CH,0 \" &
t-MCG-IV (R = Me) o
t-BCG-IV (R = CHPh) kainic acid (KA)

l 1 |

Non-NMDA-type
(KA-type)

B L72& 5. NMDARID 7 7= & } T & %cis-MCG-IVDC3' i O W AKES B 4% R #iE L 7=
trans-MCG-IViZ 1 £ = VBRIO B F 2 R$, XY INAF IV AFMELRBETH o 7=, Y
CNSRHAZVERER (WA A PERHEIND) 1O 28w T I VBN =V
BLe 7y —eHRTHEVIRLRHITH S, 1A= VBEOCHIDBEER XK 7T D& ) %
foldedBID 2V 7+ X = a VIZEAET 5 LtMCGIVD VS I VBEOESHE 2 ERED
TIENTEE, COLE, IA=ZVBOA Y 7ORZNVEEE-MCGIVO X ¥ AF)VE
BFRLEHEEED S, —H. WA= VBO_EGEE*BHML Ve Fah 4 = VEENF DTG
HEEILVIDRBLAMONFEETHE, D HESARALIA /4 FICSEERET
70X VBRREFOFREOMELBL T, W1 =VEBL YTy —iin-EFEHHTH B &
BIBLTV S, 'Y trans-MCG-IVEIRETF ¥ Rz VS, A P ¥ YA FVETHY T 238



¥576LTVAHE)THD, £ITC. tMCGIVE N A = VBBOWMB OBERN 2R HE D
DUV E I UEBIERIKE LT (2S,1R2S) 2- Q-ANEFIL4AF LY IIURYFN) T
VY (CPGIV) %ZX7: DL ) ICPGIVO_EREGRINA = VBOL Y Tur= )
FRrans-MCG-IVD X P ¥ Y XA FVEEFER LR L HD 5, £/-, CCGERIZ3IBRICE ST
“HARRVEEALZHETCHAHILDPSH, BEAZERTHILIZEN, BRL LTIy —-LD
AL ELRERAODEMEREN RL25TL %, av 7+ A—Ya yLFEHORE O Ribh»
S>LRKRN LD, £FZT. CPGIVOALZLTLBMOABDOY TAT LA —OEHER
ALz () o 1Y

8. CPGHNERK

CPG-Il CPG-IV
H (o}
% AcO  TMS
RO,
X NX —_— CPG-lI
S Boc Pd(OAc),
R = CH, (no reaction)
R = CHLGF, (TFE) 1'Rand 'S =8.8:1.2
MeO,C
(o] 3
1 ™ A TMs N i CPG-IV
— N N
RO N e Pd(OAC), Boc

R = CH; (no reaction)
R = CH,CF5 (TFE) 1'Rand 1'S=7.9:2.1

T™MM’
eOZC
W CI ™S X -
Boc MeO,c? 1

FHEERER S B VI ZR Do f AT AT VEHEWE L LTHY, ThSICHTS
NSy AERHW P XF LAY RO [3+ 2] RoBLAMEE. &5
BZR DO B-AEMI AT VK TE MY AF LV AT VEMEED < A4 7 VR IRG I &
DCPGEINAB AR L7ze [3+2] ROBYLA MRS A F VL AT VR TIEE  EST
Ldpoleh, TAFNVEE2, 2, 2— MY 7VAOIFVIATFIVIIERTEIEICE
DR TE 72, TNREXBULIATVEOEAILLVABHIATVORE-KE_E
HEMEBIL S N R EFZ TV 5, BAUFINI AR ICEST L. EEL L Y L-CPG-TI
A, ZEE YL-CPGIVA AT & 2o —F ZRID I ATV E PY XA F L ¥ X & VMR




<A S VR INBIC I E—DERY 25 2 /oo TR ERILE. BEREOMIE CCPG-IICE W
72s

a7 v F FHBLER L AW ERRROER. 3EOCPGED ) LCPGIRINTIIE L
ACTEHSBRI S N b o 285, CPGIVIRA A = VB LRISOEEDFERLERT AL =
BE7I=_ANTCHEI e bh ok, CPGIVOIFY XA F L yE P KERMTHIL 2
Ve FORTIZ, M= VBREFERRICIIEA LTEBS 225, Shi3kiLhR A=Y
BLETY - nBF LTI —THEEVIREETIE-LT2b0THS, UL
DIERL, bOlbl3AA = VBL LTS —ONHEREEFRFNMDAR LR L) 6
NDgauche-(COTH Y, ZHMICELLRNBICHAn-BEF LTy - LoEEICFl&gL L
TEHVWTWRLDEHEFEL TS (H7) o EBICINVS I VEOBAIRMAEIO5|5E
DERENFRI-LTVIOPRKREVEIALTH S,

8. N7V y FoFORE . L WEABKK 7 T=X b

L-CCGE® 3’ fLICHNVEF I NVEXBATEEINVY I VBEDextended®! & folded B! ¥
EbeROSFREITED, FZ T, L-CCGIVD 3° {iCtransBID A VK F )V % ¥
ALDCG-IVEE 2 12o TDGFFIINMDARID 7 = A } TdH HL-CCG-1V & HATRID
7 T= A PL-CCGINHEEZELERF>TWDE (H9) . COYERELLDLETY -
HETHEE)H»?20RRYEICRERIFE N, #F2C, B4 0E5RPHAKEAVT
DCG-IVE SR L 72,

9. HLVWAHEMEFI=Z b HO.C y ,COH
Hal3/ 4 3
H
NH,
HO,C” %N DCG-IV (L-CCG-l + IV)
H CO,H HOo,c  COH
N H
HO. CM H R
2 .
H ! NH, NH,
a3
L-CCG-I: metabotropic agonist L-CCG-IV: NMDA agonist

HMGOzC H ,C0OMe HOC | ,COH
K 3' . 2
_ H _ . H ™ 1
NHBoc NH,
Me0,C” o H MeO,C"2R""H HOC” 7™y DCG&V

DCG-IViZ. $E 5 v P HFHBEEER Y v -BEREHENABRICB VT, L-CCGIVE D
BEEVDB DD, Sy I VBRI VEVWESEEE (10uM) 2RL. Z0iEMIINMDAR! &
SEEIN, —HIOWHIIEEE (100nMELT) THEYF 7ARS2HHT 2T L0 5,
CAMPOAER 2 HIHIT 5 5 4 TORBABRIL £ 7y - EHTAZ L BNRBENS, 20
EHERIERD - L BBV EINAL-CCGIN 1 0fFICH RSB, LEDZ &» 5, DCGIVIZ#



D % KB L 7-NMDAR! & B ABR O H OWEMEY b2 2 L 25h 4 > 72, DOG-IVIHE
BETHV S5 E YNMDAR & DA CHRT BRSBEL LR ST, b o i TS AHAHE
L7~ A TAHTI=A+THb, HIE. DCG-IVIIL-CCG-1& % 6 CMUHFAMB L &
Ty —OBEMED T —7L LTEHSATWS, 1418

9. 4 BRIV I VEROAE  FHMUBABETI=X b

TNV IVEBORILIEEFMEBOAL LT, MEOBREN IV T+ A - a3 VITRIZ
TEHRIERDLMETH D, &R, W2»D 3, 4 {UBRENRE SN TS5, FiIC
A BB RBK I > 1-EREDEER I  bhoTwiw, #FZT, V¥ I VEED 41T
BREVERICBIZTERZARLIIL2HWELT, 42 F LUK 4 —X¥ayy
O7aEE, 4, 4 =TIV XAFVEOEREITo 720 0L DILEWidfoldedBID 2> 7
A= aviBNORELLTELD DEEZOND, TANTIF /BRI VHREL SO
FNI) Y VFEEO ANV EZRERE LTI XV AF L RE L, ThE g
Mifke LC3RBOLEW M1 00 E ) ICARTE T, 19

E10. A BRI 23 CBOAK

HO,C  NH, HO,C  NH, HO.C  NH,
4 1 i

CO,H COzH

B
T
L-Asp ——) L 5 _;év_» f b

(R'=protecting group)

R =CON
A: Pd(OAc),, P(Oi-Pr)s,Et,MeNH], co \_/O
morpholine, CO, 25 atm, 120 °C, 20 h, R=COMe

Ty P EUHBUERLHC-EREHENRROSER, 3BLL /vy I VBREFSE
DIERER LT FORR, 4 —AF LV VARENMDARIDO 7 = A e ENT, —F.
4—2€avrsuronikl 4, 4 — I AFIVEIINMDARI L £ = VEERIDIRET =
ALTHHEI Db ol, SHOAMBRIVY I VEECHKBLTWAZ LI, ThLHA
RBADRICELERAL VI ETHD, TNV IVEBITRTOLETSY —LERATES
RETIT=AMNTHAZL2xZERETHE, ANBREIAHFAHNE L OEELIRT B &
BHHZEFEBICETSE, BEMDI V74 A—Ya VEIFAEESN-50TREVA, &
Lafolded®lDa>y 74 xA—2a v 2BUOREBELTE-TWELDEHETESL, bbb
Bh, HAHEL LTS - LKA A NEBRENVEBEEL 2o TWAEEELEE
TERZVE, SRODOKREIA AV Fr v AVEIL TS —ZidfoldedBID 7 V4 3 VBBD
AV TAA=VaVDOEGHREVET IS I TOMEDREREZI R - P TH5—HLLbD
DEFEZTD,



ukwlvk‘bnbnﬁj/7t}—73/%ﬂﬁbf7j—zF% afraz ik
WINVEIVEBLETY —OVAREEEFE PR YVHALPICTAIENTELEELITVS,
SHIIAMPARIL £ 74 —OIEHALERYEAZ &, BRIUSHE - OREEZARL L, 4
BOKEREECSLICHALYEL RN T AL EFRETH S,

i AMERIEEL O FIHEEREORI 2 &, S 0FH 4 LORXFAREDERTS %,
SIRASCERIC TR L 72 L FAFEE O F £ IR B L 72,
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3’-N-Aminoacyl analogs of puromycin with nonnatural aromatic amino acids were synthesized and their inhibitory activity in E. coliin vitro protein
synthesizing system was evaluated. The analogs with L-2-naphthylalanine, L-p-biphenylalanine, L-2-anthrylalanine and trans-L-p-phenylazophenyla-
lanine were found to inhibit the protein synthesis with high efficiency. The inhibition suggests that these nonnatural amino acids are accepted by

the active center of the E. coli ribosomal A site. A model for the adaptability of nonnatural aromatic amino acids to the active center is proposed.

Nonnatural amino acid; Puromycin; Protein biosynthesis; Ribosome; A site

1. INTRODUCTION

Until recently, the amino acid replacements in pro-
teins are limited to 20 natural amino acids in the ordi-
nary protein engineering. Recently, however, several
groups reported techniques for the incorporation of
nonnatural amino acids into proteins [1-3] by the use
of chemically misacylated tRNAs [4,5]. By introducing
nonnatural amino acids into biosynthetic proteins, the
scope of protein engineering will be extended to include
a wide variety of artificial functions. In protein biosyn-
thesis, the selection of amino acids takes place essen-
tially at the aminoacylation of tRNA under the control
of aminoacyl tRNA synthetase. Therefore, once a
tRNA is misacylated with a noncognate amino acid, the
latter amino acid will be directly incorporated into pro-
teins. This was actually shown by Noren et al. [2] and
Bain et al. [3] However, they reported that the incorpo-
ration efficiency depends sharply on the type of amino
acids. For instance, D-phenylalanine was exclusively re-
jected in their biosynthesizing system. This must be be-
cause other steps such as the peptide bond formation in
ribosome, discriminate nonnatural amino acids from
natural ones.

In this study, we evaluated the adaptability of non-
natural amino acids carrying a variety of aromatic
groups, to the A site of E. coli ribosomal peptidyl trans-
ferase center. For this purpose, 3’-N-aminoacyl analogs
of puromycin with nonnatural amino acids (Compound I)

*Corresponding author. Present address: Department of Bioengineer-
ing Science, Okayama University, 3-1-1 Tsushima-Naka, Okayama
700, Japan.

Published by Elsevier Science Publishers B.V.

were used. Puromycin is an inhibitor of protein syn-
thesis and known to bind to the ribosomal A site and

\N/
9
HO@ N/)

NHOH

co

CH-R

NH,

M
block the entry of aminoacyl tRNA. The amino group
of bound puromycin forms a peptide bond with the
carboxyl group of the peptidyl tRNA on the P site. The
resulting peptide with a terminal puromycin moiety
leaves the ribosome. The inhibitory activity of puromy-
cin analogs has been examined as a measure for the
adaptability of amino acids to the active center of ribo-
somal A site. The analogs of aromatic amino acids,
L-phenylalanine and L-tyrosine were most effective
[6-8], and those with O-benzyl-L-serine, S-benzyl-L-
cysteine [7,8], L-homocitrulline [9] and L-lysine [10] were
moderately active, whereas the analogs of other amino
acids were almost inactive. The optical configuration of
the amino acids was also important since the p-phenyla-
lanyl analog was far less active than the r-isomer [6].

We examined the inhibitory activity of puromycin

analogs with nonnatural amino acids carrying large aro-
matic groups (Fig. 1), and predicted whether or not
these nonnatural amino acids can be incorporated into
proteins.
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2. MATERIALS AND METHODS

Puromycin, puromycin aminonucleoside, L-1-naphthylalanine (2)
and L-2-naphthylalanine (3) were purchased from Sigma. L-1-pyren-
ylalanine (4), L-2-pyrenylalanine (5), 1-p-biphenylalanine (6), L-2-an-
thrylalanine (7), L-2-anthraquinonylalanine (8), L-9-carbazolylalanine
(9), L-9-ethyl-3-carbazolylalanine (10), -9-phenanthrylalanine (11)
and L-p-phenylazophenylalanine (12) were synthesized in our labora-
tory [11]. L-AzOC, (13-16) and L-CarC, (17,18) were gifts from Profes-
sor Nishino of Kyushu Institute of Technology.

The puromycin analogs were synthesized as follows: puromycin
aminonucleoside (0.01 mmol), ferz-butyloxycarbonyl-protected amino
acid (0.01 mmol) and 1-hydroxybenzotriazole hydrate (0.011 mmol)
were dissolved in 0.1 ml of anhydrous dimethylformamide. To this
solution, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (0.011
mmol) was added at 0°C and the mixture was stirred for 2 h at 0°C

and 22 h at room temperature. The mixture was diluted with 2 ml of v

ethyl acetate and washed twice with 4% NaHCOQ,, and twice with
saturated NaCl. The organic phase was dried over MgSO, and the
solvent was evaporated. The resulting solid was recrystallized from
ethylacetate and n-hexane. For deprotection, the product was dis-
solved in 0.1 ml of trifluoroacetic acid at 0°C. After 30 min at 0°C,
the solvent was flushed off by N, gas, then the deprotected product
was washed with ether for several times and dried in vacuo. The purity
was confirmed by reverse-phase HPLC and '"H-NMR.

In the inhibition experiment, E. coli S-30 extract {12], mRNA encod-
ing bacteriophage T7 genel0, and "“*C-labeled leucine were used. Pro-
tein synthesis was carried out at 37°C for 30 min in the presence of
various concentrations of puromycin analogs. The amount of the
protein synthesized was measured by filter paper disk technique [13].
The inhibitory activity of the analogs of puromycin was expressed
relative to a control experiment without inhibitor.

Table I
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3. RESULTS

The results of the inhibition experiments are summa-
rized in Table 1. Puromycin and L-phenylalanyl analogs
showed strong inhibitory activity as reported previously
[6]. Similarly, the analogs of L-2-naphthylalanine, L-p-
biphenylalanine, L-2-anthrylalanine, and vL-p-phenyl-
azophenylalanine were found to inhibit with good effi-
ciency. On the other hand, the analog of L-1-naphthyl-
alanine showed negligible inhibitory activity, in contrast
to that of L-2-naphthylalanine. The analogs of L-1-py-
renylalanine, L-2-pyrenylalanine, L-9-phenanthrylalan-
ine, L-2-anthraquinonylalanine, L-9-carbazolylalanine
and L-9-ethyl-3-carbazolylalanine were also inactive.

The inhibitory activity was markedly decreased when
the trans-azobenzene group of the p-phenylazophenyl-
alanyl analog was photoisomerized to the cis-form, as
shown in Fig. 2. Irradiation with UV light at 350 nm
resulted in conversion of about 80% of azobenzene
group to the cis-form under photostationary state. The
inhibitory activity of the puromycin analog was low
under this condition. The extrapolation to 100% cis-
form showed that the analog with cis-p-phenylazophen-
ylalanine was virtually inactive,

The effect of spacer lengths between the C* atom and
aromatic groups was also examined. In Table IB, the
results of azobenzene derivatives and carbazole deriva-

Inhibitory activity of 3’-N-aminoacyl analog of puromycin with a variety of aromatic natural and nonnatural amino acids in E.coli in vitro protein
synthesizing system

Inhibition (%)

Concentration (M)

Amino acid 3x1073 1x107? 3Ix 107 1x107* 3Ix 107 1x107*
A.

O-Methyltyrosine —* 98.8 99.0 99.0 98.5 80.6
Phenylalanine 97.3 98.9 98.3 94.4 96.2 70.1
1-Naphthylalanine 65.6 29.2 0

2-Naphthylalanine 99.2 90.0 923 93.9 74.6 28.4
1-Pyrenylalanine ¥ 29.0 4.5 0

2-Pyrenylalanine —* —* 0

p-Biphenylalanine 97.8 90.4 71.6 64.5 554 56.3
9-Phenanthrylalanine 83.4 62.1 28.6 0

2-Anthrylalanine 97.8 98.5 98.9 95.5 81.2 73.0
2-Anthraquinonylalanine 58.1 33.0 34.6 0

9-Carbazolylalanine 28.5 57 7.1 0

9-Ethyl-3-carbazolylalanine 0.8 11.0 4.4 0

p-Phenylazophenylalanine 96.8 99.0 91.3 67.3 594 32.7
B.

AzOC, ~* 99.9 89.6 37.8 14.1 8.1
AzOC, 97.8 96.5 79.7 64.5 338 0
AzOC; —* 15.3 8.7 0

AzOCq A 16.2 13.7 0

CarC, 34.6 11.5 0

CarC; 19 0

*Not tested.
**Insoluble.

— 50—
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Fig. 1. Structure of aromatic natural and nonnatural amino acids used
in this study.

tives are shown. The azobenzene derivatives having
short spacers were active but those having long spacers
were inactive. The carbazole derivatives were found to
be inactive in every case.

4. DISCUSSION

The results in Table I show that the inhibitory activ-
ities of the puromycin analogs are widely different. The
analogs are clearly divided into two groups depending
on the inhibitory activity, those that show high activity
at 107° M and those that show low activity even at
107 M.

The analogs of high inhibitory activity may bind to
the active center and form peptidyl puromycin, as has
been demonstrated previously for the phenylalanine an-
alogs, tyrosine, O-benzylserine, and S-benzylcysteine.
The puromycin analogs of those amino acids inhibited
the protein synthesis and formed peptidyl puromycin in
the ribosome [7,8]. On the other hand, those of low
activity may either have low affinity for the active cen-
ter, or effectively bind to the active center but do not
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Inhibition (%)

20

0 - A . ]
- 104 102

Concentration (M)
Fig. 2. Inhibitory activity of the puromycin analogs with L-p-phenyla-
zophenylalanine: (1), trans-form (before irradiation); (2), 80%

cis-form (after irradiation at 350 nm for 5 min); (®), 100% cis-form
(extrapolated values); (O), puromycin as a reference.

react with peptidyl tRNA. If the latter is the case, how-
ever, a constant inhibitory efficiency that is lower than
100% will be observed after all the binding sites were
occupied by the addition of an excess amount of the
puromycin analog. The resuits in Table I exclude this
possibility, because the inhibitory activity of each ana-
log is not constant over the concentration range of
107-107 M and is increasing with the concentration.
The concentration dependence in Table I shows that the
low activities are due to low affinity for the active cen-
ter. Therefore, it is concluded that L-2-naphthylalanine,
L-p-biphenylalanine, L-2-anthrylalanine, trans-L-p-
phenylazophenylalanine, AzOC, and AzOC, adapt to
the active center of ribosomal A site, but L-1-naphthyl-
alanine, L-1-pyrenylalanine, L-2-pyrenylalanine, L-2-an-
thraquinonylalanine, L-9-carbazolylalanine, L-9-ethyl-
3-carbazolylalanine, L-9-phenanthrylalanine, cis-L-p-

Fig. 3. A model for the adaptability of nonnatural aromatic amino

acids to the active center of E. coli ribosomal A site. The 3-N-ami-

noacyl analog of puromycin and peptidyl tRNA exist in ribosomal A

site and P site, respectively. Nonnatural amino acids carrying benzene

rings in regions B, E, G, H and I can adapt to the active center of A

site, whereas those carrying benzene rings in other regions do not
adapt.
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phenylazophenylalanine, AzOC;, AzOC4, CarC,; and
CarC; do not adapt.

The next question was why some nonnatural amino
acids adapt to the active center but others do not. In
previous studies, the analogs with aromatic amino acids
containing one benzene ring have been found to adapt
to the active center [6-8]. However, the adaptability
does not depend only on the size of aromatic group,
because 2-naphthylalanine adapts but 1-naphthylalan-
ine does not. Therefore, the active center may discrimi-
nate nonnatural amino acids not only by their size but
their geometry. From a consideration of the results in
Table 1A, a simple model for the adaptability of aro-
matic nonnatural amino acids to the active center can
be proposed as shown in Fig. 3. The benzene rings of
arylalanine-type amino acids denoted as A, B, C, etc.,
can be divided into allowed regions (B, E, G, H, I) and
disallowed regions (A, C, D, F). The amino acids that
adapt to the active center contain benzene rings only in
the allowed regions. On the other hand, those that do
not adapt contain benzene rings in the disallowed re-
gions.

Based on this model, nonnatural amino acids that
adapt to the active center can be predicted. For exam-
ple, L-2-phenanthrylalanine that occupies regions B, E
and H may adapt, whereas L-1-phenanthrylalanine that
occupies regions A, B and D will not. This model
explains that the analogs with benzyl derivatives of
L-serine and L-cysteine are active [7,8], because the ben-
zene rings of these derivatives are located in region E.

The present results predict what type of nonnatural
amino acids can be incorporated into proteins when
they are attached to tRNA and added to the in vitro
protein biosynthesizing system [1-3]. In the case of
naphthylalanine, for instance, L-2-naphthylalanine may
be incorporated into proteins but L-1-naphthylalanine
may not. Similarly, L-2-phenanthrylalanine is a proper
amino acid for the incorporation of phenanthryl group.
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The results in Table IB suggest that spacer length is
also an important factor in determining the adaptabil-
ity. In the case of the azobenzene derivatives, spacers
with n25 are clearly unfavorable, suggesting that
azobenzene groups very remote from C* atom do not
adapt to the ribosomal A site. In the case of carbazole
derivatives, however, no proper spacer length was
found for the incorporation of 9-substituted carbazole
group.

The incorporation of the photofunctional nonnatural
amino acids into proteins is now in progress, and will
appear in future reports.

Acknowledgements: The authors wish to thank professor Norikazu
Nishino of Kyushu Institute of Technology for the gift of nonnatural
amino acids carrying carbazole or azobenzene group (13-18).
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HEICLHELMBOEEADOXEDIDOLEREEZNH LT 5, BWOBI., BBV
Y LDRTIREL, EEPOBLIHBEIT N EMO B LA NG FEHBEROPHEY
2Loo, BET3HIIPE, ChLbEAEIELBAE LTS,

AEERBEFICI— FENTORWWRTF FEIU, I-FEATHWB30EBEUTO
RTF ROTF— 7 RAEAEEBICF X5 EfT o720 BIZ, T—FIHBEDOHETE. Zhox
BEMCHAT A DORRE LTS, FAOHEIRE NICZH L,

2 3JF3— FATF F:istr30n,str30ref
BIZFTHABBOBRICI—- FINBOWTEKT AXRTF VA2 I TlRIEIT—-FRT
FRNERS, BREICBHARTF K, ZEREHRBBEFOBRICH ESOTZOERICK

D, 20@HOT7 I )BERLZIZBOTEEINTVS, LOLIDEIICILTHT AR
F REFIICEMICE > TERENBZIRTF KD B, TOBRIAMEDRTF FERKEE
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W, BEOLTRT IV BORKGETHELULT I FEAEZFE ->TW A0, SOBHBITE
LZRBU S bDTHB, ZO—DRIEABRERT. EXLHSFOLT—D—D2D7T )
BAFBEHALLUIRTF FOAIWVKFVIVEIIESGIETYWL bDOTH S,

Y DOENENDBRIETIHEI— FRTFF FREDLIICHEUTEI.ONEBEH S, DNA-
RNA-ZHEOHNTHERTABED Y X T LOERAD, KEDERY ZAFLDIETY
THAHENIDL—DDEZTHB, TV NIRRT EINIH®, RTF FELUK
EHEBTAIDICEUCTENRVATLTHAENIDL—DDEZTHS, VAT LHERK
DODELNES Thh. £, BICWEYOFR > T A5 FHBEDT A VI AT LEVZ
5, BeMWBFOTHA U %2THI LT, REICECHERERBEL TS NBE VY XTFLTH B,

NSDIET— FRTF FIXHMT — 7 X—X (LITDB) b o AMmEB L. BEL .,
FECEHINTOBT—FIABTLTRIIRT, FIRE IR Y XFE 7, “tab” TRYISH
Thb, WA str30n THEHRTF FEOTNVT » XNy bE, strd30ref TIIXXEFESMEIZE
AT3,

str30n  XHE S ARTF VA HEHE
str30refl X HARE S tab HEEHIF tab Wik

Fa— FRTF FOPICREAEBKRT 2/ BROAEBS ET5HD0H 5, 1% str30n
TYXMBSDRICE ‘P 22 BULTHE3LO0NENSTHS, EI—FRTF K394 4
DHABBUNBZDXHIERTF FTHbB, BET I/ BEBBRES ELTOAICLEDLLT,
BIEHRICEIDCERRFTRUEVWRTEAGRINABTRER VY AT LELTE o, &1L
WHHEKD L, AT I/ BOORBFHEI— FRTF FEIA ) IRTF FOMEHAEZITT
WA HOD, BRRTF FTH B, FIANICHROUBRHENRTF FHidh %, lantibiotic
NZEDPTH S,

1414692 :lanthiopeptin:aRQaaXFGPFUFVadGNUX U=Abu d=3-OH Asp
1509414 p:lantibiotic: TAGPAIRASVKQCQKTLKATRLFTVSCKGKNGCK

RTF FICEL->TREERT I/ BREIATVAN, BICEEGEHERICESOTEEIN
TVABIEDPHONILEGE DD, RET I/ BEIHRZROEMTEAEBKT 1/
BOBEIENALILLDTH S, #lZ1T lantibiotic DFITIRTFE Fo7 I /B, 5 F
FZv, e FaAdF T I BEEEEL, COXIURTF FOBE. WIET HHiERK
A= RKRTF RFDY Z b seqdn i b Ih T 5,

Ha—FRTFFOZRBEET I /B, D-BT IV BEZATHS, HUKREICT
3B VEFVIVEERDe-T I BENY TEL, BRI, RIXFEOR
BEFOL D UMHEDOMKHMBEII_NSDERELROEHEEGbH S, /2. 71/ BO
R b BMERMKFEODON S, BRAWEREEZ L ODLO, BELRGREAZTLION
ERLITEATN S,

SEDORETET -7 %27 F XA MEXOERTERTILE L, HTERRLUITI VR
DRFNEIE, XEFITETEGFOBRIBDICS WREBER 2 ERERH L TLY
Ve Tz, VEDDTF—F A2 —TITR LIV, BORAPLERIZSIIEAK L., HR
BT HHEE LI, BOMrOMBMIHZRIIRT,
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Y& 5 EaAL R EN
1515251p:labaditin:cyclo(AGVWTVWGTI):immunoact
1916685p:phakellistatin:cyclo(PIPIFPY):inhibit growth

0503208 :ristocetin:glycopeptide:antibiotic

0507218 :echinocandine:cyclo-6-peptide:antibiotic

0606153 :malonichrome:cyclo-6-peptide Ala,Gly,Orn(OH):Fe chelater
1916532 :astin:cyclo-5-peptide Abu,Ser,beta Phe,aThr,Pro(Cl2):antitumor
1922481d:microcystin:D-Ala,Arg,D-Glu,Leu,3-Me D-Asp,Tyr

1907616n:microcolin::immunosuppressive

1. RTFF FOZH, #HiE, EHOLTHLHINA TS,
$):1abaditin,phakellistatin

2. BENEDLHIUHETHLEHRRNITRIN TS,
#:ristocetin,echinocandine,malonichrome,astin,microcystin
ZNENERTF FRIZRRRTF FTHAFENRINTWS, 3HTIEZ OMKT
I BORENH B, WONDOHE LBEOFMEL S IDITIIERE A BLHEN
bb, REDOHITRERIANTSH S,

3. ORI H BT, TOBEI >V TEHMDOEBES L,

) :microcolin

FLORTF FOBEERDOTOEIR/NLTH, THDBEHNORTF FOFLUKETH 5 &
IRHHIIIBEOTHMIIFIAMRICEHIN TV EENLZ D, TOLIHIBHEEIT, 51H
XEICETH->TRAFAL TRV D, XBT —FIXR—XTREEDFERINIRELT
W3, 2Ty XBRT—FIRX—XZFHALLAFAETREBERORVEVEDHH 3,

SEORAETIIHEI— FRTF FEEHEPBEBICEE L TRO LIS FH LI, 77—
D—EIIfT 2 reps ICRRBEINTIN 3,

L7NVAaaAd My 2.7 0732 3. 5dHEl 4 88BFES 5 £¥0
% 6 REEN 7. BHREE S AYKERMEE 9. LEMER~NOEE 10
BEE~OHR 11 HM 12. EAEHOBRBREMIIHNT 53R

SHINICFHBDORTF N3 E reps OF—~T— REFH L THRETZ 3,

ERBRAESDOBEICEELIRTF FEF—7—F “bind” THET 3, ELEDL, 7 K3
7 b, BRiIZEET B Glu(Cys) IR TF F2dh 5,

EOIRE S OB IIZOH~NOER. FMEEH. FERBICHIT 23R4 &CE
LieRTF Fdb 3,

EMORERESDIEB L, k&L TOEY., Y. M. EEOREICHEE L THA
BEEERTRTF F 288,

{LEHOEBICEE LIeEHAERTRTF RBEHB YIZHD, 7V H v, A5 0EB
WEIMPERICHIRERT HOLH 5,




3 T7XI/ER30EELITOXRARTF Fiseq30n

D475 =T BEFOBRICESOTERINZBAED) BERERIOUTDO L
DEBHNT— 7 X—X (SEQDB) 0 o 8D bDTH 5, EAHORINIBLE. 2EMICH
2L209HLULBEROBINISERDONT NS, BEFTHABBRORIIZESINT
BRENBENLEN ST, 2TOEREORIIVEBRORIIORDBONT NS ENID
TRV, FICEWERETHAERTF NICBL TR, G UATHRHEEAEFOFiL
THEEIN, TO7 IV BEIHIPRDONE bOREB, #->TZH 51E GenBank, EMBL
DOEBEH T — 7 N— RICBHEINTHEN,

—Fs HEEPORTF FOT I ) BESNINVETIROOSNBE E, ZOBFHREFIAL
THEEFILEOICAESICHEERSBUIBOENOREDORTF FEF 2RO ZFEFNEKS,
BT ) BENAI—-—FLTWAAYVIXIIVAF RE2 TS0 —-Ti L), 542 —
I U THARS DNA ORI ERDHAFHEEFAT S, COHETRHD SN EIIIEY
DL REL TS LEDOXRTF FORBEDOSDTH B, #->T I0EELUTENS
PEWERRER L BEIZ 100 BREL L, 100813, 1000 BEABI3FLH B, &
DRIBENEYNTERERICL S oLy V7P EREZITTERARTEREN S, RIIR
THIE O TRHBEER 3) © MSH(ERES 13) 3#BHLHTH 5, MSH OFTEEIT
FOHRICEICEEOBNMN ESL S ACTHRY R bV A245T,

FICHOME LT, BROBI»SROBONKLEAFEDOROERINOPIT 0Ly VI T
BT HEOBEEORTF FETETE2H46bH 5,

------------------------------------------ (431) ;chromogranin
o I I ;dibasic site

Chromogranin i 431 BEDOEIITH 50, TDOHIZ 87 D Arg-Lys,Arg-Arg &l o 7
BEET7I/BOESEIADRHE, ChoDHMTYMLTETERTF NZEWHERT
HEMEEDORTF FICEB3EPAHFTE S, ChOoDFERRARIIFLETIHORTF FO
BREHLICDICEBRIRVES AKX T ILENH 5FEE%T 5,

oy Uk HUBEEZFR IR TF FTHEN S UICAEYHIRIL S LRFIDFE U
ERRSIEHL, LULAZCREZORINNBRNL L, AN dRLABRATEREINTVWEEILH
51:ORKEDOLDEHETIENHL L,
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angiotensin oxytocin CYIQNCPLG
ox DRVYVHPFHL vasopressin  --F----R-
rat -==-I----- mesotocin ~ -=—---- I-
chicken ~ -==-=--- S- isotocin ---S---I-
snake =~ --=----- Y- glumitocin ---5---Q-
turtle = = —--em----- valitocin =~ -~--=-- V-
alligator ~ -------- A- aspargtocin = =---N-----
bullfrog ~ -------- N- vasotocin =~ =--=----- R-
goosefish N-=-m—mme- phenypressin -FF----R-
salmon N--==—~-- N- conopressin  -F-R---K-
eel N----=-- G- cephalotocin --FR---1I-
dogfish N-P-I---Q- annetocin -FVR---T-

LOROERIT v OAT U ORTEETIERBIZT O T THBEN, BEFIE

BONTEYIILIORLE, —FERRAFL P VBERTF FOHITH S, BEEIN
TEMICE DERIIDBREAIEND THL, ABVICL D BFEOLH I BDIF o T3,
PTNBENEZHETI2HILBENEETH S, IASKROLIICBEBTERS,

A:\agrep -2 "DRVYVHPFHL" seq30n > out

BT —F7DIFNH>TIBET 71 Iseqd30n 1S 2 BIEDEINEFH L THS) “DRVYVHPFHL”
ARETIENTEXS, AERENOD “TF—FOMAH” OWMTI DL HIUZHOHDOHFID
WTiRBET 3, LWL, BHIORUNAFEBHORTF FA4BETERIEMEOARICHEASE
Iy, REIFHBONIAHEENL S, XRABXTREERIER LY X M, #ifk
Kb o7 — 7 2B T —FRX—ZAh ot U, EBMmLi,
SEORHRETIEHRTF N2 OUHEPBEICEI L TUTO IHBICAH L,

LARNVEVE 2.FF 3. BRMAE 4. 8t 5 20/ 6. k498 7.8
HE 8 BEFHRY 9.XRTFFF

FHHIIF E repq IlBBHINT V3, FEOF—TU— FAFHLTESHEEDORTF N
ERETHEBNNES, BORTFROZLEHRLEVHLIOLDTH S, BEMITITA
FURURA VYY) VIEE, WIEOFRLEVELTRIIDBRDONT X, BERK
SOMBFHEORBIG LT, EMOLEISEYELE, £BEROS ZRTF NOBES
Dgie EIRDSN T B,

HFE 2, BEHERTF FILREZDERBIHENEZ L OERFIDRD SN iz,

B OEB 413 123 IKEY LEWENE, BELRIRTF F2gt, R7F NEE
DEZFTIRE L, BEHEZRISELZNALTZOLZHEE LTINS, “BRUEBEERTIRSF
K7, “EEEEEXTF R, “BEORKBHEXRTF N LB TH 5,

ZDMDIFH 513 RTF FOFEGI . BERFEEEZOLZFHELTVEH04%2E
Lo “WRTF R, “‘His BEERNTF N HETH S, FEE. BEREICRETILERN
»5b



ARAGFOIHE 6 FEAOZEEFORTF FEEH, G, WIS THREHET S
TETH 5,

EHEOHB TREAVWVERE ST,

BIZFHROTE S BHREDE LTOEHEIMMEESIN TS DT, T0HEL MK
BHAUTH S,

R7F FOHB 9 bEZ L BHENARTH L0, BECHELZLETH 5,

4 &0

FKRICEAE LT, BEORD SNWICEHRTF FOEHRE T — ¥ X— XA R US| 57—
FR=ZAMSWRE LI, ENoRFET— FRTF FEIUVBEFICTI—FINLRTFF
1243 T H 5 (str30n,seq30n), str30n {E 394 #:. seq30n {3 13794 TH 3B, T— FRTF
FORBERODWEEIZHD, TI/JBREMOBABZFEIIL > THEPEHICEET]
ERIF, —HFI—-FXRTF FREVEBELER D, COMEOHFRIITIRICE. #KkdH
%, = KRTF NI ODWTRBEDELHREL D2 EHITENSHDOMETH 3,
JI— FEINKEFRTF NI D0 TRBLUBHRENET 2510, FURIOBREPLF—
T— FRZEOTRENMETH S, FEFIEIC, THORTF FOBEHPHEER/NT,
ZNENIZ OV TRENLEGFAETT - 72 (reps,repq)s
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{fF& reps 3Ed— FRTF FOSLER

1.
2.

10.

11.

12.

alkaloid, peptaibol, biosurfactant

antagonist; blasticidin, C5a, CaM, endothelin, substance P, synaptic, tachykinin

. antibacterial, antibiotic, antifungal, antimicrobial, insecticidal, nematicidal, anthelmintic
. bind; Cd, Fe, heavy metal, Fe chelater, siderophore, ferribactin
. cardioact, pressor act, impair learning retention

. immunoact, immunopotentiator, immunosuppressive

inhibit; ACE, acyltransferase, alkaline phosphatase, APase, apase M, ATPase, carboxyl
protease, enkephalinase, farnesyl transferase, Cys protease, HIV protease, phosphatase,
phosphodiesterase, phosphoolipase, protease, Pro endopeptidase, thiol protease, thrombin,
trypsin, tyrosinase

. inhibit growth; cell growth, plant growth, antineoplastic, antitumor, promote Serratia

growth

. inhibit glycan syn, melanin syn, superoxide prodn

inhibit; K channel, ion channel, Ca blocker, ion transporter act, increase membrane
permeability

toxin; insect toxin, phytotoxic, phytotoxin, mycotoxin, cytostatic, cytotoxic, toxin prodn,
hepatotoxic, hepatotoxin, leaf spot disease pathogen, Cd resistance

posttranslational modification

%K repq FERTF FOL4E

hor, tox, inh, fuc, mic, not, pro, orf, pep

1.

hor:hormonal;

adipokinetic hormone, adrenorphin, AKH, allatostatin, allatotropin, alpha bag cell
peptide, alpha factor, alytesin, amidorphin, ANF, angiotensin, ANP, antho RFamide,
antho Rlamide, antho RNamide, antho RWamide, APGWamide, apidaecin aspartocin,
atria peptide, atriopeptin, BNP, bombesin, bombinin, bombolitin, bombyxin, bradykinin,
buccalin, bursin, caerulein, calliFMRFamide, calliMIRFamide CCK-PZ, chromogranin
A-derived peptide, color change hormone, conantokin, conopressin, corticotropin like
interm lobe peptide, deltorphin, dermenkephalin, dermorphin, diapuase hormone, diuretic
hormone, dynorphin, egg assocd peptide, egg laying peptide, eledoisin, endorphin,
endothelin, enkephalin, F sex factor, FMRFamide, galanin, gastric proventricular peptide,
gastrin, gastrin releasing peptide, germ specificity regulating peptide, glucagon, glucagon
like peptide, glumitocin, glycentin related peptide, gonadotropin releasing peptide,
granuliberin, head activator peptide, hypertrehalosemic peptide, hypothalamic peptide,
hypotrehalosemic hormone, insulin, isotocin, kallidin, kassinin, kinin, kyotorphin,
leucokinin, leucosulfakinin, leukopyrokinin, litorin, locustakinin, locustapyrokinin,
locustatachykinin, luliberin, mating factor, melanin concentrating hormone, melanostatin,



melanotropin, mesotocin, mosact, motilin, MSH, neo-endorphin, neurokinin, neuromedin,
neuropeptide, neurotensin, opioid peptide, ornitho kinin, oxyntomodulin, oxytocin,
pancreatic polypeptide, peptide BAM12P, peptide HI, peptide PHI, perisulfakinin,
phenypressin, pheromonotropic neuropeptide, phyllocaerulein, phyllokinin, phyllolitorin,
phyllomedusin, physalaemin, pigment dispersing hormone, Pol-RFamide, polisteskinin,
polyphemusin, proctolin ranakinin, ranatachykinin, ranatensin, red pigment-concentrating
hormone, relaxin, resact, rhodotorucine, rimorphin, RPCH neuropeptide,
SADPNFLRFamide, SALMFamide, secretin, sex pheromone, somatoliberin, somatostatin,
speract, sperm activating peptide, substance P, tachykinin, tachyplesin, thymic factor,
thymic humoral factor, thymosin, thyroliberin, thyroliberin-like peptide, tremerogen,
urokinase, urotensin, valitocin, valosin, vasoactive intestinal peptide, vasoactive peptide,
vasopressin, vasotocin, vespakinin, vespulakinin, VIP, waspkinin, xenopsin,

. tox:toxin;
conotoxin, conus toxin, crotoxin, delta-like toxin, enterotoxin, halo toxin, lethal toxin,
omega agatoxin, sarafotoxin, toxic peptide, toxin

. inh:inhibitor;
ACE, alphal protease, galactose oxidase, PI, protease, trypsin

. fuc:functional;

anorexigenic peptide, antiarrhythmic peptide, antigonadotropic peptide, antimicrobial
peptide, ATPase accelerating peptide, bioact hydrophobic peptide, bradykinin
potentiating peptide, carbohydrate carrying peptide, cardio-excitatory peptide,
cardioactive peptide, cardioactive peptide, cardioexcitatory peptide, catch relaxing
peptide, chemotactic peptide, cholinergic neurostimulating peptide, conditioned avoidance
response peptide contraceptive peptide, corticostatic peptide, corticotropin releasing
peptide CRF active peptide, delicious taste peptide, delta sleep inducing peptide, DFT
stimulating peptide, diuretic peptide, encephalitogenic peptide, enkephalin releasing
peptide, growth blocking peptide, growth modulating peptide, growth /mitosis inhibitory
peptide, histamine releasing peptide, inhibitory peptide, light adapting hormone,
locustamyoinhibiting peptide, locustamyotropin, Lom-AG-myotropin, lymphocyte
stimulating peptide, macrophage chemotactic factor, mast cell degranulating peptide,
mitosis inhibiting peptide, morphogenetic peptide, mytilus inhibitory peptide, paragonial
peptide paralytic peptide, pedal peptide, proliferation inhibiting peptide, redox active
peptide, sleeper peptide, somatotropin releasing 10-peptide, sperm activating peptide,
steroidogenesis activator, thymocyte growth peptide, trpEG attenuator peptide,
trypsinogen activation peptide, tumor invasion inhibiting factor, uremic peptide

. mic:miscellaneous;

adrenal medullary peptide, brain peptide, chromaffin granule peptide, ganglion peptide,
gastric peptide, glutathione, internal peptide, intestinal peptide, learning induced brain
peptide, locusta peptide, myelin peptide, neutrophil granule peptide, pancreatic islet
peptide, posterior pituitary peptide, salivary His rich peptide, salivary peptide, seminal
peptide, spermatozoal antigen, spinal cord 3-peptide, synaptosomal peptide

. not:

achatin, acrosin, ameletin, anantin, apamine, bactenecin, califin, carassin, cationic
Cys-rich peptide, cephalotocin, cerebellin, cinnamycin, cionin, clupeine, corazonin,
crabrolin, cycloleonurinin, defensin, duramycin, ferritin, fulicin, gallidermin, gelsolin,

— 66—



guanylin, histatin, hydrin, hylambatin, indolicidin, kinetensin, marinostatin, mastoparan,
melittin, metallothionein, metorphamide, microcin, myomodulin, myotropin,
nephritogenoside, periplanetin, pneumadin, Pro rich peptide, protaminerigin,
Pyr-Glu-Pro-NH2, scyliorhinin, secapin, sillucin, stellin, sturine, systemin, tertiapin,
tryptophyllin, tuftsin, uperolein, vitellogenin,

. pro:protein;

agglutinin, albumin prepiece, albuminamide, alpha2HS glycoprotein B, amylase alpha,
antifreeze glycoprotein, antioncogene protein pt27, ATPase 9, FO ATPase beta, capsid
protein, casomorphin beta, collagen signal peptide, complement C3f, creatine kinase B,
dopa decarboxylase, early leader protein, fibrinogen alpha, fibrinopeptide, fibroin peptide,
fibronectin Cys region, flavoprotein, G protein, genome linked protein VPg, gliadin,
globin, hemolysin, histone H1, histone H3, Ig, immunostimulating casein 6-peptide,
maltodextrin phosphorylase, MHC, myeloma protein, pepsinogen major glycopeptide,
phosphoglycerate kinase, phosphoribosyl transferase, phycobiliprotein, phycocyanin,
placental lactogen, polysialo glycoprotein, protein C, pyruvate carboxylase biotin peptide,
reaction center protein, regulatory protein araE, replication initiation protein, ribosomal
protein, RNA polymerase, terminal protein, tropomyosin, Zn finger protein

. orf: gene;
leader peptide erm@G, shl leader peptide, trp operon leader peptide, trpGDC operon leader
peptide

. pep: peptide;

peptide 2, peptide A, peptide A12d, peptide Al7c, peptide aPY, peptide B, peptide B12,
peptide HR, peptide I, peptide II, peptide OA24b, peptide POL236, peptide PYF,
peptide SCP,
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Circular dichroism (CD) studies were conducted to gain a better insight into the conforma-
tion of amelogenins, which were isolated from developing enamel of piglets. The intact
porcine amelogenin and its degraded products were purified chromatographically. The
25-residue peptide corresponding to the segment at the C-terminus was synthesized. CD
spectra of these samples were measured at pH 5.0-5.3 in the temperature range between 4
and 90°C. The most remarkable finding was that the CD spectrum of the intact amelogenin
was accounted for by the sum of the spectra of the three fragments at the N-terminal,
central, and C-terminal regions, supporting the hypothesis that the structure of the whole
protein consists of discrete folding units. Furthermore, low-angle laser light scattering
analysis provided evidence that the 20 kDa amelogenin, the most abundant extracellular
matrix protein in forming enamel tissue, exists in a monomeric form at pH 5.3 and 25°C. It
was tentatively concluded that the N-terminal region contains g-sheet structures, while the
spectral characteristics of the C-terminal region are similar to those of a random coil
conformation. The conformation of the central region was characterized by a strong

negative ellipticity at 203 nm, although its nature remains to be defined.

Tooth enamel is the hardest tissue in mammals and is
composed of the largest calcium apatite crystals in the
body. It is believed that enamel matrix proteins, secreted
by the ameloblasts, play a regulatory role in the process of
enamel crystal formation, but the mechanism has not yet
been defined. In developing enamel, the secreted matrix
proteins have been classified into two groups, amelogenins
and enamelins (1). The amelogenins are major matrix
constituents, corresponding to 90% or more of the total
proteins secreted during developmental stages. The pri-
mary structure of the intact (i.e., secreted) amelogenin has
already been determined in human, porcine, murine, and
bovine (see below). The intact amelogenin is degraded
shortly after secretion, decreasing in quantity dramatically
with developmental advancement, finally leaving the hard-
est tissue, composed almost exclusively (95 wt%) of in-
organic crystals.

Concerning the functional roles of the amelogenins in
enamel mineralization, it has been postulated that the
amelogenins, which are hydrophobic in nature, may con-
tribute passively to the growth of enamel crystals by filling
the intercrystallite space and providing a space for further
growth upon their removal (2). However, recent work (3)
showed that intact amelogenin is adsorbed selectively onto

! This study was supported in part by Grants-in-Aid for Scientific
Research from the Ministry of Education, Science and Culture of
Japan (YG, TT, and SA) and USPHS Research Grant DE07623 from
the National Institute of Dental Research (TA).

2 To whom correspondence should be addressed.

Abbreviations: CD, circular dichroism; LALLS, low-angle laser light
scattering; PAGE, polyacrylamide gel electrophoresis; SDS, sodium
dodecyl sulfate.
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apatite crystals and that adsorbed amelogenin inhibited the
crystal growth of hydroxyapatite in media, as found in vivo.
More importantly, the high adsorption affinity and inhibi-
tory activity of the intact amelogenin were weakened by
enzymatic cleavage of the hydrophilic segment at the
C-terminus and almost completely lost with the subsequent
cleavage at the N-terminus (4). These observations support
the contention that the expression and modulation of
functions of the amelogenins are intimately related to their
molecular structures. However, there is a paucity of infor-
mation about the molecular structures of the amelogenins
in solution and in the solid state.

In the present study, circular dichroism (CD) and low-
angle laser light scattering (LALLS) were utilized to gain a
better insight into the molecular conformation of porcine
amelogenin in solution. The intact porcine amelogenin
consists of 173 amino acid residues (5) and has an apparent
molecular mass of 25kDa by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE). It was demonstrated that,
following the cleavages of segments, the 25 kDa porcine
amelogenin gives rise to products having molecular masses
of 20, 13, and 5 kDa (6). As mentioned above, the degrada-
tion of porcine amelogenin occurring in a programmed
manner appears to modulate the functions of amelogenin
prior to massive loss from the formed enamel. An intrigu-
ing hypothesis is that the intact amelogenin may consist of
independent folding domains having unique properties and
that the cleavage sites may correspond to sites linking the
independent folding domains. To test this hypothesis, we
analyzed CD spectra of intact amelogenin and its frag-
ments. The results were consistent with the presence of
three independent folding units at the N-terminal, central,



and C-terminal regions.

MATERIALS AND METHODS

Preparation of Porcine Enamel Samples—Enamel
matrix proteins were isolated from the secretory enamel of
permanent teeth of a 6-month-old freshly slaughtered
piglet. Tooth germs were dissected out of the mandible.
After removal of the covering soft tissues, the exposed
enamel surface was wiped gently with a paper tissue dipped
in cold saline containing protease and phosphatase in-
hibitors. The secretory enamel was dissected with fine
‘spatulas and then dissolved in 0.5 M acetic acid containing
protease and phosphatase inhibitors. All procedures for
extraction of proteins from the dissected enamel samples
were conducted at 0°C; details of the procedures were
reported previously (3). The proteins extracted in the acid
solution were desalted through a YM-5 ultrafiltration
membrane (M, cut-off 5,000, Amicon) and then freeze-
dried. The obtained proteins were stored at —30°C until
used for analyses.

Figure 1 shows the primary sequences of human (7),
porcine (5), murine (8), and bovine (9) amelogenins. As
indicated by asterisks in the figure, the amelogenin se-
quences are highly conserved among the mammalian
species, particularly at the N- and C-termini. The primary
structures in the central region of the proteins are species-
dependent but are commonly characterized by the presence
of repeated sequences of -Pro-X-Pro- or -Pro-X-X-Pro-.
Table I shows the amino acid sequences of intact porcine
amelogenin and its degraded products. Enzymatic cleav-
ages of porcine amelogenins occur at the sites between
Trp45 and Leud6, and Ser148 and Met149 (6), yielding the
protein of 20 kDa (by SDS-PAGE) lacking the last 25 amino
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Fig. 1. Amino acid sequence of human, porcine, murine, and
bovine amelogenins. (*) indicates homology in these four se-
quences. The sequences -of human, porcine, murine, and bovine
amelogenins are taken from Shimokawa et al. (7), Yamakoshi et al.
(5), Snead et al. (8), and Shimokawa et al. (9), respectively.
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acid residues at the C-terminus, the 13kDa fragment
corresponding to the central region, and the N-terminal 5
kDa fragment. Following the degradation of the intact 25
kDa amelogenin shortly after its secretion, the 20 kDa
polypeptide exists as a major matrix constituent in secre-
tory porcine enamel. Those porcine amelogenins of 25, 20,
13, and 5 kDa were purified by chromatography as de-
scribed in the following section.

Chromatography—Gel filtration chromatography of the
matrix protein extracted from the secretory enamel was
conducted at 4’C on a Sephadex G-100 (Pharmacia-LKB)
equilibrated with 50 mM carbonate buffer (pH 10.8). Each
protein fraction was eluted with the same alkaline buffer,
and concentrated using the YM-5 membrane. Further
purification of each of the 25, 20, and 13 kDa amelogenins
was carried out by seven cycles of chromatography under
the same conditions. Following the final chromatography,
the fractionated sample was titrated with 0.5 M acetic acid
to a pH of around 4, desalted by ultrafiltration with the
YM-5 membrane and then freeze-dried. The 5 kDa amelo-
genin corresponding to the N-terminal 45-residue fragment
was most sparing soluble and tended to associate with other
minor fragments having similar molecular masses. Thus,
following the Sephadex G-100 chromatography, the frac-
tion corresponding to 5 kDa fragment was further separat-
ed on a DEAE-cellulose column using 10 mM Tris buffer
(pH 8.3) in the presence of 6 M urea. The proteins were
eluted with a 0.05 to 0.15 M NaCl gradient in the buffer.
Finally, the 5 kDa polypeptide fraction was purified on an
SP-Sephadex C-25 column with a pH gradient from 3.6 to
6.5; the buffer used was 1 M citrate in the presence of 6 M
urea. Details of the experimental procedures and typical
chromatograms obtained for porcine amelogenins were
reported previously (10). The purity of the separated
sample was determined by amino acid analysis, electro-
phoresis (15% polyacrylamide gels containing SDS for the
25, 20, and 13 kDa proteins and 5% gel in the presence of 6
M urea for the 5 kDa fragment), and partial sequencing at
the N- and C-termini.

Since the fragment corresponding to the C-terminal 25
amino acid residues has not been identified in vivo (the
reason is unknown), the corresponding 25-residue peptide
(C25) was synthesized by a standard solid-phase method.
The crude product was purified by reversed-phase HPLC.
The purity of the final product was determined by amino
acid analysis and Fab mass spectrometry (JEOL, Tokyo).

Circular Dichroism Measurements—CD spectra of the
purified protein and peptide samples were recorded using a
JASCO spectropolarimeter (model J-500A) equipped with
a thermostatically controlled cell holder. Prior to measure-
ments, a weighed amount of the sample was dissolved in
deionized water to yield concentrations of 0.1-0.3 mg
protein (or peptide)/ml. Since some acetate (used in the
solvent for protein/fragment purification) still remained in

TABLE I. Structure of porcine amelogenin and its fragments.
Species Structure
25.kDa 1 173
5-kDa 1 45
20-kDa 1 148
13-kDa 46 148
C25 149 173
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the freeze-dried samples, the resulting experimental solu-
tions were about 5 mM with respect to acetate (the concen-
trations were determined by Dionex ion chromatography).
It was demonstrated (6) that the amelogenin proteins are
sparing soluble at neutral pH and room temperature but
become soluble on cooling or by decreasing the pH below 6.
Thus, the present CD measurements were always conduct-
ed at pH 5.0 to 5.3. Weighed samples of 25, 20, and 13 kDa
amelogenins and synthetic peptide were solubilized without
any visible clouding in the solution, whereas the solution of
the 5 kDa fragment was slightly turbid. In order to examine
thermal transitions of the molecular structures of the
amelogenins, CD spectra were recorded at various temper-
atures. In addition, the change in ellipticity at 230 nm with
increase in temperature was followed at a rate of 1°C/min.
Temperature was monitored with a Sensortek Model
BAT-12 thermometer. The reversibility of the thermal
transition was checked by measuring the ellipticity after
lowering the temperature to 20°C.

All CD spectra were recorded with a 1 mm cell in the far
UV range of 250 to 190 nm. The instrument was calibrated
with ammonium d-10-camphorsulfonate. At the end of
each experiment, the actual concentration of the sample
used was determined by amino acid analysis. The CD data
obtained were expressed as mean residue ellipticity [4],
which is defined as [ 8] =100 X G54/ (Ic), where G,psa is the
observed ellipticity in degrees, ¢ and [ are the concentration
in residue moles per liter and the length of the light path in
centimeters, respectively.

Low-Angle Laser Light Scattering Analysis—The sys-
tem used was reported previously (11, 12). According to
this technique, the molecular weight (M;) of a protein can
be determined by the equation,

_ g (output), s (output)e;~*

M=K (dn/do) (1)
where K is a constant determined by the instrumental and
experimental conditions, dn/dc is the specific refractive
index increment, and (output)_s(output)e;~! is the ratio of
the outputs of the detectors of the scattering photometer
and differential refractometer. The value of dn/dc can be
assumed to be virtually constant for proteins of which the

amino acid composition is not markedly biased. The
amelogenin fragments and the proteins used as molecular
weight standards were judged to be such proteins. The
value of K-(dn/dc)?, unique to the experimental set-up,
was determined from the slope of a plot between the values
of (output),s (output)z,~! obtained for standard proteins
and their molecular weights. The standard proteins used
were: bovine serum albumin (66,000), ovalbumin
(45,000), carbonic anhydrase (29,000), «-chymotrypsin-
ogen (25,000), and RNase A (13,700).

In practice, an aliquot (100 1) of the sample solution,
adjusted to a concentration of 1 to 5 mg/ml, was injected
into a column of either TSK-GEL G3000-XL (Tosoh)
packed with modified silica gel particles or Superdex 75
packed with dextran particles (Pharmacia-LKB). The
column was equilibrated with 20 mM sodium acetate buffer
at pH 5.3. The protein was eluted with the same buffer
containing various concentrations of NaCl (50, 200, and 500
mM), at a flow rate of 0.2 ml/min at 25°C. The elution
profile was monitored with a LALLS photometer (model
LS-8000, Tosoh), which was connected serially with a
precision differential refractometer (model RI-8000).

RESULTS AND DISCUSSION

Circular Dichroism Spectra of Porcine Amelogenins—
Figure 2A shows CD spectra of porcine amelogenins and
synthetic peptide at pH 5.3 and 20°C. The CD spectrum of
the intact 25 kDa amelogenin had a minimum at 203 nm
with an ellipticity of —22,500, suggesting the presence of
some conformational structures. Similar characteristic
features, showing the minimum ellipticity at 203 nm, were
also recognized in CD spectra of the 20 and 13 kDa ame-
logenins. As compared to the value of minimum ellipticity
obtained for the 25 kDa intact protein, the 20 kDa ame-
logenin showed a slightly smaller value (—20,000) but,
interestingly, the 13 kDa fragment showed a significantly
greater value (—30,000). Those spectra of the porcine
amelogenins were similar in shape to that of bovine
amelogenin reported by Renugopalakrishnan et al. (13),
who proposed that the CD spectrum of bovine amelogenin
in acidic solutions resembled the CD spectra of “unorder-
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Fig. 2. Far-UV CD spectra of the porcine amelogenins in 5 mM acetate buffer at pH 5.3 and 20°C. Panel A: the 25 kDa (1), 20 kDa (2),
13 kDa (3), and 5 kDa (4) amelogenins and the C-terminal synthetic peptide (5). Panel B: Measured (solid line) and calculated (broken line)
spectra of the 25 kDa amelogenin. Panel C: Measured (solid line) and calculated (broken line) spectra of the 20 kDa amelogenin.
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Fig. 3. Far-UV CD spectra of the 25 kDa
(A) and 13 kDa (B) amelogenins in 5 mM

acetate buffer at pH 5.3 at various tem-
peratures. Temperatures were 6 (1), 20 (2),
40 (3), 60 (4), and 79 (5) °C.
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Fig. 4. Dependence on temperature of the ellipticity at 230 nm
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signal obtained after heating the 25 kDa and 13 kDa amelogenins,
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genin (1), carbonic anhydrase (2), a-chymotrypsinogen (3), and
RNase A (4) monitored by measuring the absorption at 280 nm.

ed” structures.

The CD spectrum of either the 45-amino acid residue
fragment at the N-terminus or the synthetic peptide
corresponding to the last 25 amino acid residues at the
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Fig. 6. Determination of the molecular mass of the 20 kDa
amelogenin (square) by the low-angle laser light scattering
method. The calibration line was obtained by a plot of (output),_s/
(output)g, against the molecular weights of standard proteins (cir-
cles). Standard proteins were bovine serum albumin (66,000),
ovalbumin (45,000), carbonic anhydrase (29,000), a-chymotrypsin-
ogen (25,000), and RNase A (13,700). The values of (output).s/
(output)s were obtained on the basis of the peak area.

C-terminus, was distinct from those of the porcine ame-
logenins of 25, 20, and 13 kDa. The spectrum of the
N-terminal fragment showed a weak minimum ([f]=
—3,000) at around 215 nm, typical of a 5-sheet conforma-
tion. This finding is in good agreement with the observa-
tions by Fourier-transform infrared and Raman spectros-
copy (14), suggesting that bovine amelogenin has a low
a-helical content, and high 8-turn and 8 -sheet composition.
On the other hand, the CD spectrum of the 25-.residue
peptide corresponding to the segment at the C-terminus
showed a sharp minimum at 200 nm ([ 8] = —35,000). The
overall spectral features of the peptide fragment resem-
bled those of a fully unfolded protein observed at pH 2 in
the absence of salt (15). Thus it is likely that the C-
terminal fragment itself has a random coil conformation in
solution.

Next, we examined whether the CD spectra of the 25 and
20 kDa porcine amelogenins could be predicted from those
of the degraded products. Assuming that the CD spectra
originating from the fragments contribute addictively to
the CD spectrum of the whole molecule, the ellipticities of

J. Biochem.

— 71—



CD Studies on Folding Units of Porcine Amelogenin

the 20 and 25 kDa proteins, [ 8*]z0xps and [ 8* ] 2s0a respec-
tively, are calculated on the basis of the experimental [ 4]
values of the 5 and 13 kDa fragments and the synthetic
peptide C25 according to the following equations:

103

[g*]ZOkDa 148 [0]51(05 148 [0]131(08 (2)

103
[6 ]ZSRDa-' 173 [B]SkDa‘l‘ 173 [0]13kDa+ 173 [G]CZS (3)

Figure 2B shows the results of [#*] calculation with
respect to the 25 kDa intact amelogenins. Interestingly
enough, the calculated spectrum (shown by the dotted line)
was very close to the experimental spectrum (shown by a
solid line). The excellent agreement lends support to our
hypothesis that the intact amelogenin consists of three
independent folding units at the N-terminal, central, and
C-terminal regions. It should be pointed out that the
putative folding units appear to work in a cooperative
manner to realize the postulated function of the protein in
enamel mineralization. Indeed, previous studies (4) de-
monstrated that the whole molecular structure, involving
both the N- and C-termini, was required to maximize the
adsorption of porcine amelogenin onto apatite crystals.

In the case of the 20 kDa porcine amelogenin shown in
Fig. 2C, there was a small discrepancy between the
experimental and calculated spectra. A plausible explana-
tion for the obtained discrepancy is that, following the
cleavage of the hydrophilic fragment at the C-terminus, the
folding structures of the N-terminal and central regions
(now the latter is the C-terminal region of the 20kDa
degraded product) might be modulated slightly. Some
evidence for this was obtained in previous 'H-NMR studies
using photo-CIDNP (chemically induced dynamic nuclear
polarization), showing that accessibility of flavin probes to
the His residues (11 out of the 14 residues are localized in
the central region, see Fig. 1) differed significantly between
the 25 and 20 kDa proteins (16).

Thermal Transitions—Figure 3A shows typical CD
spectra of the intact amelogenin measured at various
temperatures. With increasing temperature from 4 to
90°C, the negative band at 203 nm decreased in magnitude
and, concomitantly, the ellipticity at 220 nm increased. The
increase in [#] at 220 nm suggests an increase in the
a-helix content. As can be seen in the figure, careful
examination of the spectra measured at different tempera-
tures disclosed the presence of an isodichroic point at 214
nm, supporting a two-state transition between the low- and
high-temperature forms. As shown in Fig. 2B, similar
results including the isodichroic point at 214 nm were
obtained using the 13 kDa fragment. The finding that both
the 25 and 13 kDa amelogenin samples displayed similar
thermal transitions, further demonstrates that the central
region of the whole amelogenin molecule constitutes a
relatively isolated domain having little interaction with the
folding units at the N- and C-termini. Considering the high
content of proline residues or the presence of Pro-x-Pro or
Pro-x-x-Pro sequences in the central region of porcine
amelogenin (see Fig. 1), it is interesting to note that the
overall characteristics of the thermal tranmsitions of the
amelogenin protein resemble those of collagen and related
proteins (17, 18).

Figure 4 shows changes of the ellipticity [ #] determined
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at 230 nm as a function of temperature. A plot of the
experimental data for the 25 kDa intact protein yielded a
continuously descending line, indicating that the thermal
transition taking place in the structure of the 25 kDa intact
amelogenin was a gradual process without a cooperative
transition. Again, the data points obtained for the 13 kDa
fragment yielded a line almost parallel to that of the 25 kDa
protein. It is also notable that the thermal transition of the
amelogenins was fully reversible, as supported by the
reproducible value of [#] (indicated by the circle and
square), which was re-measured at 20°C after heating the
sample to 90°C.

Putative Oligomeric State of Porcine Amelogenin—Since
porcine (as well as other mammalian) amelogenins tend to
form intermolecular association in solution (6), we at-
tempted to determine monomeric or oligomeric state of
porcine amelogenin in solution by LALLS coupled with
high-performance gel chromatography. A specific point to
be tested was whether CD spectral features of porcine
amelogenins common with those of collagens originate from
the presence of collagen-like triple helical structure in the
former.

In pilot experiments, it was found that neither the 25 nor
20 kDa protein was eluted from the TSK-G3000SW-XL
column (silica gel) with 20 mM acetate buffer (pH 5.3)
containing various concentrations of NaCl from 0.05 to 0.5
M. When the dextran-base Superdex 75 column was used,
the 25kDa protein was still adsorbed strongly to the
column but the 20 kDa protein was eluted with the same
acetate buffer. The remarkable difference in adsorption
property between the 25 and 20 kDa amelogenins is consis-
tent with the finding (3) that the 25 kDa amelogenin is
adsorbed selectively onto apatite crystals, whereas its
degraded product of 20 kDa, lacking the C-terminal seg-
ment, has lost the adsorption affinity for apatite surfaces.

Figure 5 shows typical elution patterns of the 20 kDa
amelogenin and the standard proteins monitored by
measuring the absorption at 280 nin, obtained at pH 5.3 in
the presence of 0.2M NaCl. The 20kDa amelogenin
comprises 148 amino acid residues and its theoretical
molecular mass, calculated on the basis of its amino acid
composition, is 17,065 Da; it was also determined (19) that
the 20 kDa porcine amelogenin is not glycosylated. The
elution profile of the 20 kDa amelogenin was broader than
those of the standard proteins. We also found that elution
profiles of the 20 kDa amelogenin became much broader in
the presence of NaCl at 50 and 500 mM. A comparison of
the chromatograms showed that this amelogenin was eluted
slightly earlier than chymotrypsinogen (25kDa). This
observation does not imply that the real molecular mass of
the 20 kDa amelogenin is larger than that of chymotryp-
sinogen because it is known (20) that amelogenins do not
behave in solution like a globular protein.

Figure 6 shows plots of (output).s/(output)s; versus
molecular weight, M,, according to Eq. 1. The values of
(output).s/(output)s; were obtained on the basis of the
peak area. The data points obtained with the standard
proteins yielded a line having the slope value of 53,300,
which corresponds to K- (dn/dc)~!. Based on this calibra-
tion line, it was estimated that the molecular mass of the
148-residue amelogenin was 20.9 kDa. Since the peak
profile of this porcine amelogenin was broadened, the
values of (output),s/(output)z, were also obtained from



multiple points around the peak on the basis of the signal
intensities. By using the calibration line of Fig. 6, the
molecular mass was estimated to be 19.8+2.1 kDa. The
good agreement between the weight-average molecular
mass determined for the 20kDa amelogenin and the
molecular mass of its monomeric unit indicates that the
amelogenin exists as a monomer and not as an oligomer.
The agreement between the above weight-average value
and the molecular weights obtained one by one around the
peak maximum also supports the above conclusion.

In conclusion, the present CD studies support the hypo-
thesis that the intact porcine amelogenin consists of three
independent folding units, i.e., the N-terminal, central, and
C-terminal regions. Possible secondary structures existing
in the central region of the intact porcine amelogenin or in
the 13 kDa fragment remain to be determined. It is most
likely that the hydrophilic segment at the C-terminus has a
random coil structure. An important observation, relevant
to the functional significance of amelogenin, is that the
corresponding region affects markedly the adsorption
properties of the whole protein. On the other hand, the
assumed S-sheet conformation in the N-terminal region
may mediate the intermolecular association of the cleaved
fragments or the amelogenin proteins as commonly found
at neutral pH. Further investigation using LALLS is
needed to elucidate the aggregation process of the ameloge-
nins in physiological media.
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Setl ) Peptide ~{0)2 [.% BAG, kcal/mol

Ala Abu Nva Nle
I Ol i I Alay 27,300 = 800 853 ~0.74 = 0.07
. Abuy 27,000 = 500 844 - -0.70=%0.08
. CH g:’ g:z g;‘z Nvay 27,520 = 800 86 %3 ~0.76 = 0.07
ks V2 V.2 Nle, 27,370 = 600 85 x2 - =0.74 = 0.06
CHy CH, Leus 24,100 = 700 7523 ~0.55 + 0.04
CHs liey . 17,800 = 500 56 %2 -0.32 £ 0.02
Setll Yaly 16,000 % 450 502 ~0.27 % 0.02
Tley 4,800 % 300 15+4 0.22 £ 0.04
Ala Abu Val Tle .
. . —{8)322. Mean residue ellipticity (degree-cm?/dmol) of peplides at
1 ) i 1 | o 222nm. S = [8)obs — [910/[0],,.., {60 = the fraction of helix. [8)ghs,
" CH, CH, CH;-—(.'?H CH:,-CIJ ~CH; (6] observed from a previous column; [8)p = 0 = 500 degrec-em?/
(';H: CH, CH, dmol, oblained by titraling a series of peptides with the denaturing
. ) solvent guanidine hydrochloride (23); {8)mex = (1 — 4/n)(8)a = lhe *
Set 1l maxima‘l mean residue ellipticity value for chain lcn}lh wheren = the
NI L 1" Tie number of residues and [8). = —40,000 dcgrcc-cm /dmol (24). AAG
8 eu é . = [ree energy for helix formation of each guest amino acid related lo
| I I [ glycine, AAG, = AG, — AGgy, where AGgy = 0.31 kcal/mol (12).
?HZ CH2 CH3"C';H CH;"CI:“CH:I
(':H2 CHj3- CH C'le CHj
e CHy CHa £2 TAFANTFOrEHALLRTF KO
s .

~Yy IR gEBI*}'l’:F“"ZE‘ft‘f
6-2-2 a.p-THALAEOHA

as B-AEBHI7T I8 (1) BIFE LN, KRORTF FhicbRWIREERATWS, chE
Ta, AFRIATIT /MR BEMEROTENROBICHE CRVWEEATOS, £, histidine a
mmMawueaaoyvmaﬁmbmbantuaocn%u%%9VN7E@M#M%mt;U§
.U%Ctﬁﬂéﬂf“%”oC@TE/&ﬁ%ih%tCaﬁ%é?%ZO@ﬁé@@E%m%?é
LEDBAVT 4 A=y s YERREST AEDSMOA TV B, '

RIRH R DIHFICIEAPhe, Alei, Ahla, APro® 4 > HM>hThbh ., WHECAOBRERT I /&
_R%LT<ﬂsﬂ%méo1Qﬁﬁwz%@ﬁ%%ﬁmibCﬂﬁ—&ﬁ$ﬁmﬁ%ﬂb‘5472@
B 7 — &N (i+1) T ((+)8EDa—+—ic( BLEEREREDNBOVEEZRLTVHEY , A
Pm@ﬁ#UjNT%FTR\ﬁ7—V®MGHwMHMt@@mm#%é%maﬁmﬂﬁhc&ﬁb
BoTVDo bLbzIMRC LEBELERESDOMROa~Y v 7 2HFEEHHTEM|EN 2, B
y—yﬁmﬁMmMﬂwﬁﬁmmoﬁfmmﬁﬁé%&m;Diﬁm?5ocneowﬁaMLumt
mmﬁé@L4MEm<ﬁubﬁ<aormaocwﬁémLmMBmﬂ@Lsmxbﬁ<ﬁofuao
ﬁmﬁ»f:w&ﬁﬁ(mb\%%@»@m«o“E#A@rﬁbéﬁLrna itnccuuv;v
hhE<, BRBOUGFHRICLEbDEELSNT VWS, mﬁoamwcgtk?hﬁu«7fb?
&«U/7zmk%m95hg&#ﬂ&éﬂfvé”ait\AWMﬂﬁ YIEEMY F{AAla
. 7 - 9—/Wﬁ§mbgmgt#mbﬂfhéo
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D-a-7 I/ (. ¢) HEHRERL-a-7
L MORENHREETEEDS, o a-
SERT L/ RTE. D, LEBHAOSBHE L
RO B A~y )y 7 RAGESBLE B C &
BESRTOEY , CORMRER, 94 70D
B3 — VISR E b—HT Bho, iRVI+3
DT 3 /&@Eﬁﬁﬁ‘l.}iafli\ cmmﬁiﬁﬁﬁkt
EnBPbHEOATVNS 'Y, _
FRCHEES B o, a-2 BRT {7 BELTR
a-7 3/ 4 /EEER (Aib:R=R"=Cll,) DBHIShTWw
5o Aib®D Ramachandran plot 5 3 .v.,/a—’\ U
v I ADEETH BHHM-TH Y 8 RBLLD
AibEFRTF FOREBENVBEREDa
~Y oy 7 AEGERINE O EXMS RT3,

180,
10
@ .
120}
60}
9
I -ﬁ’
—~ %10
‘;.0 23 97
4 5
8o 5
672 1
~60} 4
6 1,7
~120f
-180 1 1 1 1
—-180° -120 -60 0 60 - 120
*(°)

B 5 DBrBz-(Aib-L~Ala)u...-OMe-A'.'rZHzOf’Jﬁ}?Wﬁ(%iE‘%c‘:%@Rama‘chandran Plot'"
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Scheme 1

el ST =g
R >
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H H

1

Table I. [0]1204m for Peptides 2--5 (15-30 uM) in Water (0.1% TFA)
al 0 and 60 °C*

: 0°C . 60 °C
peptide ~[8]222 S, % ~{8]22 S %

2 . Ac-A-A-A-(D) [-K-A-A-A-A-K-(L)1-A-A-A-K-A-NH,
oxidized 29600 . 99 15800 53
protected 8400 28 5100 25

3 " Ac-(D)I-K-A-A-A-A-K-(L)I-NH,
oxidized .. 21000 105 13300 . 59
protected ©-3100 - 16 2500 13 .

4 Ac-A-E-(p)1-A-A-A-K-F-L-(L)1-A-H-A-NH,

© oxidized - 29000 105 16 800 48
protecled - 7000 25 4500 16

5 Ac-A-N-E-A-A-D-(p)1-[-A-Y-L-K-Q-(L)-T-K-NH,

oxidized . 31100 104 14900 49

protected 3900 30 . 4500 15

¢ [0} 112, mean residue ellipticity (degree-cm?/dmol) of peptides at

222 nm. [ = [8)ead — [o]o/([a],m [0]o) = the fraction of helix.

[0)otear [8) Observed from a previous column. [8]g = 0 £ 500 dep-

em?/dmol.  [8] . = ((n — 4)/n)[0]. = the maximal mean residuc el-

~ lipticity value for chain length where # = the number of residues and
[0). = —40000 deg-cm?/dmol.!

K6 UH?E@S%imeiéﬁlex®§iﬂ”’

_&muzBmﬁﬁ¢éa&ifrw§iua&uvaxmﬁ%WQﬁzowlﬁat1u§a07
/M VAT 4 FRIBEBRE® AL DREN 2 KIEHRASTE TS 3 EERLTOE ™,
DT F FTRD, L@N—Fmoc—S—(acetamidomethlj'l)—Z;anu:no-S—mercaptohexanoic acid’ ([Z] 6 fp 1)
,w@ﬁmu;bms¢z~5@«7fkw %n%nx&vlﬂﬁﬁauéAénawmmmmmu
-Mm)aw 7@@&&&9/1»74r79,/#mm3nt0gnbo«7frmutns\e

o°cubur$ u«u;axnxr b%rbtoﬂﬁﬁmgk\LMmunLﬁrﬁk%m%
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Table Helix content (pH 7.0, 1°C)
—[68)212. degree-cm®dmol™!

Helix dipole

-Peptide 0.01 M NaCl. .. 1.0 M NaCl interaction .
(+4)E,K 29,000 .- 24,800 +
(i+4)K,E 25,300 .25,700 -
(i+3)E.K 17,600 " 17,400 +
(i+3)K,E 8,500 12,000 -
1 1 L] ] I i T ]
60 - .
50 |
T_ 40 —
Q
g 30 —
N
E 20}
2
2 10
[3e]
e ol
>
= —10 |-
—-20
-30
1
180 200 220 . - 240 260

X{am])

FiG. CD spectra of peptide (i+4)E,K (17 uM) at four lemper-
alures in 0.01 M KF (pH 7.0). dcg, Degree.

(1+4) E.K: AcAEAAAKE,AAAKEAAA;(ANHz
: 7
(144) K.E:  AcAKAAAEKAAAEKAAAEANH, 17mer
Lot <+ -
. + - 4+ - +
(143) EK: | AcAEAAKAEAAKAEAAK AN,
16
{t+3) K,E: AcAfAA_EA)fAAEAL(AAEANHz mer

(Upper) Sequences of the four peptides designed. Ac,
acelyl; A, .alanine; E, glulamic acid; K, lysine. (Lower) Dngram
xllus(ra(cs the poleniial helix- anchormg efTect caused by salt bridges
or ion pairs for the i+4 peplides. Note that the charged groups spiral
around the surface of the helix.
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AcNH-—

= Bt
= '
. H,Noo)
AcNIL
AcNH:
= E -
1
L ooty d.,_/“
n,.\ocJ
L = Ligind
M = Meul lon
1
. (8)
TS
°
£
>
£
o
w 194
O
I
T
o ¢
=
%
g
-204
-40 T T T T Y T
190 200 20 220 230 240 280 240
Tavelength (nm)
Flgure  CD spectra of (A) peptide 28 (12 #M) in the absence of metal

jons (11} and in the presence of Cd** (111) or Ni** (1) (200 M in metals)
at 25 °C and (B)-peptide Sa (36 xM) in the abscnce of metals at 4 and
25 °C (1) and in the presence of Cd'* (200 pM) at 25 (i1) and 4 °C
)

‘®e

WA RSN ELES
HO"; HO_:' H Ofn 2
2 N to N-backbone 'k N-backbone to side chain
LS S me L
Cilh ookl 0 i lgolai

< N-backbone to end

, “R-CHz-S-R- , elc

"~ % -RA-5-S-R-, -R-CO-NH-R-
Figure The concept of N-backbone cyclization.
“®l1 0 Na-backbone cyclization& Ca-ba

— 80—

Tsble  Summary of Changes in -[8],;; on Addition of Melal lons
1o Peptides 1a-d, 2a-d, 3, and dc

-10) change in -[G]m wilh addilive,) %

m

peplide  deg cm;/dmol Co* Ni* ol Za¢ cat
s 0000 . 45 5T 11 =1 %
b 14200 -5 -14. S0 -1 4
e 15500 o~ 0 ) -n
1d -1)800 26 -4) .43 -8 ~16
2 18600 <30 48 -3 -3 S0
2 18300 00035 312 w0
2 18400 % 3 % n 4
2d 17800 33 ) 13 2] 24
.3 17 500 -2 -5 0 -3 -3
4 19300 © 10 -0 -0 IS -I3

“ Peptide, 6-14 uM, pH 7.9 (200 mM 2queous sodium borate), 25
*C. ¥Metal ion, 200 uM. -

Peptides 1 and 2 were designed 1o probe the structural op.limum
for helix stabilization by simultaneous chelation of two amino-
diacetic acid bearing side chains. :

Ac-XAl2,X[Ala,GluLys);-NH,

-1a-d:
20-d; . Ac-XAlagX(AlaGlulys)s-NH;
3 Ac-Alay(Ala,GluLys)y-NH,
4c: Ac AlmX(Na,GIuLys); NH,
5a: Ac- XAlaaXAla‘GluLys NH; .
H, {CH2)WN{CHZLOH),
X= !\N)LC’I
H I
(o]
‘anmi t nel
d nwd

b nu2

ApaRTEFIREBa~y v o 2OEE{LD

N
i

¢

. C to N-backbone

& C-backbone lo end

"f\ = -R-8-$-R- , -R-CO-NH-R- , -R-CH;-S-R-, elc

Figure 'fhe concept of C-bac_kbone cyclization,

ekbone cyclization Ic & 5'4"},';5;@'{&&%:{) '
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[BERBIE]
1) iFLaic

_RT7FFPEEEIZ. ThoD 1 IREED S 4 REE E CUEBEDOKRA RS CRIERBR OIS
BEINTVE, BE. RROXTF N, EEHEIEFBESHSNTVWE M, 205 BIEEEOH
LNTVE ORI LICHEBEETH S, CNRNEBEORBITBAEICLH NEEMBHLH 2 b
DTHBEPOTHb. 7T F, EHEHOBERITFELL TR —MBHUICHVSOLTELBDIR,
XBHEBTEEHREZEBEZARZ PV (CD) THAIo CHNLSDFEILTHRFLRAVONIE
RTIUFBESLTRETE 2 XREEBNMEREROEED» SBEORE/LE TItFEBA O 2 LE
E9T 5,

L LIESE, BzE< 7%y PERORZEL N —F. V7 MEHRETOa Y Ea— s EROREBICE
73V, NMREAW/IHBERITENEERFRELTAHEHZED . FIHENB LS K> TE I,
PAITICNMR % B W7o S AR T 2 B8l 2,

2) NMREEEERRITE

BRSHEEE (NMR) 2RALAEZEHHOBEREOHFIZ. 19 6 0 FRIBICHED ST
o WEDBERE=Z T Z » POREPL2 VY2 — I RINOMRENIRES . ZFIIZIRITTNMREIER
PEROSEGRERZ. NMRZECEMROUKEARRRL DL LTV S,

NMREVEBONIBHERI LT LD, R THOREFORETEELDELEFICLD DS
N BHEPRFROBHMRZERL . S4BEEORKETEE T 3/HIEIB{LF 7 F 2’
Lo, B4 RAEESBERARCHAIN TV S, (LFEY7 PEATORBEERL. ZoZE bick
DEEHEYPTF FOBBELRUEIBRBICITA S, /o, BERR LS OIKEER /54— —-& LT
ZEVEREETERERA — 1 — 9% (NOE) »db 5,

AEVESERRKLIEHS . 0. 0. x D_HAKE>THRED, NHECa HOBAEDHE
T () BRADLD BERSERIICKD STV D,

37 (p) =1. 9—1. 4cos (¢—60) +6. 4cos ($—620)

NOEWR. HF0d37Tutbrvir2z0REBEREHOS PABECRBHELLEZIR. 2070 b %
BRI ICEEST 27 2 b v ORBIRIGEE BT T 2HE T, RATERIN 3,

f (1)
NOE=K
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DQF-COSY AVURREEHE (KAR)
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3) NMRIEEBEREHTIE D FIE & R

X2 iIcNMRIEEBBITEIC L A NEBERITOFIEERTo 2IRTNMRDODCOSYENOESY
2HAELE, SEFERBECIVERENCRISFHOLKEREFORBSAIFELLE D, 51N
OESYXID{l~Ds vz~ 7 DERLVKFFEFEOHEFERSGOoNE, (K3, 4)
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NMR /D GHEDOES & #EKHR X

RD;Restrained Molecular Dynamics

i NMR /DG G {834y MN-) DHR X & FH B WAHNE NMRAZEH M ORE
1976 2-Dimension NMR(COSY)
1977 | Crippen J.Comp.Phys. 24, 96 Embedding 2DJ(-resolved)
1978 | Crippen, Havel Acta Crystallogr. A34, 282 | Metric matrix H-C COSY
1979 : SECSY
1980 NOESY
1981 | Crippen et al. Int.J.Pep.Pro.Res. 17, 156 | Bleomycin (7+2)

Braun, Go, & B.B.A. 667, 377 Glucagon (29)
Withrich et al.
1982 BPTI sequential
assignment
1983 | Braun et al. J.Mol.Biol. 169, 921 Glucagon refinement Pure phase spectra
Viithrich, J.Hol.Biol. 169, 949 Pseudo aton DQF-COSY
Billeter & Braun TOCSY
Noguchi, Go J.Phy.Soc.Japan 52, 3635 Derivative in dihearal
angle (D.A.)
1984 | Havel, Wiithrich Bull.Math.Biol. 46, 673 DISGEQ {Pascal language) ROESY
Abe, Braun, Go Comp.Chen. 8, 239 ’DISMAN’ algorithm Secondary structure
et al. from J & NOE
1985 | Kaptein, van J.Mol.Biol. 182,179 Model + RD, Lac repressor | HOHAHA
Gunsteren et al. head (51) ' E-COSY
Havel, Wuthrich DISGEQ, BPTI(58)simulation
Williamson, Havel, J.Mol.Biol. 182,285 DISGEQ, BUSI WA (57)
& Withrich
Braun, Go J.Mol.Biol. 136,611 DISGEQ, BPTI simulation
1986 | Kline, Braun J.Mol.Biol. 189,377 DISKAN, Tendamistat (74)
& Wiithrich & X-ray diffractioin
(¢=DR.Huber, et al., J.Mol.Biol. 189,377) method
Brunger, Karplus, P.N.A.S. 83, 3801 RD, Crambin simulation(46)
& Gronenborn . )
Clore, Karplus, EMBO J. 5, 2729 DISGEQ + RD, Purothionin
& Gronenborn, et al. (45)
1987 | Wagner, Braun, J.M.B. 186, 611 DISGEO/DISMAN, BPTI(58) PE-COSY
Havel, Go, & Withrich et al.
Kraulis, Jones Proteins 2, 188 NOEDIA (Ada), Crambin
- simulation
Vako, Go J.Comp.Chen. §, 625 Vectorized derivative
in D.A.
1988 | Kline, Braun, J.Mol.Biol. 204, 675 DISHAN, Tendamistat 3-Dimension NMR
& Withrich refinement
Nilges, Gronen- Protein Engineer. 2, 27 Simulated Annealing,
born et al. Crambin etc.
Moore, Havel, Science 240, 314 DISGEQ + RD, Plastocyanin
& Wright et al. (97
1989 | Wuthrich Science 243, 45 Protein Structure Determi-

nation by NXR/DG
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HEETO. ABEEEZRE. T 2. AIBEIN22RETNMRF— 2 oDEHIT.
ONO E S Y& 5 ORKEDKZRFEFRERREEH
@COSYDLOLDREVEAENP LB/ ON S _HADEBER
@H-DXKREED» S/ OH 2KEHEESHEH
@ILFEHRHD» SB LN B S - SESER
WEMBH B,

NM REEBERFITE DR R & L T,
ORBMRETOBERT (EFERICRESHELD
Q L& MG IR i< LA RS R E ST EE
QOHWEDIE S £ ZHF v < THRITAIEE
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EAE—H LI, (K5)

(a)NMR } ) kar7- s Hish )it [A.D.Kline ef al., J. Mol. Biol, 189, 380, Fig.3 (1986)]
(DXL N Red 7o 8588 [J. W. Pflugrath ef al.,J.Mol. Biol., 189, 385, Fig.1 (1986)]
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Total Synthesis of Aureobasidin A, an Antifungal Cyclic Depsipeptide

Toru KUROME, Kaoru INAMI,T Tetsuya INOUE, Katsushige IKAI, Kazutoh TAKESAKO,*
Tkunoshin KATO, and Tetsuo SHIBA*T
TPeptide Institute, Protein Research Foundation, 4-1-2 Ina, Minoh, Osaka 562
Biotechnology Research Laboratories, Takara Shuzo Co., Ltd., 3-4-1 Seta, Otsu, Shiga 520-21

A total synthesis of an antifungal cyclic depsipeptide aureobasidin A was first
achieved mainly using PyBroPl) as a coupling reagent. The synthetic cyclized product
was completely identical with the natural antibiotic in all respects. Some unexpected

reactions due to N-methylamino acid were also described.

A new cyclic depsipeptide aureobasidin A (1), isolated as a major component from the culture medium of
the black yeast Aureobasidium pullulans R106, exhibits a strong antifungal activity against pathogenic fungi such
as Candida albicans, Cryptococcus neoformans, and some species of Aspergillus with a low toxicity.?) A whole
structure of the peptide was determined mainly by the HMBC technique and chemical degradation.3) The
structures of more than twenty congeners of aureobasidin were determined in comparison with aureobasidin A.4)

7
MeVal he MePhe®
D- Hmp
4 0
HOMeVal N Pro°®
N
i
H3C
MeVal
alle!
Aureobasidin A (1)

For purpose of investigation of a structure-activity relationship of the aureobasidin family antibiotic, we
attempted a total synthesis of aureobasidin A aiming an establishment of a synthetic technique of the cyclic
depsipeptide containing N-methyl amino acids, which is known to be difficult to condense by usual peptide-
coupling methods.

The linkage between alle! and Pro? was chosen as a site of the final cyclization to avoid the coupling at an

N-methyl amino acid as an amine component, which otherwise may diminish a yield of the cyclization reaction
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due to its steric characters. A linear nonapeptide(1-9) was synthesized according to the Boc strategy. Thus, a
coupling between Leu3-HOMeVal4-HmpS (Segment B) and MeVal6-Phe’-MePhe8-Pro? (Segment C) was first
attempted, followed by condensation of the coupling product (3-9) with allel-MeVal? (Segment A) by the

fragment condensation as shown below.
Segment C was prepared by a stepwise elongation method starting from Boc-L-Pro-OPac (11) as a

carboxy! terminus by the successive condensation using PyBroP5) and DIEA in dichloromethane.5)

Segment A

Boc-L-afle-OH
PyBroP, DIEA 7n
HCI'H-L-MeVal-OPac —>  Boc-L-alle-L-MeVal-OPac —@—» Boc-L-alle-L-MeVal-OH
2 (41%) 3 1% 4
Segment B
1) BSTFA 1) HCl (96%)
H-DL-HOMeVal-OH ——— Boc-DL-HOMeVal-OBz2l ———————— Boc-L-Leu-DL-HOMeVal-OBzl
2) Boc,0 2)Boc-L-Leu-OH
5 3)BzIBr, Cs,CO3 6 PyBroP, DIEA 7
(94%) (65%)
H, /P H-D-Hmp-OP
2/Pd P+ Boc-L-Leu-DL-HOMeVal-D-Hmp-OPac

——— Boc-L-Leu-DL-HOMeVal-OH >

(100%) 3 DCC, ND—ND 9

(79%)
scparation
" 1 Boc-L-Leu-L-HOMeVal-D-Hmp-OPac Boc-L-Leu-L-HOMeVal-D-Hmp-OH
on silica ge
Segment C
1) HCI 100% 1)HCl  (100%)
Boc-L-Pro-OPac yHC ¢ » . Boc-L-MePhe-L-Pro-OPac ' -
2)Boc-L-McPhe-OH 12 2)Boc-L-Phe-OH
11 PyBroP, DIEA (83%) PyBroP, DIEA
(86%)
1) HCl (92%)
Boc-L-Phe-L-MePhe-L-Pro-OPac » Boc-L-MeVal-L-Phe-L-MePhe-L-Pro-OPac
13 2)Boc-L-McVal-OH
PyBroP, DIEA 14
(86%)
HCI
3% > HCI+H-L-MeVal-L-Phe-L-MePhe-L-Pro-OPac

15

DL-B-Hydroxymethylvaline (HOMeVal) in Segment B was prepared according to the method by Izumiya
et al.)) Although HOMeVal could not be protected with the Boc group by the usual manner, the protection could
be achieved after activation and solubilization by trimethylsilylation with BSTFA. The introduction of the benzyl
group to its carboxyl function and the removal of the Boc group were carried out, followed by coupling with
Boc-L-Leu-OH using PyBroP without protection of 3-OH group in HOMeVal to afford 7 in a moderate yield.
After deprotection of Bzl group, a mixture of the diastereomers of the product 8 was coupled with H-D-Hmp-
OPac with DCC and 4-pyrrolidinopyridine as an acylation catalyst. In this condensation reaction, DCC was

89—



Chemistry Letters, 1993

superior to PyBroP in the yield. Both coupling reagents without the base catalyst did not afford the desired
product owing to the formation of the oxazolinium compound of Boc-Leu-HOMeVal as a main intermediate.8)
The diastereomers of the product 9 were separated each other by silica gel column chromatography,?) and the L-L-
D compound (9L) was deprotected with zinc/acetic acid to give 10 (Segment B). The coupling of 10, whose C-
terminus is a hydroxy acid, Hmp, with 15 was carried out using PyBroP to avoid a racemization. After removal
of the Boc group in the peptide 16 with TFA , a fragment condensation with 4 (Segment A) by the WSCD-
HOObt method was carried out to give the protected linear nonapeptide 17 with a slight racemization as shown in
the scheme, although the same condensation by the PyBroP method gave a 1:1 mixture of the completely
racemized diastereomers.

H3C
CH3 0
(0)

0 COOH PyBroP
CH DIEA .CH3
HO N R 15 COOPac HO N °H
N
o ™ Boo Segment C (75%) 0] * Boc 16 COOPac
10 Segment A
Segment B I o H
N.
HOOC N)‘j:' Boc CH; 0O CH3
e o o) N
1) TFA (4)
2) HCl/dioxane WSCD-HOObt

\,‘I COOPac
(93%) (60%) i:\/ )‘j%
1) Zn/ AcOH PyBroP

Aureobasidin A (1)

2) TFA
3) HCl/dioxane \'ji NHZ COOH in CH2C12
91%) (45%)

The protecting groups of both carboxy! and amino groups in the linear nonapeptide 17, which was
purified diastereomerically, were removed successively, and then the free peptide 18 was cyclized with PyBroP
in CH2Cly under a high-dilution condition (10-3 M) to afford predominantly the cyclic monomeric peptide (PD-
MS: Found, M+ 1100; Calcd for cyclic monomer, 1100). The cyclization of N-hydroxysuccinimide ester of the
nonapeptide at the same concentration in CH2Cl as in that of PyBroP reaction gave a cyclic dimer as the major
product. In case of PyBroP, the reaction seemed to proceed promptly compared to that in the active ester. There-
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Table 1. Minimum Inhibitory Concentrations (itg/ml) of Natural and Synthetic Aureobasidin A

Natural Synthetic

Candida albicans TIMM 0136 <0.0125 <0.0125
Candida albicans TIMM 0171 <0.0125 <0.0125
Candida kefyr TIMM 0301 0.4 0.4
Candida glabrata TIMM 1062 0.1 0.2
Cryptococcus neoformans TIMM 0354 0.8 0.8
Saccharomyces cerevisiae ATCC 9763 0.2 0.2
Aspergillus fumigatus F48 >25 >25

fore, a condensation in a high-dilution condition was actually achieved preventing the dimerization in that case.
On the other hand, the cyclization of the active ester in DMF proceeded very slowly even though the cyclic
monomer was obtained as a major product besides the dimer. Such difference depending on the solvent seemed
to arise from the solvation feature of the peptide molecule in DMF which may be advantageous to the monomeric
cyclization.

The synthetic cyclic monomer thus obtained is completely identical with the natural antibiotic in all
respects (TLC, HPLC, 'H-NMR, and antifungal activities). Thus we now achieved the first total synthesis of
aureobasidin A with the unique pattern of the antifungal activity.
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Synthesis of 2'(3')-O-Aminoacyl-pdCpA Carrying a Photofunctional Nonnatural Amino Acid

Takaaki NIINOMI and Masahiko SISIDO*
Research Laboratory of Resources Utilization, Tokyo Institute of Technology
4259 Nagatsuta, Midori-ku, Yokohama 227

A mixed dinucleotide pdCpA, was synthesized and characterized by
spectroscopic as well as enzyrriic analysis. The dinucleotide was acylated
with an N-protected nonnatural amino acid (Boc-azoAla). The acylation
was found to occur at the 2'(3")-O position exclusively.

Transfer RNA misacylated with a noncognate amino acid is known to work in protein
biosynthetic system and insert the amino acid into a specific site of a protein.1) Therefore, if
one can acylate a tRNA with a nonnatural amino acid, one will obtain an unusual protein in
which the nonnatural amino acid is incorporated at the site that should have been occupied by
the amino acid cognate to the tRNA. Since direct aminoacylation of tRNA at the 3'-O position
of the terminal A unit seems intractable, an alternative pathway using enzymic ligation of 3'-O-
aminoacylated pCpA with a truncated tRNA missing a terminal pCpA unit, has been
proposed.2-7) The semisynthetic tRNA was actually shown to work for the site-specific
incorporation of nonnatural amino acids, by Brunner,) Schultz,6) and Chamberlin.”)
Chamberlin and coworkers?) showed that the C unit of pCpA can be replaced by a deoxy C
(dC) unit. Although this markedly simplified the synthesis of the dinucleotide-amino acid
conjugate, synthesis of the 2'(3")-O-aminoacyl-pdCpA is still a key step in the entire process.

In this communication we describe a synthetic route that is much simpler than earlier,3-7)
to an aminoacyl-pdCpA carrying a nonnatural amino acid, L-p-phenylazophenylalanine, i.e.,
5'-O-phosphoryl-2'-deoxycytidylyl(3'-5"-[2'(3")-O-L-phenylazophenylalanyladenosine] =
pdCpA-azoAla. The azobenzene units in proteins will photocontrol protein functions.

The synthetic route for pdCpA-azoAla is shown in Scheme 1. As starting materials, a
commercially available deoxycytidine derivative, 4-N-benzoyl-5'-0-(4,4'-dimethoxytrityl)-2'-
deoxycytidylyl-3'[(2-cyanoethyl)-(N,N-diisopropyl) Jphosphoramidite 1 (American Bionetics,
Inc.) was used as a dC component and 6-N,2'-O, 3'-O-tribenzoyladenosine8) 2 was employed
as an A component. The coupling of the dC component (480 mg) with the A component (277

mg) was carried out in a usual manner.9) The product was fractionated with a silica gel
column [MeOH/dichloromethane(DM)] in 61% yield. The 5'-O protecting group of the
dinucleotide was removed with 5% trichloroacetic acid in DM. The crude product was

" Present addess: Department of Bioengineering Science, Faculty of Engineering, Okayama
University, 3-1-1 Tsushima-Naka, Okayama 700.
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Scheme 1. Synthetic route to pdCpA-azoAla-Boc (6) and structure of puromycin analog (7).

fractionated with a silica gel column (MeOH/DM) in 86% yield. Phosphorylation of the free
5'-O position was achieved with cyanoethyl(diisopropylamino)methoxyphosphine.2-10) The
crude product was fractionated with a silica gel column (MeOH/DM) in 80% yield. 31P NMR
showed 4 large peaks that are interpreted by a predominance of two diastereomers among RR,
RS, SR, and SS isomers of the two chiral centers on the phosphorus atoms.

The fully protected dinucleotide was deprotected in two steps. The methyl ester at the 5'
terminal was removed with thiophenol and the benzoyl group at the nucleic bases and the
cyanoethyl esters were deprotected with aqueous ammonia. The product was fractionated with
reversed phase HPLC (ODS column, eluent = acetonitrile/0.1 M ammonium acetate, pH 7.0,
linear gradient with increasing acetonitrile from 0% to 50% in 50 min). The chromatogram
showed three peaks. The first fraction (15%) showed the same IH NMR spectrum as pdCpA
reported by Schultz and coworkers.6) The third fraction (70%) was assigned to pdCpA with
cyanoethyl ester remained at the 5' phosphate. When this fraction was further treated with
aqueous ammonia for 24 h, the product was identical to the first fraction. The 31P NMR
spectrum of the first fraction showed two equivalent peaks, indicating the absence of chirality
on the phosphorus atoms. The assignment of the first fraction to free pdCpA was further
supported by enzymic digestion using snake venom phosphodiesterase or nuclease Pl. An
HPLC analysis of the products of the enzymic reaction indicated an equimolar amount of
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in trifluoroacetic acid at O °C for 30 min, and the acid was purged off by a stream of nitrogen.
The residue was washed with ether and dried under vacuum. HPLC analysis showed complete
removal of the Boc group. The pdCpA-azoAla could be stored for several weeks at -20 °C.

In conclusion, pdCpA aminoacylated with a nonnatural amino acid at the 2'(3")-O
position was synthesized from commercially available intermediates. The pdCpA-amino acid
will be used to incorporate the nonnatural amino acid into proteins at any specific sites.

The authors appreciate professors T. Hata and M. Sekine of Tokyo Institute of Techno-
logy for their suggestions on the synthesis and enzymic analysis of pdCpA. We also wish to
thank professor S. Yokoyama of The University of Tokyo for suggesting puromycin analogs.
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5-dCMP and 5-AMP, indicating a 1:1
presence of dC and A unit. The total yield

of the deprotection was 84%.

Aminoacylationof pdCpA was carried - PdCpA-azoAla-Boc
out using an N-protected amino acid
activated ester in DMF, according to Schultz
et al.6) Free pdCpA (3x10-3 mmol) was
converted to a pyridinium form using a

Dowex 50 W column (pyridinium form, 3

mL, eluted with pyridine/water = 1/1,12
mL).  The pyridinium salt was then

Aeg /L mol‘l Cm-l

converted to tetrabutylammonium form
using a Dowex 50 W (tetrabutylammonium
form, 3 mL, eluted with pyridine/water =
1/1, 12 mL). The eluted solution was
evaporated and dried under vacuum. The

latter was dissolved in anhydrous DMF (75 250 340 460 580
uL) containing triethylamine (6 pL) and Wavelength /om
mixed with 5 equivalents of t-butyloxycar-

bonyl L-p-phenylazophenylalanine cyanome-  Fig.1. CD spectraof 6 and 7 in 0.1 M

thyl ester (Boc-azoAla-OCM) under argon ammonium acetate (pH 7).

atmosphere. The mixture was stored at room temperature for 4 days and diluted with 50 mM
ammonium acetate (pH 4.5)./acetonitrile=1/1 (600 pL). The resultant mixture was subjected to
preparative HPLC under the same condition as described above.

The HPLC chart showed 6 large peaks. Reasonable absorption spectra were obtained only
for two fractions that appeared at 22 min (fraction 1) and at 25 min (fraction 2). The two
fractions may be assigned to pdCpA-azoAla-Boc's aminoacylated at 2'-O and 3'-O position of
the adenosine unit. This was confirmed by the interconversion of the two peaks. ©~ When
fraction 1 was lyophilized and analyzed again with HPLC, the chromatogram showed two
peaks with the same intensity ratio (1:4) as before. The same phenomenon was observed for
the fraction 2. Similar interconversion has been reported on 2'(3")-O-phenylalanyladenosine
with a preference of the 3'-O derivative than the 2'-O derivative.ll) Therefore, the fraction
1 may be the 2'-O derivative and the fraction 2 may be the 3'-O isomer. The combined yield
of the two isomers was 69%. Both fractions showed trans/cis photoisomerization when they
were irradiated with a 350 nm light (trans to cis) or with a 450 nm light (cis to trans),
indicating the presence of azobenzene unit. pdCpA-azoAla-Boc showed a characteristic CD
pattern at the azobenzene absorption band (Fig.1). The CD pattern is similar to that of a
puromycin analog N-acylated with azoAla (7).12) The resemblance strongly supports that the
aminoacylation is occurring at the 3'-O position. The N-protecting group (Boc) of pdCpA-
azoAla-Boc could be removed by an acid treatment. The lyophilized substance was dissolved
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Switching of biological reactions by external signals, such as
light irradiation, has been attracting the interest of a number of
researchers.!-* On/off switching of enzymic reactions will have
alarge effect on the yield of final products because of the catalytic
reactions of the enzymes. For this idea to be realized, however,
it is crucial to attain absolute zero reactivity in the “off” state,
since even minor reactivity in the “off™ state will be amplified to
cause significant total reactivity.

In the past, chemical modification of inhibitors, cofactors, or
enzymes to attach photochromic groups, such as azobenzene or
spiropyran, has been reported.!¥ In these examples, one of the
photoisomers shows higher activity than the other, resulting in
the photocontrol of biological reactions. In most cases, however,
the difference of the activities of the two photochromic states is
not large enough, except for a few cases.® To achieve on/off
switching, one should design a system in which a large effect is
induced from a relatively small change in the molecular shape
of photochromic groups. Another factor that may suppress the
activity ratio in a system with azobenzene is that a pure cis state
cannot be attained under UV irradiation. Therefore, the system
should be “on” in the cis form and “off” in the trans form to
achieve zero activity in the “off” state.

In this communication, we report a general approach to
switching biological reactions using an azobenzene group com-
bined with an antibody against a trans-azobenzene group. A
monoclonal antibody against a nonnatural amino acid cartying
an azobenzene group, L-p-(phenylazo)phenylalanine,’ has been
prepared by our group.!® The antibody binds an azobenzene
group when it is in the trans form, but releases it when the latter
is photoisomerized to the cis form. The binding and release could
be repeated many times. If one can attach an azobenzene group
to some key substances, such as enzymes, substrates, ligands,
receptors, etc., the biological activity of these substances can be
photocontrolled in the presence of the antibody.!! One of the

* To whom correspondence should be addressed. Present address: De-
partment of Bioengineering Science, Faculty of Engineering, Okayama
University, 3-1-1 Tsushimanaka, Okayama 700, Japan.
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Figure1. (a) Reduction of DCIP by the coupled enzyme system mediated
with azoAla-NAD*: (—) in the dark without antibody; (- - -) after UV
irradiation without antibody; (—--) in the dark with antibody; (—)
after UV irradiation with antibody. (b) A profile of on/off switching of
the coupled enzymic reaction.

important features of the azobenzene/antibody system is that
the antibody binds and inactivates the trans form and can provide
the “off™ state.

We have chosen NAD™ as the key compound and modified it
with an azobenzene group. NAD* acts as 2 common coenzyme
for a large number of oxidoreductases in the respiration system.
The control of NAD* activity by the binding of antibody has
been reported by Carrico et al.!? They showed that DNP-bound
NAD™* was inactivated by the addition of anti-DNP antibody.

As an azobenzene-bound NAD* derivative, a conjugate of
L-p-(phenylazo)phenylalanine (azoAla) methyl ester and N®-
carboxymethyl-substituted NAD* 13 (azoAla-NAD*, 1) was
designed.14

X-ray crystallographic analysis of several enzyme-NAD*
complexes revealed that the amino group of the adenine ring is
exposed to the solvent,!3 suggesting that substitution of this amino
group will not severely reduce its activity. Infact, NS-substituted
NAD* has been shown to retain high activity.!%13.1617 The
azobenzene-bound NAD* was added toa coupled enzyme system

(12) (a) Carrico, R. J.; Christner, J. E; Boguslaski, R. C.; Yeung, K. K.
Anal. Biochem. 1976, 72, 271-282. (b) Schreder, H. R.; Carrico, R. J,;
Boguslaski, R. C.; Christner, J. E. Anal. Biochem. 1976, 72, 283-292.

(13) Lindberg, M.; Larsson, P.-O.; Bosbach, K. Eur. J. Biochem. 1973, 40,
187-193.

(14) The azoAla-NAD* was synthesized from azoAla methyl ester and
Ne-carboxymethyl-substituted NAD* by using water soluble carbodiimide in
50% aqueous dioxane. The crude product was purified to a single peak in
reversed-phase HPLC. The product showed 1:1 incorporation of the azobenzene
group and NAD* in the absorption spectrum and reasonable enzymaticactivity.

(15) Rossmann, M. G.; Liljas, A..; Branden, C.-1.; Banaszak, L. J. In The
Enzymes, 3rd ed.; Boyer, P. D, Ed.; Academic Press: New York, 1975; Vol.
11, Chapter 2.
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consisting of alcohol dehydrogenase, which reduces NAD* to
NADH, and diaphorase, which oxidizes NADH to NAD* with
anappropriate electronacceptor. As the latter acceptor, we have
chosen 2,6-dichlorophenol-indophenol sodium salt (DCIP), be-
cause the reduction process can be followed by the fading of blue
color.

As shown in Figure 1, the reduction of DCIP in the coupled
enzyme system!® is mediated by the azoAla-NAD™ either in the
trans state or in the cis state, with a little smaller rate in the latter
state.!® When the antibody was added to the enzyme system in
the dark, the reduction of DCIP was completely stopped. The
mediation activity recovered toabout 72% of the inherent activity
of azoAla-NAD* by the UV irradiation.? The incomplete
recovery may be due to incomplete photoisomerization to the cis
state. Addition of a large amount of azoAla methy] ester to the

(18) The reaction mixture contained 50 mM Tris-HCl (pH 7.5), 100 mM
ethanol, 0.02 mM DCIP sodium salt, 1.25 units/mL yeast alcohol dehydro-
genase, and 2.5 units/mL Clostridium kluyveri diaphorase. The reaction was
initiated by adding azoAla-NAD* (total 0.5 uM) with or without the antibody
(total 0.25 um). The reaction was carried out at 25 °C and followed by the
absorbance of DCIP at 600 nm.

(19) A Hg-Xe lamp with a bandpass filter (350 = 20 nm) was used for
UV irradiation of azoAla-NAD*. A cutoff filter (>420 nm) was used for
visible light irradiation. .

(20) NADH is also photoexcited by the UV irradiation, and the excited
NADH would reduce DCIP directly. The possible nonenzymatic reduction
of DCIP, however, could not be detected in a control experiment in the absence
of diaphorase and the antibody.

Communications to the Editor

Scheme 1. Schematic Illustration of Photoreversible
NAD*-Mediated Coupled Enzyme Reaction. ADH =
alcohol dehydrogenase; DI = diaphorase

Ab-NAD' | | .
Ab-NADH inactive
ayv * fvis
CH3CH20H NAD¥ > Red
CH3CHQ NADH Ox

system in the presence of the antibody in the dark also recovered
the mediation activity. This is interpreted in terms of the
inhibitory effect of the azoAla methyl ester that competes with
the azoAla-NAD™ for the binding sites of the antibody.

Visible light irradiation of the UV-irradiated mixture again
suppressed the mediation effect, and the photocontrol could be
repeated many times under alternating photoirradiation with UV
(on) and visible (off) light. Thisis expected since the azobenzene—
antibody binding has been shown to be photoreversible.!?

To conclude, the azoAla-NAD*-mediated enzyme reaction
could be photoswitched reversibly in the presence of the antibody
against the trans-azobenzene group. The mechanism of the
photoswitching may beillustrated as depicted in Scheme 1. There
are several advantages in the present system. First, a complete
“off™ state was attained by the blocking of the trans-azobenzene
group with the antibody. Second, since NAD* is a commonly
occurring mediator in a variety of oxidoreductases, this principle
can be easily applied to other systems. Furthermore, since the
antibody against the azobenzene group may undergo little cross
reactions toward other proteins, the azobenzene /antibody couple
can be utilized in a wide variety of biological systems, if one can
attach an azobenzene group to some key substances, such as
enzymes, coenzymes, inhibitors, etc.
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the antibody against zrans-azobenzene.
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i 2 . Fibrin Clot Inhibition

*Highest concentration tested

no. compound 1Ch.® M
1 hiruding,es  Gly-Asp-Phe-Glu-Glu-Ile-Pro-Glu-Glu-Tyr-Leu-Gin-OH 3.7
2 hirudin PAg, ¢ Gly-Asp-Phe-Glu-Pro-Ile-Pro-Glu-Asp-Ala-Tyr-Asp-Glu-OH 2.7%
3 Suc-Tyr-Glu-Pro-1le-Pro-Glu-Glu-Ala-Cha-p-Glu-OH 0.15
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8 Suc-Phe-Glu-Pro-1le-Pro-Glu-Glu-Tyr-Leu-D-Glu-OH 1.6
9 Suc-Phe-Glu-Pro-lte-Pro-Glu-Glu-Tyr(OSO;H)-Leu-p-Glu-OH 0.087

10 Suc-Tyr-Glu-Pro-1le-Pro-Glu-Glu-Phe(p-NO,)-Leu-p-Glu-OH 2.8

11 Suc-Tyr-Glu-Pro-1le-Pro-Glu-Glu-Phe(p-NH,)-Leu-b-Glu-OH 0.38

12 Suc-Tyr-Glu-Pro-Ile-Pro-Glu-Glu-Phe(p-NHSO;H)-Leu-p-Glu-OH 0.12

13 Suc-Phe-Glu-Pro-1le-Pro-Glu-Glu-Ala-Tyr-p-Glu-OH 1.2

14 Suc-Phe-Glu-Pro-Ile-Pro-Glu-Glu-Ala-Tyr(OSO;H)-p-Glu-OH 0.30

15 Suc-Tyr-Glu-Pro-lle-Pro-Glu-Glu-Ala-Phe(p-NO,)-p-Glu-OH 0.71

16 Suc-Tyr-Glu-Pro-lle-Pro-Glu-Glu-Ala-Phe(p-NH,)-p-Glu-OH 2.9

17 Suc-Tyr-Glu-Pro:1le-Pro-Glu-Glu-Ala-Phe(p-NHSO4H)-p-Glu-OH 2.5

18 Suc-Tyr-Ser-Pro-1le:Pro-Ser-Ser-Ala-Cha-Ser-OH >16

19 Suc-Tyr-Ser(0SO;H)-Pro-1le-Pro-Ser(0SO,H)-Ser(OSO;H)-Ala-Cha-Ser(OSO,H)-OH 0.21

9]Cy = molar dose of peptide that results in 50% inhibition of fibrin clot formation relative to a biank control after thrombin added to

plasma.

2.RTF RIC LB LT E DTN

ANaReAE & > 232 fivronectin ML LD L £ 779 HFEET B 2 £ 25, fibronectin D ER45F R 7 F K%
A5 L. RGDEFIZS LT ZICREEGT BT &2 RV L2, C#k4.5)e T77. Williamsb 2k b
Reo3 virus L Reo3RICHESTT 5/ 7 O —F+ VHAKD 7 X/ BRELYIO—3¢ B BHID & . Reo3RICES
BTAHNRTF FEER LA Z G INTWA (M3, &3, LHk6),
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a . Concentration for

Code Sequence 50% cell attachment

Fibronectin 0.10 nmol m1™*

W YAVTGRGODSPASSKPISINYRTEIDKPSQM(@Q 0.25

VA VIGRGDSPASSKP IC 18

ve SINYRTE)IDKPSQMQ >50.0

VA1 VTGRGDSPA(C 25

A2 SPASSKP I SO >500

IVA1a VTGRGDEO 10.0

IVA1b GRGD SO 3.0

VA1C RGDSPA([ 6.0

AVDS ARYDSPAWQ >50.0
[zj 2 100 - b

Attachment of NRK cells to immobilized fibronectin and
synthetic fibronectin peptides. a, Peptides were synthesized by
Peninsula Laboratories (Belmont, California) according to our PN iy =8 :\‘521
sPef:ifica(ions, to include a COOH-terminal cysteine, (C). The ,d' g/ L IVINTS
activity of each peptide is indicated on the right of the figure by 751 S
the concentration necessary to achieve 50% maximal attachment F
In the assay described below. b, The synthetic peptides were assayed E o
for their ability to promote the attachment of NRK cells by first [ /
attaching the peptides via the heterobifunctional cross-linker SPDP 'f A o
(N -succinimidyl-3-(2-pyridyldithio) propionate; Sigma) to rabbit 3 B g
1eG which had been immobilized on polystyrene®. By using radio- 5 50 /
labelled peptides or antibodies to the larger peptides, we have N A '
determined that coupling of the peptides using this method is more ° J s o
than 85% complete (data not shown). Peptides not containing a J
Cysteine are not included in the figure as the methods used to /
Immobilize them appeared to be less efficient (sec text). The 25 d %
altachment assay was carried out as described® using freshly o o
trvpsinized NRK cells. After incubation for 1 h at 37°C, those o /A
cells which had attached were fixed, stained and quantitated using g/
cither an Artek cell counter or a vertical pathway spec- A2V,
rophotometer. In all cases. maximum attachment was ~ 80-90% ob L T . RVDSPAC

ol the cells plated. The titration curves for whole fibronectin (FN)
and peptide 1V (ref. 3) are shown here for comparison.

e« ANTI-DI0TYP IC/ ANTIRECEP TOR ANTIB00Y

T ARTHLIGANO ANTIBOOY

"% DUYERAINE AMWO ACD S

U SEQUENCE & COrP ARE
1O LIGANO SEQUENCE

ANTRECIPTOR ANTIOOY

1.0

[Peptide] (nmol m1~Y)

¥ N

OEVELOP PLPTIOLS

_—__} WITH PROPERITES

OF THE LIGAND

10

[XJ 3 General slra(cfy for the development of receptor
binding peptides based on antibody structure. A ligand-
recepror interaction is depicted. In (1), the ligand is utilized as
an immunogen to develop anti-ligand antibodies. In (2), these
anti-ligand antibodies are ulilizc§ as an immunogen to devel-
op anti-idiotypic/antireceptor antibodies, which mimic the
ligand functionally. In (3), the receptor is utilized directly as
the immunogen for the development of antireceptor antibod-

. ies, some of which also mimic the ligand. In (4), the amino

acid sequence of the variable regions of the antireceptor
antibody are determined. These sequences are compared to
the sequence of the ligand to establish areas of sequence
similarity. In (5), pepudes are developed based on these
»sequences, and their activities tested. TEcsc peptides can be
further modified, to investigate specific structural features
involved in receptor binding, and the information gained can
be utilized to develop novel biologically active compounds that
interact with the receptor.
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®3 Sequence similarities between amino acids 317-332 of the HA3 and a combined determinant composed of the second
complementarity determining regions (CDR 11s) of both Vy (residues 43-56) and V_(residues 39-55) of 87.92.6. These sequences
are shown here, termed Reo for the HA3 determinant, V for the 87.92.7 V. CDR 1I, and Vy for the 87.92.6 V, CDR II.
Identities are shown with an (o) while amino acids of the same class are shown with a (+).

A\

o + +

Gin Gly Leu Glu Trp Ilc Gly Arg llc Asp Pro Ala Asn Gly

Reo: Gin Ser Met ~ Trp Ile Gly Ilc Val Sef TyrSer Gly Ser Cly Leb Asn

VL:

o

Lys Pro Gly Lys Thr AsnLys Lcu Lculle TyrScr Gly Ser ThrLeu Gln

3. RTF FIC & BHED5

Tkl

RTF F% mwtlkF—TW%EK@Téﬂ%M%%T@ﬁQ&OCh%@ﬂ%ﬁﬁﬁﬂﬁﬁ

RTF R RHEHICERLIE P =—T,2FAELALDDOTHY,

FREBDEVPTRTHS,

COFEIZ X DPAEEBRNT BT

4 mer 5 mer
1.5 p— I—
i
Ri1.e — —
®
0.5 -
AR RARERREENE|
’ ! I
6 mer 7 mer
1.5 — =
%LO— ' —
=
8.5 (— —
NIRRNAERARRARREEER l?!l!llll!l 11
ST 0
1 120 110 120
7Ii/MREES 7i/RMERR

K4 77 FO7 3 /BAEKICL SRBORBEOE
7S Furro—kilEELEIC4, 5, 6BLUTT S /&75‘6’2‘
BA—mT oy TRTF FERRELT, T HANEORGEE BN

R BEGESEOERE B E LHRENA T F KoM LR, EEHEDE, 78
F b 21 Y EHEKACRITH T 5 B EHAEGIACRRIF P TE 2 Z LI D RIET S5 OT, AT

Btk L IERIICEST B RTF F RV

control{glycine)

Torpedo a 183-200 F=mm=rmmr s

human «183-200
Torpedo «70-90
human a70-90
Torpedo a125-147

cpm/adsorbent, 50mg wet wt.

1x10* 2X10* 3x10*
T T A T
monse
jsanennoco A
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FHE A N TV B CLHRI~13),

hait-life time (hours)

contro! U ARARIOUAAR]
anti-(Torpedo a183-200)
anti-(Torpedo «70-90)
anti-(human «70-90) -
anti-(Torpedo 2125-147) b
anti-Torpedo native AChR =

5 A gam@ERCas<TFF0aTH
o+ #orBESHEE (calculated as 102, 903 cpm/
50 g of a-bungarotoxin)
B MRTFFAKICLZPEFLAY R
RN



Torpedo a183-200

human «183-200

model peptide, a107-116-a67-76-a2107-116

X6 AChRaH7azy bt dHRARNTFF (2OBATNT I /MESIAEEL AT

FRRTFF) OABEPTOIFIRE computer-graphic

BRI (NMR) T 0.005M KIBDOBR7F P EKRT 5407 3 /D70 b
k4 overhauser BIMLEBIAIL T a b U ISIEME% T3, £5% % Braun Go o k. 3 7 4

RF A SF A MY —TRENCEYT, ARSI L

ra-PEPZAX: {1 N UF 4 v TR

N
1
—
=)
R
H o R
e

8 ¥

BEHTHHA
LRt
ERCHH
@ F I

N E 1k

7 TUEDARDIE 22 U JobF B SLEEBN R (TTRIHTT) DU

100 TR A R LRGN D b o,
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4. F Dl
MLCKAR T F RFEANVETY 2) ¥, TOFTAL VARTF N &G, 34V U RTFRERTIFV
$ELDOWMEDH B, FEMICOVTIIICER14, 1555 BRI TWiE X0,

BEIHR

1) Hortin, L. et al.:Inhibition of thrombin's clotting activity by synthetic peptide segments of its inhibitors and
substrates. Biochem. Biophys. Res. Commun. 169:437,1990

2) Krstenansky, J. L. et al.: Design, Synthesis and antithrombin activity for conformationally restricted analogs
of peptide anticoagulants based on the C-termnal region of the leech peptide, hirudin. Biochim. Biophys.
Acta, 957:53, 1988

3) Payne, M. H. et al.: Positional effects of sulfation in hirudin and hirudin PA related anticoagulant peptides. J.
Med. Chem. , 34: 1184, 1991

4) Pierschbacher, M. D. et al.: Cell attachment activity of fibronectin can be duplicated by small synthetic
fragments of the molecule. Nature, 309(3): 30, 1984

5) KA ECA: MBS I O HBEART ST & IEs T e~ DL M. A fhbrEE, 10: 18, 1992

6) Williams, W. V. et al. : Development and use of receptor binding peptides derived from antireceptor
antibodies. BIO/TECHNOLOGY, 7:471, 1989

7) FREGR AL ARANTF FEH VALY =~ TOREE - ¥ b~ 72 % v ik EREEE, 10
2117, 1992

8) Geysen, H. M. et al.:Strategies for epitope analysis using peptide synthesis. J. Immunol. Methods, 102 :
259, 1987

9) Takamori, M. et al.: A synthetic peptide, torpedo californica a 183-200, of the acetylcholine receptor as a tool
for immunoadsorption via plasma perfusion in myasthenia gravis. Artif. Organs Today, 1:53, 1991

10) Takamori, M. et al. : Myasthenogenic significance of synthetic o -subunit peptide 183-200 of Torpedo
californica and human acetylcholine receptor. J. Neurol. Sci., 85: 121, 1988

11) BSFIE B EEDE O L WIGRORE.  HEENEHAHE, 7: 503, 1990

12) WA — B8, 4t 7 = F v 2 Y RFRGEART T & B U AT 060 iR A 4 o B
5. ATIER, 22: 194, 1993 |

13) BFIEI: 7 F 0T VRS T L HAE B 050 &, 165: 102, 1993

14) W SR TF FICX 28 Vs B8 oy HAEATN OBSE. 1b2, 43: 202, 1988

15) Luckas, T. J. et al.: Calmodulin binding domains: characterization of a phosphorylation and calmodulin

binding site from myosin light chain kinase. Biochemistry, 25: 1458, 1986
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5 F &% B B se  (2)

ARIEEFARN
B R

(BNBE])

EBERERTF F-ZB5EPHBERTF F-MREORTCRIEFCHBEN»OSEHOW
(BBEER. 100°MRUT) BEa¥A»LhE, ZEERPHGBR¥EEOT I /  BPSR 2 5
VIRIBTHEBEN, RTFFEILPFN PN E2HERENCSFERINLCEHAONCES T
Bidicid, FOBRRBT I/ BEF T, FOBEORIPLERDOTH A5, 2 COME
LTS DEKEWT 7o —FBHEIRTWES

D5 v5L - RTFPF-54T5)V—DRIY—=2
QEEMEHS v s HD 73572 ML
@DNAHFHHNTF FE

@4 Fesey—~ (BKEKE) HEEE.

20 U TicshFho 7 7 ve—FoWER %2R 20

@IEATD

D5 v 5L - RTFFS54TS5Y—-—DRIY~—=vF
TI/EBSEBEIPONBEZRTFFERHNELTEATCSH, TNBRRBO2EHO 7 ¥/ B
DODOARBE LB SWFER. -2 UBEO T I v BoEAICIE 1 B L
EVWIBRMARBERIEFNNBERET S -oT., TE3RUERBHECEVEDORTF M %
SVYFLTRESETIA TS —2BETHLE, 20dEA20BEEL2 > bOBER
LTHARBETRAEV, FE-1RRLALIERTF N 5475 Y —2BETIHEER
. RKBl$2L5 Vv LERFODNAZHAWLIERFIFREIS2HFEE. LEESKICL 3
HEENL D, BrTILFREIZFE (H-1) TRRZY—=rvricE-TEhLR
TFFPOHBPHEHERERETEETH3HP, XAET7I/VBLIMIAADITWI EE, BE
DI VYN IBORIBIKRTF FE2RMEEB 21D, RTF FOEIREENS ZEDREA
BHbdo —H. LEERKLIZHFETRIFIXRRE 7 I VBOMARAARBEHTH 3568, B
KEBHEZEUL 54175 )V —~TREAADRTF FELBRADTHBREZ DRI Y —= v
T OREPEEELER S, COMUEIVyIL  RFFPF -S4 T5)—-2HVEEhETOD
MATE., Z2 )V —=VIiBREERREOBEABE (¥ +—7) OREBETH 3, L
»LREIT,. BEOEHEBRBLTCEAT IV IFvyo—FTHBavHhF+s5Y A (Cond)
KERENICERTEIRTFIFBIDRTFF 34 T5 ) ~itkd it -THBLINT
W3 CoRBRR. ARRBRTFFTCRVWEBEREYEER2RTF FBERI S C
EPAETHE I EERLTED, BEENICORKERELOZEIATY 5,

— 110 —



£—1. 1000 LORTFFEFURTFF 5475 ) —OHEE

#fEFITE a=3=1
7y-y 7 730 B F4-N o) JE i
AT FE 7y-y" SRER ITE=2077 b #- EAIRS 27| EMLY$ %% U 7 /1Lt
ODXFE s B AR - B E—-X #FZ

HEOBE O MEETO O MERFO QN7 v-hEE OV -2 Y7o OF nREZE

A (NNK) A (NNK) IEVERE VN g IR E TR/ AL
@7y-y" 3477 3)- QKBETORE QYrLETo QHEE DN 4) &  QOXRZTHRE
DHEE 977 vo$-+7 3230 ATTTFN SBK B—HWATERK &AWL

HESEOERK (FmocH:) (Fmoc, Bock:) AT FY AR

@r7V—=rv7 @RIY—=vy @R72V—=rvT QRIV—=rT Q@RI Y—=r
@DNAEEBLT|RE ODNAERETIRE

£ BT MIEWIHEE HabE I e FERARTI/VEB FERRTIV/ B FEXRTI /B
BEYVRERS BEVIRERS DOE VA BT HE DY A A B EE DHLY A A \]HE

R NTFVEIREBE U7 ved--7" 323 Py EoARKRED) HBEENBOSHK =303
JERREIRT] HEELRETE NG|

I F B ConAfE&A 7" FV P {/vwintEo =353y 7o w7 VIERELE b v itk o

DR BEEJIORE  REEFIORE - ORAEIORE WEEFIORE
(YPY) (RQFKVV) (ETTET) (RRWWCR) (YGAFM)
X #R (12) (6) (14) (8) (9)
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a)

b) ' ' <—random
— peptide

2
/pﬁm
site

Signal sequence ‘ gl

Kpnl BstX1
5° amber 3
AGTGGTACCTTTCTAGTCCCACTCCGCTGTTG

X¢ G G G
CTTTCTATTCCCACTCCINNSGCCGCCGCCTCCE
CATGGAAAGATAAGAGTGAGQ lcecececead

X 5 LIBRARY

A E € Xg C G G
CTTTCTATTCCCACTCCGCTGAATGCINNGITGCGGCGGCTCCG
[CATCCAMAGATAACAGTGAGCCGACTTACK] Jaccccaceceq immobilize

iy PR v ¢
receplor 2 A

C-X €C LIBRARY

K—-1. BREFIFERLIES VIbs - TFF.5475) —DHEE
a) 7r—YHEY. b)) 753X FEY

QRENHEEGI v 278073574 Mt
HB5RTFFCHLTRBRENRCEEGT 27 Y2807 I /7 BEFNSELHICK - T W
3BA. WEREBEFEOHRTF FERHEEHNIKAR L. AHESETF FESEMN IR
ETIMAERERLIIET 25 ETH D, COHFEILEL->T, ~"EFEPTLLETNIHB
HBCHBa7 v Autbd v ryOEGI v/ BORHSRTF FOohic2 y MOBIKTE
ABTsbDoBRWEERTVWSE (F-2) '9,

@DNAMHBENRTF FiE
HBE5RTFFEa2—~FFTELDNALHEHBHUAEDNARKRE-TI—FINBZRTFF (H
HHUARTF FPEFENRS) BBEVWLEALHS L VWHRE (SFREHES) HEExH
TWd, CHEDNADOHMENLBRI WL RTF FOHBUYEEEBEEMN T 2 KBELIR
MTHD, BEROSBVN, EHARIH»BVERBLTETVS (F-2) 'Y, zpdi ¢,
ACTHRXLTO. 3nMOBHEMUTERTEIRTF FHEBVWLEIATYL 3,

@4 FProcy— (BKEKE) HEE

RTFPFOHFEDONA Fo vy —BHBNCR2LCHEFORTF FE2RH T2 HE
THdo PIAWE, BAKEESES NI Pty —lX-LIERBIEVWT L=yl T
Bnrda ey —HOoRbEWVWAYa A vy (+4.5) ( /81 (+4.2) « a4 v v (+3.8)
EHRTBHEVIEINHETH S, EF L L TR, BEERRFiELTIOn MOSE
HTRHRETE2XTFF (UBREORTF FO8BE) BBOATWE (F-2) P,

—112 —



K-—2. *7F FlonFHIOH

BT F (BRER SGFHIN~TF F (BREX REEE R (M) XK
a7 e bFsy (14) HEeEgH R ~7F F (200 2x107° (16)
BRIy (LE) 8477129 (118) a¥77 129 DB 7771 (26)  KRERE (17)
BIE R ER &+ Ve v (ACTH) (39) DNAMHI~TF F (24)  83x107'° (19)
y LY FNT 4 v (17) DNAMHEHHI T F F (17)  2x10°% (19)
VXX 2LV T —¥STFF (20) DNMMEBEHNRTF ¥ (20) 1x10°°* (19)
YT Ry AP (11) DNAMHHEEI =T F ¥ (9) 6x107°% (19)
1A vvay v (21+430) DNAMHEHHI=T F F (6) 3x107° (21)
i 5 3 LR+ (TNF) (157) ME on" y-3EEEA" 7 FF (14x8) 1 x 1 0°%  (22)

c-rafBEE FEMISA 77V (20) s on" y-3EHA 77 FF (20) 8§x10°° (23)

(X)) (BREERLOERBREI1VIFLUBROXIKERL )

1. SYFT L RTFFS53A4AT5)—DRIYV—=r7T

kR

1. G. Jung & A.G. Beck-Sickinger (1992) Multiple peptide synthesis methods and
their applications., Angew. Chem. Int. Ed. Engl., 31, 367-383.

)54 735V —OREE

2. R.N. Zuckermann et al. (1992) Identification of highest-affinity ligands by
affinity selection from equimolar peptide mixtures generated by robotic
synthesis., Proc. Natl. Acad. Sci. USA, 89, 4505-4509.

3. R. Frank (1992) Spot-synthesis: An easy technique for the positionally
addressable, parallel chemical synthesis on a membrane support., Tetrahedron,
48, 9217-9232.

4. R.B. Christian et al. (1992) Simplified methods for construction, assessment
and rapid screening of peptide libraries in bacteriophage., J. Mol. Biol.,
227, T11-718.

5 K.T. 0'Neil et al. (1992) Identification of novel peptide antagonists for
GPIIb/I1la from a conformationally constrained phage peptide library.,
Proteins: Structure, Function, and Genetics, 14, 509-515.

6. M.G. Cull et al. (1992) Screening for receptor ligands using large libraries
of peptides linked to the C terminus of the lac repressor.

7. K.S. Lam et al. (1991) A new type of synthetic peptide library for
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identifying ligand-binding activity., Nature, 354, 82-84.

R.A. Houghten et al. (1991) Generation and use of synthetic peptide
combinatorial libraries for basic research and drug discovery., Nature, 354,
84-86.

S.P.A. Fodor et al. (1991) Light-directed, spatially addressable parallel
chemical synthesis., Science, 251, 767-773.

VA2 YV —=v S OEH

10.

11.

12.

13.

14.

Z. Songyang et al. (1993) SH2 domains recognize specific phosphopeptide
sequences., Cell, 72, 767-T718.

Y.-H. Chu et al. (1993) Using affinity capillary electrophoresis to identify
the peptide in a peptide library that binds most tightly to vancomycin., J.
Org. Chem., 58, 648-652.

K.R. Oldenburg et al. (1992) Peptide ligands for a sugar-binding protein
isolated from a random peptide library., Proc. Natl. Acad. Sci. USA, 89,
5393-5397.

J.K. Scott et al. (1992) A family of concanavalin A-binding peptides from a
hexapaptide epitope library., Proc. Natl. Acad. Sci. USA, 89, 5398-5402.
A.M. Lew et al. (1989) A protective monoclonal antibody recognizes a linear
epitope in the precursor to the major merozoite antigens of Plasmodium
chabaudi adami., Proc. Natl. Acad. Sci. USA, 86, 3768-3772.
BRENESs v 2B 75724

16.

17.

18.

H.M. Rarick et al. (1992) A site on rod G protein a subunit that mediates
effector activation., Science, 256, 1031-1033.

K.E. McLane et al. (1991) Identification of sequence segments forming the
a -bungarotoxin binding sites on two nicotinic acetylcholine receptor a
subunits from the avian brain., J. Biol. Chem., 266, 15230-15239.

S.R. Krystek, Jr. et al. (1991) Identification of subunit contact sites on
the a -subunit of lutropin., Biochemistry, 30, 1858-1864.

T.A. Santa-Coloma & L.E. Reichert, Jr. (1991) Determination of « -subunit
contact regions of human follicle-stimulating hormone B -subunit using
synthetic peptides., J. Biol. Chem., 266, 2759-2762.
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20.

21.

K.L. Bost & J.E. Balalock (1989) Preparation and use of complementary
peptides., Methods Enzymol., 168, 16-28

J.E. Balalock et al. (19893) Use of peptides encoded by complementary RNA

for generating anti-idiotypic antibodies of predefined specificity., Methods
Enzymol., 178, 63-74. _

V.P. Knutson (1988) Insulin-binding peptide., J. Biol. Chem., 263, 14146~
14151.
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23.

G. Fassina et al. (1992) Binding of human tumor necrosis factor a to
multimeric complementary peptides., Arch. Biochem. Biophys., 296, 137-143.
G. Fassina et al. (1989) Recognition properties of peptides hydropathically
complementary to residues 356-375 of the c¢-raf protein., J. Biol. Chem., 264,
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79 BERNTHEHE

S5 . ~ '
o IS - RS L TR S FER AP0 VT KRB A (B i,
0/0’ \o\o ~BBRTI» R, BE@)T HEEFE, p. 186 (1978) rv).

o iz kED—His EER
Ry NEMAS E (), WH%

€Y] .
WA=RFER 2 TCROBEIEIS b,

PeePR 099
$84448464

(a) (b)

FFIIVOVALBFRIBZF ¥ VRN
(Sung, S.S. & Jordan, P.C.: J. Theor. Biol.,
140, 369 (1989) X D).

T
2x107"n"t

D By vEravEs s ARR BRUARTORKFEROE
WP HERPRDSI I Yo VAXMX TGRK LK b @ (Hadky, S.B. &
- Haydon, D.A. : Biochim. Biophys. Acta, 274, 294 (1972) & h).

7 7 A F vV ESEHAL Muller, P. & Rudin,
D.O. : Naturae, 217, 713 (1968) 1 D).

(<)

TI72FY 752 VFAORAR. 7525V VFFHS LR T »
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. Stereo, side-view of the M28 pentamer with three A:m.. ions. The N-terminus is at the
bottom of the structure.
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LTP INDUCIBILITY AND OTHER FUNCTIONS OF MCD DERIVATIVES AND ITS ANALOGUES
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Helichrome: Synthesis and Enzymatic Activity of a
Designed Hemeprotein® '

‘Tomikazu Sasaki* and Emil T. Kaiser?

Laboratbry of Bioorganic Chremistry and Biochemistry
. The Rockefeller University -
. New York, New York 10021

amphiphilic «-helix o
T L 5 10 15 )
Ala-Glu-Gln-Leu-Leu-Gln-Glu-Ala-GIu-Gln-Leu-Leu-GIn-Gh_:-Leu-amide

a ' o b

-A.: Ala, E: Glu, O:‘ Gin, L: Leu

L (axial ligand) Y
* Figure 1. Proposed structure of helichrome 1 after folding of the pepti

Figure 2.- Amino acid scquence of peptide: (a) helix wheel and (b) hclix-i;{
diagram, in which the circle represents hiydrophobic amino acids..: :,-,‘;,,.»‘.;

DRYY

chains.
Biopolymers, Vol. 29, 79-88 (1990)

Synthesis and Structural Stability of Helichrome as an
Artificial Hemeproteins

TOMIKAZU SASAKI'™ and EMIL THOMAS KAISER

Laboratory of Bioorganic Chemistry and Biochemistry, The Rockefeller Univérsity, New York, New York 10021

SYNOPSIS

A detailed procedure is described for the synthesis of helichrome, which is the firs¢
successful example of polypeptide-based artificial hemeprotein. The segment synthesis-
condensation approach used for the assembly of small proteins has proven to be extremely
useful for protein mimetics as well. The final deprotection was performed using the
TMSOT{-thioanisole method instead of the less-convenient hydrogen fluoride method.
The unfolding transition of the a-helical conformation of helichrome induced by guanidine
hydrochloride was studied to understand the stability and dynamics of the folded
structure. The resulting parameters (G5 =52M and AGH0 = —44 kcal mol™!)
characterizing helichrome denaturation were comparable to that of native globular
proteins.
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s}fl th esis of a Sequence-Specific DNA-Cleaving
peptide

m SuzaNNa J. HORvATH, MICHAEL F. BRUIST,

sy L SiMON, PETER B. DERVAN

—_—
" A- g thetic 52-residuc peptide based on the sequence-specific DNA-binding domain of
’ynmmmbinasc (139-190) has been equipped with ethylenediaminetetraacetic acid
(mﬂ' ‘A) at the amino texminus. In the presence of Fe(I), this synthetic EDTA-peptide
geaves DNA at Hin recombination sites. The cleavage data reveal that the amino
grminus of Hin(139-190) is bound in the minor groove of DNA near the symmetry
gis of Hin recombination sites. This work demonstrates the construction of a hybrid |
pepeide combining two functional domains: sequence-specific DNA binding and DNA

daavage-

Milnor Groave Major Groove

A 1 10 20
GRPRAINKHEQEQISRLLEKG
ay
30 40 50
HPRQQLAIIFGIGVSTLYRYFPASS IKKRMN
o oy

B n\/\i Ry H o -
HO N)\ren\;/ua\m
\g/o\ng\c')/o s R, ‘s
Ho/'\/"'\)\ou

1

Hin(139-190)

TR
Tz
zZ
——ZZ
—_—ZZ
—Z T
— T e—
Z
& 2 and
zZ-

Flg. 2. (A) The 52-residue peptide is the COOH-

oduced by a diffusible
Flg. 1. Cleavage pacterns proct y terminus of Hin, amino acids 139 to 190. Tenta-

oxidant generated by EDTA - Fe localized in the

minor and major grooves of right-handed DNA.
The edges of the bases are shown as open and
crosshatched bars for the minor and major

tive o helix assignments are underlined; helices a;
and aj are from alignment with CAP and \-cro,
o, was assigned using the Garnicr algorithm (21).

grooves, respecuvely.

Fig. 4. The scquence left to right represents the
cleavage data from the bottom to the middle of
the gel in Fig. 3. (A) Boxes arc the 26-bp hixL
binding site, sccondary Hin-binding site, and
start of the hin gene. (B) Bars represent extent of
protection from MPE - Fe cleavage in the pres-
ence of Hin(139-190) (Fig. 3, lanes 5 and 14).
(C) Arrows represent cxtent of cleavage for
Fe- EDTA-Hin(139-190) at 10 pm (Fig. 3,
lancs 9 and 10). (D) Cleavage patterns for
Fe- EDTA-Hin(139-190) at 1.5-uM (Fig. 3,
lanes 7 and 12). Extent of cleavage was deter-

mined by densitometric analysis of the gel autora-
diogram.

(B) Synthetic peptide 1, EDTA-Hin(139-190).

A HixL

Secondary Hin S
5'TTTATTC&ZTCTYGAAAACC!ACGTYT'I”I'0Al’AmGCAlTCCTCCATClCAAAAGCGACTAAA*YCYTCCTTAYCTGATCTAAACGAGA*LT 1
Y AAATAAC AGAACYTTTGCTTCCAAAAACTATITCATTAGCACGTACTCTTTITCCCTAYTT AGAAGGAATAGACTACATTTCCTICTUTTAC,
B 10 uM Hin(139-190) -;.J:"

a1
MPE-Fs it}
. . . 1
S:TTTA TGCTTCTTCAAAMACCAAGET TCCTYCCATGAGAAAACCCACTAR TTCTICCTTA TCATG ANCCAGAAAATEATE:
Y AAATAACCAAGALACTTITITGCTTCCAMAAACTATTITCS ACCACCTACTCTTITTICGCTCATT AAGAAGRALY ACTACATITICCTCTITT !lt:
Y
" - T
c : : Y]
10uM o
FE+EDTA-HIn(139-190 -n’;:
assot il g " Wl ol 13
S:TTTAT‘l’dcYTCTTclAAACcAAGGTTYTTGATAAAGCAATCETC:ATGLCAlAACCCACTAAAATTCTTCCTYIYCTCATGTAALCQAGAAAH’CH(
3 AAATARCCAAGCALACTTITGGTTCCAAAAACTATTICOTTACGAGGTACTCTTITTCCCTOATTTTAACAAGOAATACACTACATTTCCTCTTTITASI
‘ ' tt e tm Y

iy

T

1.5uM ) N f‘)

Fe+EDTA-HIN(139-190; “ . l B
{ Wil 1 e bl L

S TTTATTCGTTCTTCAAAACCAACCTTTTTCATARACCAATCCTCCATGAGAAAAGCGACTAAAATTCTTCCTTATCTCATCTARAGCACAARRTCLY
3 AAATAACCAAGAACTTTTGGT TCCAAAAACTATTTCCTTAGGAGCTACTCTTTTCCCTCATTTITAACAACGAATAGACTACATTITCCTCTTTITACT

1t 1[”1 (AL N L i

p

]
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