|

) <

The University of Osaka
Institutional Knowledge Archive

Development of a Method for Protein Synthesis
Title Using S-Alkyl Thioester of Partially Protected
Peptide Segments

Author(s) |dbig, #1E

Citation | KPrKZE, 1994, {Bt:m

Version Type|VoR

URL https://doi.org/10.11501/3075268

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



Development of a Method for Protein Synthesis
Using S-Alkyl Thioester of Partially Protected
Peptide Segments

Hironobu Hojo

1994



Acknowledgements

This study was performed at the Research Center for Protein Engineering, Institute
for Prbtein Research, Osaka University. I received various kinds of help and information
from almost all members of the center and others, but I especially thank the following
persons who made my work possible:

My supervisor Professor Saburo Aimoto for guidance, sharing his knowledge,
encouraging support throughout this work, and for his great kindness and friendship.

The members of the center for much help and friendship: Ms. Shoko Yoshimura
and Ms. Chieko Maegawa.

Professor Yasutsugu Shimonishi and Dr. Toshifumi Takao, for valuable
suggestion and encouragement as well as for allowing me to measure mass spectrum.

Professor Fumio Sakiyama and Mr. Satoshi Kuroda for measuring the enzymatic
activity of bamase and RPSc(299-410) as well as for valuable comments.

Professor Shoichi Kusumoto, Faculty of Science, Osaka University for valuable
comments on this thesis.

Professor Yoshifumi Nishimura and Dr. Kazuhiro Ogata of Yokohama City
University for their encouragement of the chemical synthesis of DNA binding domain of c-
Myb protein in chapter I.

Professor Kunio Hikichi, Isao Tanaka, Dr. Sakae Tsuda, and Yoshimitsu Kakuta
of Faculty of Science, Hokkaido University for NMR spectrum measurements of HBs in
chapter I and III.

Professor Mitiko G0 of Faculty of Science, Nagoya University for her kind advice
throughout the studies in chapter IV and V.

Dr. Haruhiko Tamaoki for his valuable suggestion, encouragement, and

friendship.



My parents Nobumasa Hojo and Reiko Hojo for their encouragement and patience
in all these years.

This study was partly supported by Grants-in-Aid for Scientific Research Nos.
62540407, 01740322, 02263101, and 03740287 from the Ministry of Education, Science
and Culture.



Abbreviations

Bz benzyl

Boc t-butoxycarbonyl

Boc-ONSu N-(¢-butoxycarbonyloxy)succinimide
Bom benzyloxymethyl

Br-Z 2-bromobenzyloxycarbonyl

Bu! t-butyl

CHA cyclohexylamine

Cl-Zz 2-chlorobenzyloxycarbonyl

DCC dicyclohexylcarbodiimide

DCM dichloromethane

DIEA N,N-diisopropylethylamine

DMF N,N-dimethylformamide

DMSO dimethyl sulfoxide

ESI electrospray ionization

FAB fast atom bombardment

Fmoc 9-fluorenylmethoxycarbonyl
Fmoc-ONSu N-(9-fluorenylmethoxycarbonyloxy)succinimide
For formyl

HOBt 1-hydroxybenzotriazole

HONp 4-nitrophenol

HONSu N-hydroxysuccinimide

iNoc 4-pyridylmethoxycarbonyl
iNoc-ONp 4-pyridylmethyl p-nitrophenyl carbonate

MBHA 4-methylbenzhydrylamine



Tmb

Tos

Troc
Troc-ONSu
Tnt

z

4-methylbenzyl

L-norleucine

1-methyl-2-pyrrolidinone

4-methylmorpholine

3-nitro-2-pyridinesulfenyl

cyclohexyl ester

benzyl ester

t-butyl ester
2,2,5,7,8-pentamethylchroman-6-sulfonyl
reversed-phase high performance liquid chromatography
triethylamine

trifluoroacetic acid

2,4,6-trimethylbenzyl

tosyl

2,2,2-trichloroethoxycarbonyl
N-(2,2,2-trichloroethoxycarbonyloxy)succinimide
triphenylmethyl

benzyloxyéarbonyl
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General Introduction

The purpose of the present study is to establish a facile method for chemical
synthesis of protein. The development of a new synthetic strategy is essential to realize
routine preparation of proteins by chemical means and protein studies using synthetic
proteins. Its success will also open a way to create proteins with novel characteristics and
functions, which will not be attained by a recombinant DNA technology.

The solution methods of peptide synthesis have been continuously improving over
the past 90 years. Furthermore, based upon the accumulated knowledge obtained using
solution methods, a new strategy of peptide synthesis, the solid-phase method, was
invented by R.B. Merrifield in 1963.1) Using these two methods, a tremendous number of
complex peptides have been synthesized.

Although both methods have been successfully applied to the preparation of small
peptides, most protein synthesis has not been performed by chemical means, but by
recombinant DNA technology, because of intrinsic difficulties involved in both chemical
methods.

In the solution method, the product has to be isolated and confirmed after every
coupling reaction. Thus, this method of synthesis requires enormous numbers of
experienced chemists. Nevertheless, synthesis is not always successful because of
solubility and/or reactivity problems of protected intermediate peptides. In addition, the
complete purification and confirmation of intermediates become more difficult as the chain
length increases. Several groups have synthesized proteins by solution method, such as
RNase A2) and parathyroid hormone.3) However, those procedures cannot form the
general basis of protein synthesis because of the reasons mentioned above.

On the other hand, the solid-phase method realized simple and rapid preparation of

peptides. Reagents are introduced to the reaction vessel containing a peptide on an insoluble



resin and mixed with it for a given time. After that, the resin is washed with appropriate
solvents to remove excess reagents. Basic chemical processes, including the coupling
conditions of each amino acid derivative, have been intensively studied and sophisticated
protocols for chain elongation cycles have been developed for machine assisted synthesis.

Along with the development of related technologies such as reversed-phase high
performance liquid chromatography (RPHPLC) and mass spectrometry, the solid-phase
method became the major means of peptide synthesis. One can easily confirm the desired
peptide in a crude product by the combination of RPHPLC and mass spectrometry and it
can be efficiently isolated by RPHPLC.

The solid-phase method, however, also presents problems in the protein synthesis.
For instance, inter-chain aggregation and secondary-structure formation occur more or less
with the increase in peptide-chain length. This causes imperfect deprotection of an a-amino
protecting group as well as incomplete incorporation of an amino-acid derivative. Mainly
because of these intrinsic difficulties, the synthesis of a highly pure peptide with more than
50 amino acid residues is still difficult.

Thus, a new strategy has to be developed for the rapid synthesis of highly pure
protein. Several groups are developing new methods, in which protected peptide segments
are prepared by the solid-phase method and then used for segment condensation in
solutions.4-8) In their strategies, the protected peptide segments have to be designed taking
the later condensation method in solution into account.

Among these methods, the thiocarboxyl segment condensation strategy®)
developed by J. Blake has an attractive feature that the selective activation of the carbonyl
group of the terminal amino acid residue. He prepared a peptide with thiocarboxylic acid at
the carboxyl terminus by the solid-phase method and realized the segment condensation
with an amino component in the presence of silver ions and N-hydroxysuccinimide

(HONSu) as shown below. In his method, no protecting group is required for the side



Ac-Tyr-Arg-Arg-Glu-Arg-Gly-SH + Phe-Ala-Glu-Gly + 2Agt
Ac-Tyr-Arg-Arg-Glu-Arg-Gly-Phe-Ala-Glu-Gly + AgsS + HY

chain carboxyl group, for the thiocarboxyl group is selectively activated by silver ions. The
protection of other side chain functional groups was not necessary except for amino
groups. Using this strategy, he synthesized o-inhibin®-10) which contains 92 amino-acid
residues, B-lipotropinl1) and other polypeptides.12-14) However, his method also has a
limitation. Thiocarboxylic acid is easily decomposed by oxidation or hydrolysis.
Furthermore, the amino protective reagent, such as N-(z-butoxycarbonyloxy)succinimide
(Boc-ONSu), could not be used to protect side-chain amino groups, because the high
nucleophilicity of the thiol moiety of the thiocarboxyl group causes a side reaction with the
reagent. Only citraconic anhydride among known reagents could be used to introduce a
citraconyl group into the side-chain amino groups of thiocarboxyl-group-containing
peptides. Citraconyl is, however, unstable even under mild acidic conditions and it does
not increase the solubility of the protected peptide even in a polar organic solvent such as
dimethyl sulfoxide (DMSO). Furthermore, no route could be developed to prepare
cysteine-containing proteins based upon the thiocarboxyl segment condensation procedure.

On the other hand, Aimoto et al. developed a method for polypeptide synthesis by a
slightly different way.5) They prepared a peptide segment using 3-nitro-2-pyridinesulfenyl
(Npys) amino acid derivatives to construct an acidic amino acid-containing peptide segment
by a solid-phase method, whose side-chain carboxyl group was protected as an ester. This
realized the selective activation of the terminal carboxyl group. They used
dicyclohexylcarbodiimide (DCC) for segment condensation. The segment without the
acidic amino-acid residue was prepared using t-butoxycarbonyl (Boc) amino acid

derivatives. Bovine pancreatic trypsin inhibitor (BPTI) was synthesized by means of this



method. However, increasing hydrophobic protecting groups such as cyclohexyl esters in
aspartyl side chains decreases the solubility of a peptide segment in solvents such as
aqueous acetonitrile. Consequently, the purification of this type of peptide segments by
RPHPLC becomes difficult and the recovery yield tends to be lower. This is a potential
disadvantage of their method.

To overcome the problems inherent in the above two methods, the author designed
a new method for protein synthesis, in which the S-alkyl thioester of a partially protected
peptide segment is used as a building block. The thioester group was expected to be

activated by silver ions as shown below.

i 1 1
R-C-SR' + g*+H9NSuT— [R-C-ONSu] R-C-NH-R"

\_/ ° N-l Z-R"

If so, the terminal thioester group will be selectively activated. Furthermore the thioester
group is not as nucleophilic as the thiocarboxyl group. Hence various kinds of protecting
groups can be introduced to the side-chain amino groups using protective reagents such as
Boc-ONSu. If the S-alkyl thioester of a peptide segment could be synthesized by a solid -
phase method in a high yield, a very promising novel method for protein synthesis would
be developed.

In this thesis, the author describes the development of the method for protein
synthesis according this idea using the S-alkyl thioester of partially protected peptide
segments. (For simplicity the author calls the technique as "the thioester method” in this
thesis.)

In chapter I, the basic strategy of the thioester method is described under the title of
Polypeptide Synthesis Using the S-Alkyl Thioester of a Partially Protected Peptide
Segment. c-Myb protein(142-193)-NH3 was synthesized as a model compound (Bull.

Chem. Soc. Jpn., 64, 111-117 (1991)).



In chapter II, the application of the thioester method to successive segment
condensation is described under the title, Protein Synthesis Using S-Alkyl Thioesters of
Partially Protected Peptide Segments. HU-type DNA-binding protein of Bacillus
stearothermophilus (HBs) of 90 amino-acid residues was synthesized (Bull. Chem. Soc.
Jpn., 65, 3055-3063 (1992)).

In chapter III, analysis of the chemical characteristics of the thioester moiety on the
MBHA resin and the development of the thioester linker with enhanced stability are
described. Using the new linker, peptide thioesters were prepared and used to synthesize
HBs labelled with 13C, 15N and 2H atoms (Bull. Chem. Soc. Jpn., 66, 2700-2706 (1993)).

In chapter IV, the synthesis of 13C-labelled barnase, consisting of 110 amino-acid
residues with ribonuclease activity, is described as an application of the thioester method
(Bull. Chem. Soc. Jpn., 66, 3004-3008 (1993)).

In chapter V, attempts to extend this method to the synthesis of the cysteine-
containing protein are described. Three methods were developed for the preparation of a
cysteine-containing peptide thioester. Using peptide segments containing cysteine
residue(s), the barnase-like domain of DNA-directed RNA-polymerase II of

Saccharomyces cerevisiae was synthesized.
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Chapter 1

Polypeptide Synthesis Using the S-Alkyl Thioester of a Partially
Protected Peptide Segment

I-1 Introduction

The thioester strategy consists of two steps; the preparation of a partially protected
peptide thioester via a solid-phase method and segment condensation in the presence of
silver ions in a homogeneous solution.

Thioester is a kind of active esters. Hence, its stability has to be confirmed
throughout the preparation processes of partially protected peptide thioesters. Furthermore,
the thioester moiety in a peptide segment has to be converted to the corresponding active
ester efficiently in the presence of silver ions. All the processes involved in the thioester
method were actually examined by synthesizing the DNA-binding domain of c-Myb
protein, namely c-Myb protein(142-193)-NH».

In this chapter, the preparation of Boc-Gly-SCH2 CH2 CONH-resin, the synthesis
of the S-alkyl thioester of a partially protected peptide segment, its chemical characteristics
and the coupling of the segments are described and the efficiency of this method is

discussed.

I-2 Results and Discussion

The amino acid sequence of the protooncogene product ¢-Myb protein was
deduced from cDNA clones of murine ¢c-myb mRNA.1) This protein binds to DNA at a
domain near its N-terminal region.2) The binding domain has a 3 tandem repeats of an
analogous primary structure. The peptide synthesized was the third part of the repeat

corresponding to the amino acids from 142 to 193. The amino acid sequence is shown in



Fig. I-1. Two partially protected peptide segments corresponding to the sequences of 142-
163 and 164-193 were prepared and were coupled to form the sequence 142-193.

142
Val-Lys-Lys-Thr-Ser-Trp-Thr-Glu-Glu-Glu-Asp-Arg-Ile-

Ile-Tyr-Gln-Ala-His-Lys-Arg-Leu-Gly-Asn-Arg-Trp-Ala-

Glu-Ile-Ala-Lys-Leu-Leu-Pro-Gly-Arg-Thr-Asp-Asn-Ala-
193

Ile-Lys-Asn-His-Trp-Asn-Ser-Thr-Met-Arg-Arg-Lys-Val

Fig. I-1. Primary sequence of c-Myb protein(142-193) deduced from a cDNA clone of
murine c-myb mRNA.1) Arrow indicates the site of segment coupling.

Preparation of Boc-Gly-SCH;CHoCONH-Resin.

To synthesize a peptide thioester using the solid-phase method, the resin,
containing the thioester derivative of Boc-Gly, was prepared in 3 ways as shown in Fig. I-
2. These resins were used to prepare the peptide thioester. The resin obtained by method 1
produced fine insoluble material, which blocked the filter at the bottom of the reaction

vessel during chain elongation. In method 2, the introduction of an amino acid to the resin

Boc-Gly-SH
Method 1: Br-CH>CH>CONH-resin »Boc-Gly-SCHy;CH>CONH-resin
1) Trt-SCH,CH,COOH
Method 2: NHy-resin » HS-CH>CH>CONH-resin
2) TFA
{Boc-Gly),0

» Boc-Gly-SCHpCH,CONH-resin

Boc-Gly-SCH,CH,COOH
Method 3: NHj-resin » Boc-Gly-SCHyCH>,CONH-resin

Fig. I-2. Synthetic route of Boc-Gly-SCHpCH7>CONH-resin.



was not always complete. Unreacted thiol groups might cause undesirable side reactions
during elongation of the peptide chain. In contrast, the resin prepared by method 3 was
stable during peptide chain elongation by a synthesizer and yielded the product at an
acceptable yield. Thus the resin obtained by method 3 was used to prepare the peptide

thioester.

Preparation of Boc-[Lys(Boc)143,144,160)...Myb Protein(142-163)-SCH>-
CH2CONH3 (I-1).

The preparation of Peptide I-1 is summarized in Fig. I-3. Starting from Boc-Gly-
SCH2CH2CONH-resin (1.5 g, Gly: 0.50 mmol), a protected c-Myb protein(142-163)-
SCH2CH2CONH-resin was prepared according to the protocol of the system software
version 1.40 NMP/HOBt #-Boc without any modifications. End capping by acetic
anhydride was carried out after each amino-acid introduction reaction. The resin weight
increased by 1.4 g. This resin (500 mg from 2.9 g) was treated by anhydrous HF3) in the
presence of p-cresol and 1,4-butanedithiol at 0 ©C for 90 min. Judging from the
measurement of mass number of peptides separated by RPHPLC, the thioester was stable
under HF-treatment. The crude peptide was purified by RPHPLC to yield 40 mg (14
pmol) of highly pure peptide I-5. The yield was 17% based on the glycine in the starting
resin. The yield of peptide I-5 was about one-half that of peptide amide I-6 (30%)
synthesized on 4-methylbenzhydrylamine (MBHA) resin as described later. This difference
could be mainly due to partial aminolysis or hydrolysis of the thioester bond during the
chain elongation reaction. The yield of peptide I-5 was acceptable at the present early stage
of the experiment, but further investigation of the chemical design as well as the
preparation method of the thioester anchoring group is still required to increase the peptide
thioester yield. The thioester in peptide I-5 proved to be quite stable during purification on

RPHPLC or during prolonged storage at 4 °C. The introduction reaction of Boc groups to



peptide I-5 proceeded almost quantitatively and did not accompany any side reactions
when Boc-ONSu was used as the protective reagent. The yield of peptide I-1 was

practically quantitative.

Boc-Gly-SCH2CH2CONH-resin

ABI 430A Peptide synthesizer
System software version 1.40 NMP/HOBt -Boc.
End capping by acetic anhydride.

Boc-Val-Lys(Cl-Z)-Lys(Cl-Z)-Thr(Bzl)-Ser(Bzl)-Trp(For)-Thr(Bzl)-Glu(OBzl)-Glu(OBz])-
Glu(OBzl)-Asp(OcHex)-Arg(Tos)-Ile-Ile-Tyr(Br-Z)-GlIn-Ala-His(Bom)-Lys(Cl-Z)-Arg(Tos)-Leu-
Gly-SCH2CH2CONH-resin

1) HF treatment, 2) RPHPLC

Val-Lys-Lys-Thr-Ser-Trp-Thr-Glu-Glu-Glu- Asp-Arg-Ile-Tle-Tyr-Gln-Ala-His-Lys-Arg-Leu-Gly-
SCH2CHCONHy (I1-5)

Boc-ONSu

i
Boc-Val-Lys(Boc)-Lys(Boc)-Thr-Ser-Trp-Thr-Glu-Glu-Glu-Asp-Arg-Tle-lle-Tyr-Gln-Ala-His-
Lys(Boc)-Arg-Leu-Gly-SCHCH,CONHy  (I-1)

Fig. I-3. Synthetic scheme of Boc-[Lys(Boc)!43:144:160].c.Myb protein(142-163)-SCH,CHp-
CONHj (I-1).

Preparation of [Lys(Boc)171,182,192]...Myb Protein(164-193)-NH2 (I-2).

The preparation of peptide amide I-2 was carried out according to the scheme
shown in Fig I-4. This procedure was proven to function well in our previous synthesis of
BPTLY) A peptide chain of c-Myb protein(164-193) was assembled on 0.78 g of MBHA
resin (NH2: 0.50 mmol) according to the same protocol described for the synthesis of
peptide I-1. After the completion of chain assembly, a 2,2,2-trichloroethoxycarbonyl
(Troc) group was introduced to protect the terminal amino group using N-(2,2,2-

trichloroethoxycarbonyloxy)succinimide (Troc-ONSu). The final weight of the protected

-10-



peptide resin was 3.2 g. An aliquot of the resin (0.8 g) was treated with HF in the presence
of p-cresol and 1,4-butanedithiol at 0 ©C for 90 min to yield a crude product (580 mg),

which was purified on RPHPLC to give 140 mg of highly purified peptide amide I-6. The
yield was 30% based on the amino group in the starting MBHA resin. Boc groups were
introduced to peptide amide I-6 according to the conditions described for the preparation of
peptide I-1. The reaction proceeded completely to result in peptide amide I-7 in a yield of
82%. The Troc group of peptide amide I-7 was removed by zinc dust treatment in 50%
aqueous acetic acid under nitrogen with mild sonication at room temperature for 1 h.
Peptide amide I-2 was obtained in a yield of 65% without any serious side reactions. But it

must be noted that the almost total decomposition of peptide amide I-7 occurred when the

MBHA -resin (NH2-resin)

ABI 430A Peptide synthesizer
System software version 1.40 NMP/HOBt ¢-Boc.
End capping by acetic anhydride.

Boc-Asn-Arg(Tos)-Trp(For)-Ala-Glu(OBzl)-1le- Ala-Lys(Cl-Z)-Leu-Leu-Pro-Gly-Arg(Tos)-
Thr(Bzl)-Asp(OcHex)-Asn-Ala-Ile-Lys(Cl-Z)- Asn-His(Bom)-Trp(For)-Asn-Ser(Bzl)-Thr(Bzl)-
Met-Arg(Tos)-Arg(Tos)-Lys(Cl-Z)-Val-NH-resin

1) TFA, 2) DIEA, 3) Troc-ONSu, 4) HF treatment, 5) RPHPLC

]
Troc-Asn-Arg-Trp-Ala-Glu-lle-Ala-Lys-Leu-Leu-Pro-Gly-Arg-Thr-Asp-Asn- Ala-Tle-Lys-Asn-
His-Trp-Asn-Ser-Thr-Met-Arg-Arg-Lys-Val-NH; (1-6)

Boc-ONSu

\
Troc-Asn-Arg-Trp-Ala-Glu-lle-Ala-Lys(Boc)-Leu-Leu-Pro-Gly-Arg-Thr-Asp-Asn-Ala-Ile-
Lys(Boc)-Asn-His-Trp-Asn-Ser-Thr-Met-Arg-Arg-Lys(Boc)-Val-NHy  (I-7)

Zn [Acetic acid

Asn-Arg-Trp-Ala-Glu-Ile-Ala-Lys(Boc)-Leu-Leu-Pro-Gly-Arg-Thr-Asp-Asn-Ala-lle-Lys(Boc)-
Asn-His-Trp-Asn-Ser-Thr-Met-Arg-Arg-Lys(Boc)-Val-NHy  (I-2)

Fig. I-4. Synthetic scheme of [Lys(Boc)171:182,192].c.Myb protein(164-193)-NH; (I-2).

-11-



peptide solution was sonicated for 4 h without complete replacement of the atmosphere

with nitrogen.

Preparation of c-Myb Protein(142-193)-NH2 (I-4).

As shown in Fig. I-5 the thioester group in peptide I-1 was converted to the
corresponding active ester in the presence of 4-nitrophenol (HONp) and AgNO3 in DMSO.
To the DMSO solution, peptide amide I-2 and 4-methylmorpholine (NMM) were added.
The mixture, where the concentrations of peptides I-1 and I-2 were 16 mM and 10 mM,
respectively, was stirred at room temperature. The progress of the coupling reaction was
monitored by RPHPLC. After 3 d, the condensation reaction was almost complete (Fig. I-
6). Silver ions were removed as AgCl. The product was precipitated by addition of ethyl
acetate, collected by centrifugation, then suspended in dioxane and freeze-dried. The
resultant powder was treated with trifluoroacetic acid (TFA) containing 1,4-butanedithiol at
room temperature for 10 min. After removal of TFA, a product was isolated by RPHPLC
(Fig. I-7). The yield was 1.1 pmol (50%). This yield is quite high, if the nonspecific

adsorption of peptide amide I-4 during the isolation process, which usually occurs in

Boc-[Lys(Boc)143,144,160]_c_Myb protein(142-163)-SCHyCHyCONH3 I-1)
AgNO3 + HONp + NMM

\
Boc-[Lys(Boc)143:144,160}_c_Myb protein(142-163)-ONp

[Lys(Boc)! 71,182,192 . Myb protein(164-193)-NHp (1-2)
+ NMM
\
Boc-[Lys(Boc)143,144,160,171,182,192)_._Myb protein(142-193)-NHp I1-3)

TFA containing HS(CH2)4SH (5% v/v)

\
c-Myb protein(142-193)-NHp (1-4)

Fig. I-5. Synthetic route leading to c-Myb protein(142-193)-NHj (I-4) by scgment coupling.

-12-
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Fig. I-6. RPHPLC profile of the reaction mixture of peptide amide I-3 after 3-day reaction.
Column: Cosmosil 5C;g at a flow rate of 1 ml min-! at 40 °C. Eluent: aqueous

acetonitrile containing 0.1% TFA. Peak a: peptide amide I-2. Peak b: active ester of
peptide I-1. Peak c: hydrolyzed product of peptide I-1.
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Fig. I-7. RPHPLC profile of synthetic c-Myb protein(142-193)-NH (I-4) after preparative
RPHPLC purification. Column: Cosmosil 5Cyg at a flow rate of 1 ml min-1 at 40 °C,
Eluent: aqueous acetonitrile containing 0.1% TFA.
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peptide synthesis, is taken into account. The N-Hydroxysuccinimide ester of peptide I-1
gave results as good as those of p-nitrophenyl ester with regard to the segment
condensation reaction between peptides I-1 and I-2. However in this experiment, the
author employed p-nitrophenyl ester, whose reactivity was lower than that of N-
hydroxysuccinimide ester but considerably more stable in the presence of moisture. The
methionine was not damaged by silver ions under the reaction conditions employed. No
other serious side reactions were observed during segment coupling under this minimum

protection strategy either.

Confirmation of Synthetic ¢-Myb Protein(142-193)-NH7p (I-4).

Peptide amide I-4 was eluted as a symmetrical peak by ion-exchange
chromatography (Fig. I-8). Its amino acid composition after RPHPLC purification is
shown in Table I-1. These data suggest that highly pure product was obtained from this
synthesis. Two-dimensional NMR spectroscopy also confirmed the purity of this

peptide.5)

Evaluation of the Thioester Method.

Partially protected peptide segments I-1 and I-2 were successfully prepared and
well characterized by amino acid analysis and fast atom bombardment (FAB) mass
spectrometry. The thioester group of peptide I-1 was activated by silver ions and
converted to the corresponding active ester. The terminal carboxyl group was selectively
activated by a thioester strategy exactly in the same manner as the thiocarboxyl strategy. As
a result, protection of the side-chain carboxyl groups was unnecessary. Only the functional
groups that required protection were amino groups in this synthesis. The thioester group
did not react with Boc-ONSu though the thiol of the thiocarboxyl group was modified.
Therefore, various kinds of protecting groups may be introduced in this way to the side
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Table I-1. Amino Acid Composition of c-Myb Protein(142-193)-NH? (I-4)

Peptide 1-4 expected

Asp 6.08 6

Thr 3.93 4

Ser 1.78 2

Glu 5.13 5

Pro 0.93 1

Gly 2.15 2

Ala 4 4

Val 2.05 2

Met 1.09 1

Ile 3.19 4

Leu 3.03 3

Tyr 1.01 1

His 2.16 2

Lys 6.11 6

Trp 2.34 3

Arg 6.07 6
@
% - 0.6
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: = e s
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Fig. I-8. Ion-exchange chromatogram of synthetic c-Myb protein(142-193)-NH7 on TSK gel CM-

SPW (7.5X75 mm) at a flow rate of 1 ml min- 1. Broken line indicates the concentration
of NaCl in buffer (pH 8.0).
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chain, as well as a-amino groups after purification of a peptide segment on RPHPLC.
Protecting groups such as the Boc group increases the solubility of a partially protected
peptide segment in DMSO or N, N-dimethylformamide (DMF) used for the subsequent
segment coupling step. This effect is much greater than the citraconyl group only which
was used for side-chain amino groups in the thiocarboxyl segment strategy.6’7)

Only one protecting group existed on peptide I-5 or I-6 when purified on
RPHPLC. Consequently, purification was much more effectively compared with BPTI
synthesis.4) Therefore long peptide segments such as I-5, I-6 were easily prepared. The
yield of segment coupling was also satisfactory.

In conclusion, the partially protected peptide thioester is a promising building block

for polypeptide synthesis and thus the thioester strategy is a versatile one.

I-3 Materials and Methods

All of the amino acids used were of the L-configuration, except for glycine.
MBHA resin hydrochloride and Boc-amino acid derivatives were purchased from the
Peptide Institute Inc. (Minoh, Osaka). Solvents and reagents used for solid-phase peptide
synthesis were purchased from Applied Biosystems Japan (Tokyo). DMSO used for
segment coupling was silylation grade (Pierce, Rockford, IL). Analytical RPHPLC was
performed on Cosmosil 5C18-AR (4.6X250 mm) (Nacalai Tesque, Kyoto) and preparative
RPHPLC was on YMC-Pack ODS-AM (10X250 mm or 25X250 mm) (YMC, Kyoto).
Amino acids were analyzed on an L-8500 amino acid analyzer (Hitachi Ltd., Tokyo) after
hydrolysis by 4 M methanesulfonic acid at 110 OC for 24 h in an evacuated sealed tube.
Peptide mass number was determined by FAB mass spectrometer using a JMS-HX100
(JEOL Ltd., Tokyo) equipped with a JIMA-3100 mass data system. Peptide weight was
calculated based upon the amino acid analysis data. Ultrasonication was carried out using a

Branson Model B-220. Boc-Gly-SH was prepared according to the reference.8)
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Peptide Chain Elongation on a Solid Support.

Solid-phase synthesis of a peptide segment was carried out on a peptide
synthesizer 430A (Applied Biosystems Inc., Foster City, CA.) employing the 0.5 mmol
scale standard protocol of the benzotriazole active ester method of the system software
version 1.40 NMP/HOB ¢-Boc. End capping by acetic anhydride was performed after each

amino-acid introduction reaction.

Preparation of Trt-SCH,CH2COOH.

To a solution of triphenylmethyl (Trt) chloride (25 g, 90 mmol) in DMF (100 ml),
3-mercaptopropionic acid (7.5 ml, 86 mmol) was added. After the reaction mixture was
stirred overnight, 10% sodium acetate was added. The precipitate formed was
recrystallized from ethyl acetate to give Trt-SCH2CH2COOH (19 g, 55 mmol, 63%), mp
207.5-208.0 ©C. Found: H, 5.80; C, 75.78%. Calcd for C22H2002S: H, 5.79; C,
75.83%.

Preparation of Boc-Gly-SCH2CH,COOH.

To a solution of Boc-Gly-ONp (1.5 g, 5 mmol) dissolved in DMF (50 ml), 3-
mercaptopropionic acid (0.5 g, 5 mmol) and N,N-diisopropylethylamine (DIEA) (1.0 g,
7.5 mmol) were added with stirring at room temperature for 15 h. After evaporation of the
solvent under reduced pressure, the product was dissolved in ethyl acetate. The ethyl
acetate layer was washed with 0.1 M HCl (X2) and water saturated with NaCl (X5) and
dried over sodium sulfate. The ethyl acetate solution was concentrated. An oil obtained was
dissolved in ether. To the ethereal solution cyclohexylamine (CHA) (450 mg, 4.5 mmol)
was added to give crystals, which were recrystallized from hot ethyl acetate: Boc-Gly-
SCH2CH2COOH-CHA; 1.7 g, 94%, mp 122.5-123.2 9C. This CHA salt (1.7 g) was

suspended in ethyl acetate and CHA was extracted by dilute aqueous citric acid. The
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organic layer was washed with water saturated with NaCl (X3) and dried over sodium
sulfate. After concentration of the solution, hexane was added to give Boc-Gly-
SCH2CH2COOH (1.1 g, 92%), mp 104-106 °C. Found: H, 6.60; C, 45.49; N, 5.40%.
Calcd for C1oH1705NS: H, 6.51; C, 45.61; N, 5.32%.

Preparation of Boc-Gly-SCH2CH2CONH-Resin.

Method 1: MBHA resin hydrochloride (740 mg, NH2: 0.50 meq) was washed with 5%
DIEA/dichloromethane (DCM) (v/v, 5 minX2) and DCM (1 minX3), successively. Br-
CH2CH2COOH (310 mg, 2.0 mmol) dissolved in DCM and a 0.5 M solution of DCC in
DCM (4 ml) were successively added to the reaction vessel, which was shaken overnight.
After washing, the resin was mixed with Boc-Gly-SH (290 mg, 1.5 mmol) in DMF in the
presence of DIEA (400 pl) overnight to give Boc-Gly-SCH2CH2CONH-resin (800 mg,
Gly: 0.42 mmol).

Method 2: MBHA resin hydrochloride (1.0 g, NH2: 0.64 meq) was washed with 5%

DIEA/DCM (v/v, 5§ minX2) and DCM (1 minX3), successively. The solution of Trt-

SCH2CH2COOH (520 mg, 1.5 mmol) in DMF and 0.5 M DCC in DCM (3.0 ml) and 0.5
M 1-hydroxybenzotriazole (HOBt) in DMF (3.0 ml) was reacted with the resin for 1 h
(X2). The resin thus obtained was treated with 50% TFA in DCM (v/v) for 5 and 15 min,
followed by neutralization with 5% DIEA in DMF (v/v). (Boc-Gly)20, prepared by Boc-
Gly (350 mg, 2 mmol) and 0.5 M DCC in DCM (4 ml), was added to the resin and shaken
for 1 h (X2) to give Boc-Gly-SCH2CH2CONH-resin (1.1 g, Gly: 0.36 mmol).

Method 3: MBHA resin hydrochloride (3.4 g, NH2: 1.6 meq) was washed with 5%

DIEA/DCM (v/v, 5 minX2) and DCM (1 minX3), successively. Boc-Gly-SCH2CH»-
COOH (720 mg, 2.7 mmol) dissolved in 20 ml of DCM and a 0.5 M solution of DCC in
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DCM (4 ml) were successively added to the reaction vessel, which was shaken ovemight.
The resin obtained was treated with 5% acetic anhydride in DCM (v/v, 5 minX2) and dried
after washing the resin with 2-propanol (2 minX3) and DCM (1 minX3) to give 3.8 gof a
resin (Gly: 1.3 mmol).

c-Myb Protein(142-163)-SCH2CH2CONH} (I-5).

Starting from Boc-Gly-SCH2CH2CONH-resin (1.5 g), peptide chain elongation
was carried out by a 430A peptide synthesizer to give 2.9 g of a protected peptide resin. An
aliquot of the resin (500 mg) was treated with anhydrous HF (11 ml) containing p-cresol
(0.5 ml) and 1,4-butanedithiol (1.7 ml) at 0 °C for 90 min. After evaporation of HF, the
residual solid was washed with ether (X3). Crude peptide was extracted with 10% aqueous
acetic acid and freeze-dried to give a powder (190 mg). This crude product was purified on
RPHPLC to give peptide I-5 (40 mg, 14 umol, 17% based on Gly in the starting resin).
Found m/z 2774.9 (M+H)*. Calcd m/z 2774.6 (M+H)*. Amino acid analysis of peptide I-
s ASpl.04Thr1.94'Ser0.9201M.27Gly1.04A1a1Va11.0211e1.23Leuo.97Tvro.92Hi81.08
Lys2.85T1p0.65A1g1.89-

Boc-[Lys(Boc)143,144,160]_c.Myb Protein(142-163)-SCH2CH;CONH, (I-
1).

Peptide I-5 (25 mg, 9.0 umol) was dissolved in DMSO (0.4 ml) containing
tricthylamine (TEA) (9.6 pl). Boc-ONSu (15 mg, 72 pmol) was added to the solution and
stirred at room temperature for 2.5 h, after which ethyl acetate and ether were added. The
precipitate was washed with ethyl acetate and lyophilized from a dioxane suspension to
give peptide I-1 (26 mg, 90%). Found m/z 3174.8 M+H)*. Calcd m/z 3174.8 (M+H)*.
Amino acid analysis of peptide I-1: Asp1.0oThr1.98Serg.90Glug 39Gly1 g7AlagValg.97

Ile1,25Leuq.97Tyrg 93His1 08Lys2.82Trpo 63Arg1.84.
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Troc-c-Myb Protein(164-193)-NH> (1-6).

Starting from MBHA resin hydrochloride (0.78 g, NH2: 0.50 meq), chain
elongation reaction was carried out. After completion of a peptide chain elongation cycle,
the peptide resin was treated with 55% TFA in DCM (v/v) for 5 and then 15 min, followed
by neutralization with 5% DIEA in DCM (v/v) for 5 min twice. Troc-ONSu (440 mg, 1.5
mmol) was allowed to react with the terminal amino group at room temperature for 15 h.
The peptide resin thus obtained was 3.2 g. An aliquot of the resin (0.8 g) was treated with
anhydrous HF (17 ml) containing p-cresol (0.8 mi) and 1,4-butanedithiol (2.7 ml) at 0 °C
for 90 min. After evaporation of HF, the residual solid was washed with ethyl acetate (X3)
and with ether (X3). The peptide amide was extracted with 5% aqueous acetic acid and
lyophilized to give a crude product (580 mg). This peptide was purified on RPHPLC to
obtain peptide amide I-6 (140 mg, 37 umol, yield: 30% based on the amino groups in
MBHA resin). Found m/z 3749.3 (M+H)*. Calcd m/z 3749.1 (M+H)*. Amino acid
analysis of peptide amide I-6: Asps 10Thr] 93Serp,79Glu.29Prog.75Gly1.12Al1a3Valy 10

Met] p1lle1.94Leu; 94His1.07Lys3.06Trp1.75Arg3.78.

Troc-[Lys(Boc)171,182,1921.. . Myb Protein(164-193)-NH2 (I-7).
Peptide amide I-6 (24 mg, 6.5 umol) was dissolved in DMSO (200 pl) containing
TEA (7.8 pl) and Boc-ONSu (13 mg, 60 pmol) and stirred for 2.5 h. Peptide amide I-7

was obtained according to the procedure of the preparation of peptide I-1: Yield 21 mg,
5.2 umol, 80%. Found m/z 4050.0 (M+H)*. Calcd m/z 4049.3 (M+H)*. Amino acid

analysis of peptide amide I-7: Asps 16Thr] 93Serg 87Gluj.15Prog.91Gly1.g9AlazValj 3
Metj.121le2,01Leu 97His1.07Lys2.85T1p1.30Arg3 81

[Lys(Boc)171,182,192].c.Myb Protein(164-193)-NH3 (I-2).
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Peptide amide I-7 (40 mg) was dissolved in a mixture of acetic acid (1 ml) and
water (1 ml). Zinc (100 mg) was added under a nitrogen atmosphere and the solution was
sonicated for 1 h at room temperature. After centrifugation of the reaction mixture, the
supematant was applied to an ODS column. The isolated product was freeze-dried to give
peptide amide 1-2: Yield 25 mg, 6.4 umol, 65%. Found m/z 3875.5 M+H)*. Calcd m/z
3875.3 M+H)*. Amino acid analysis of peptide amide I-2: Asps.23Thry 95Serg.90
Gluj 37Prog.78Gly1.25A1a3Val] peMety 1512 gsLeuy g9His1,12Lys3 00Trp1.39Ag3 82.

¢-Myb Protein(142-193)-NH)> (I-4).

Peptide I-1 (12 mg, 3.6 umol) was dissolved in DMSO (220 pl) containing
HONp (6.5 mg, 47 umol) and NMM (0.3 pl, 2.7 pmol). AgNO3 (2.4 mg, 14 pmol) was
added and the solution was stirred at room temperature in the dark. After 2 h, peptide
amide I-2 (8.6 mg, 2.2 umol) and NMM (0.6 ul, 5.5 pmol) were added. After stirring
overnight, NMM (0.3 pl, 2.7 pmol) was added and the solution was stirred for 3 d. To the
solution, solid NaCl (1.2 mg) was added. The precipitate formed was removed by
centrifugation. Ethyl acetate was added to the superatant. The precipitate formed was
collected by centrifugation and washed with ethyl acetate. The peptide obtained was
suspended in dioxane and freeze-dried to give a crude product of peptide amide I-3, which
was treated with TFA (200 ul) containing 1,4-butanedithiol (10 ul) at room temperature for
10 min. TFA was removed by N2 air flush. The residual solid was washed with dry ether
(X2) and isolated by RPHPLC to give peptide amide I-4 (6.9 mg, 1.1 umol); yield: 50%
based on peptide amide I-2 used for coupling reaction. Amino acid analysis of peptide
amide I-4: Aspe 08Thr3 93Ser1.78Glus.13Prog.93Gly2.15Ala4Valy gsMet] o9lle3.19
Leu3 03Tyr1.01His2.16Lys6.11Trp2.34Arg6 07.

Purity Check by Ion-Exchange Chromatography.
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Peptide amide I-4 purified on RPHPLC was subjected to a TSK gel CM-5PW
column (TOSOH, Tokyo) (7.5X75 mm) equilibrated with 0.05 M sodium phosphate
buffer (pH 8.0) and chromatographed by a linear 0 - 0.5 M NaCl gradient in buffer over 50

min at a flow rate of 1 ml min-1.
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Chapter I

Protein Synthesis Using S-Alkyl Thioesters of Partially Protected
Peptide Segments. Synthesis of the DNA-Binding Protein of Bacillus

stearothermophilus

II-1 Introduction

A partially protected peptide thioester was found to be a promising building block
for polypeptide synthesis. To expand the thioester method to the synthesis of a protein,
several peptide segments must be successively condensed. This could be realized if the
terminal amino protecting group can be selectively removed after segment condensation.
We protected the terminal amino group with an 4-pyridylmethoxycarbonyl (iNoc) group. 1)
This protecting group is selectively removed by zinc dust in aqueous acetic acid, even if
there are Boc groups for the side-chain amino protection. In order to examine the
usefulness of this strategy, HU-type DNA-binding protein (HBs) of Bacillus
stearothermophilus, consisting of 90 amino acids (Fig. II-1), was synthesized.

In this chapter, the preparation of partially protected peptide thioesters, the
successive coupling of partially protected peptide segments and characterization of the final
product of synthetic HBs(1-90) are discussed; the efficiency of this process in protein

synthesis is also discussed.

II-2 Results and Discussion
Preparation of Peptide Segments.

The HBs(1-90) synthesized in this study was labelled with deuterium at the methyl
group of Met69 in the flexible arm region where HBs is supposed to interact with DNA.2)
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This deuterium-labelled methyl group will be used as a marker of synthetic HBs(1-90) as
well as a probe for study of the HBs-DNA interaction.

HBs was divided into four segments. The three arrows in Fig. II-1 indicate the
locations of segment coupling. The carboxyl terminals of the peptide thioesters were
designed to be glycine in order to avoid the potential danger of racemization of the

carboxyl-terminal amino acid residue during segment coupling.

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-Val-Gln-Leu-Ile-
S0 60
Gly-Phe-Gly-Asn-Phe-Glu-Val-Arg-Glu-Arg-Ala-Ala-Arg-Lys-Gly*~-
* 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. II-1. The amino acid sequence of HBs. The arrows indicate the sites of segment coupling.
Met" indicates (methyl-2H3)methionine.

A partially protected peptide thioester was prepared by the same procedure as
described in a previous chapter. The terminal amino groups of peptides II-2, I1-3, and II-
4 were blocked with an i{Noc group instead of the Troc group to estimate the chemical
adaptability of the iNoc group to our method. A typical example of the preparation of a
partially protected peptide thioester is shown in Fig.II-2.

Starting from Boc-Gly-SCH2 CH2CONH-resin (0.97 g, Gly: 480 pmol), which
was prepared from Boc-Gly-SCH2CH2COOH and MBHA-resin, the peptide chain was
elongated using the double-coupling protocol of the benzotriazole-active ester method of
system software version 1.40 NMP/HOBt r-Boc without any modifications. The end was

capped by acetic anhydride after each amino acid introduction reaction. After completion of
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Boc-Gly-SCH,CH,CONH-resin

ABI 430A Peptide synthesizer
System software version 1.40 NMP/HOBt t-Boc.
End capping by acetic anhydride.
|
Boc-Leu-Ser(Bzl)-Lys(C1-Z)-Lys(Cl-Z)-Asp{OcHex)- Ala-Thr(Bzl)-Lys(Cl-Z)-Ala- Val-
Asp(OcHex)-Ala-Val-Phe-Asp(OcHex)-Ser(Bzl)-Ile-Thr(Bzl)-Glu(OBzl)-Ala-Leu-Arg(Tos)-
Lys(Cl-Z)-Gly-SCH,CH)CONH-resin

1) 55% TFA-DCM, 2) 10% NMM-DCM
3) iNoc-ONp, 4) HF treatment, 5) RPHPLC

|

iNoc-Leu-Ser-Lys-Lys-Asp-Ala-Thr-Lys-Ala-Val-Asp-Ala-Val-Phe-Asp-Ser-Ile-Thr-Glu-Ala-
Leu-Arg-Lys-Gly-SCH,CHoCONH,

Boc-ONSu

iNoc-Leu-Ser-Lys(Boc)-Lys(Boc)-Asp-Ala-Thr-Lys(Boc)-Ala-Val-Asp- Ala-Val-Phe-Asp-Ser-Ile-
Thr-Glu-Ala-Leu-Arg-Lys(Boc)-Gly-SCH,CH,CONH, (I1-2)

Fig. I1-2. Synthetic scheme of iNoc-[Lys(Boc)18:19:23.38)_HBs(16-39)-SCHoCH2CONH? (1I-2).

the chain assembly, an iNoc group was introduced to block the terminal amino group. The
weight of the protected peptide resin was 1.5 g, the whole of which was treated by
anhydrous HF containing 10% p-cresol (v/v) at 0 OC for 90 min. The crude peptide (510
mg) was highly soluble in aqueous acetonitrile and easily purified by RPHPLC to give
iNoc-HBs(16-39)-SCH2CH2CONH? (220 mg) in a yield of 11%, based on the glycine
residue in the starting resin. This peptide was characterized by FAB mass spectrometry and
amino acid analysis after acid hydrolysis. To the side-chain amino groups of the peptide,
Boc groups were introduced using Boc-ONSu in DMSO to yield iNoc-[Lys(Boc)
18,19,23,38].HBs(16-39)-SCHpCH2CONH? (II-2) in 91%. The progress of the reaction
was readily monitored by RPHPLC and FAB mass measurements.

The other partially protected peptide segments were obtained in the same manner as
listed in Table II-1. Each partially protected peptide segment was obtained from a4.5 to a
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Table II-1. Partially Protected Peptide Segments Prepared for HBs(1-90) Synthesis

Peptide segments Yield/%®

Boc-[Lys(Boc)3]-HBs(1-15)-SCH)CHyCONH) (11-1) 14
Boc-Met-Asn-Lys(Boc)-Thr-Glu-Leu-1le-Asn-Ala-Val-Ala-Glu-Thr-
Ser-Gly-SCH2CH2CONH2

iNoc-[Lys(Boc)!8:19,23,38].HBs(16-39)-SCHYCH2CONH? (11-2) 10

iNoc-Leu-Ser-Lys(Boc)-Lys(Boc)-Asp-Ala-Thr-Lys(Boc)-Ala-Val-
Asp-Ala-Val-Phe-Asp-Ser-Ile-Thr-Glu-Ala-Leu-Arg-Lys(Boc)-Gly-
SCH2CH2CONH?2

iNoc-[Lys(Boc)*!99]-HBs(40-60)-SCH2CHCONH2 I1-3) 17
iNoc-Asp-Lys(Boc)-Val-Gin-Leu-Ile-Gly-Phe-Gly-Asn-Phe-Glu-Val-
Arg-Glu-Arg-Ala-Ala-Arg-Lys(Boc)-Gly-SCH2CH2CONH?2

[Lys(Boc)75-80:83,86,90 (serhyl-2H3)Met69]-HBs(61-90) a1-4) 19

Arg-Asn-Pro-Gln-Thr-Gly-Glu-Glu-Met*-Glu-Tle-Pro-Ala-Ser-
Lys(Boc)-Val-Pro-Ala-Phe-Lys(Boc)-Pro-Gly-Lys(Boc)-Ala-Leu-
Lys(Boc)-Asp-Ala-Val-Lys(Boc)

Boc-[Lys(Boc)3:18,19.23,38]_HBs(1-39)-SCH2CH2CONH? (11-5) 4.5

Boc-Met-Asn-Lys(Boc)-Thr-Glu-Leu-Ile-Asn-Ala- Val-Ala-Glu-Thr-
Ser-Gly-Leu-Ser-Lys(Boc)-Lys(Boc)-Asp-Ala-Thr-Lys(Boc)-Ala-Val-
Asp-Ala-Val-Phe-Asp-Ser-lle-Thr-Glu-Ala-Leu-Arg-Lys(Boc)-Gly-
SCH2CH2CONH?2

a) The yield was calculated based on the content of the carboxyl terminal amino acid in the resin.

19% yield based on the carboxyl-terminal amino acid contents in the starting resin.

Segment Condensation.
HBs(1-90) was synthesized by three different segment condensation methods in
order to identify the most practically advantageous procedure. The author also synthesized

HBs by an all stepwise solid-phase method as a control experiment. The progress of the
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segment condensation reaction was monitored by RPHPLC after a TFA treatment of the

reaction mixture.

Procedure A: HBs(1-90) was synthesized from peptides II-1, I1-2, II-3, and II-4

according to the scheme shown in Fig. II-3. Segment condensation was carried out at a
peptide concentration of about 2 to 10 mM in the presence of HONSu (about 100 mM),
AgNO3 (about 10 mM or a 1.8 to 3-fold molar excess of thioester groups) at room

temperature. The thioester function was converted to the corresponding succinimide ester
in situ by adding AgNO3 to the solution. The condensation was completed within 1 to 2
days. The product was isolated by RPHPLC after every coupling reaction. Before
isolation, the Boc groups in the side-chain amino groups were removed using TFA so as to
avoid any undesirable adsorption of the peptides onto the RPHPLC column. Thus, the
product had only one protecting iNoc group on the terminal amino group during RPHPLC

isolation. Every peptide was soluble in aqueous acetonitrile and easily isolated by

(1-1) (1-2) (11-3) (11-4)
(Boc)y (Boc), {Boc), (Boc)s

Boc@SR lNocSR lNocSR HOH
-

i), i), i, iv), v)
\ (Boc);
H-(_4080 _ Jon (16A)
i), i, i), i), ¥) (45%)

(Bock
fe— H-( 16-90 __JoH (il-7-A)
| i, (19%)

H-{ 1-90 }-OH (1I-8-A)
(8.2%)

i) AgNO3 + HONSu, ) TFA ,jii) HPLC, iv) Boc-ONSy, v) ZWAcOH
-SR: -SCH,CH,CONH,

Fig. II-3. Synthetic route of HBs(1-90) by segment coupling.
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iNoc-HBs(40-90) A iNoc-HBs(40-90) o

40
30
20
10

iNoc-HBs(16-90) 60
L 50
40
30
20

— Relative absorbance at 220 nm
---- Acetonitrile / %

60
50
40

0 10 20 30 40 0 10 20 30 40
Retention time / min Retention time / min

Fig. I1-4. RPHPLC elution profiles of the TFA treated reaction mixtures of the segment coupling
according to procedure A (Panels A, B, C) and the crude products obtained by an all
stepwise solid-phase synthesis after HF treatment (D, E, F); panel A: the reaction mixture
for the preparation for iNoc-HBs(40-90) (II-6), panel B: the reaction mixture on the
preparation of iNoc-HBs(16-90) (I1-7), panel C: the reaction mixture on the preparation
for HBs(1-90) (I1-8-A). Column: Cosmosil 5C{g-AR (4.6X250 mm) at a flow rate of 1

ml min-! at 40 °C. Eluent: aqueous acetonitrile containing 0.1% TFA.
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RPHPLC. The elution profile of each reaction mixture is shown in Fig. II-4A, B, and C.
After purification, the Boc group was reintroduced to the side-chain amino groups using
Boc-ONSu (0.2 to 0.5 M) in the presence of TEA. The product was treated with zinc dust
in the presence of acetic acid (50 mg mi-1) to remove the iNoc group. The amino

component peptide, thus obtained, was dialyzed against distilled water. The overall yield of
HBs(1-90) (II-8-A) after RPHPLC purification was 8.2% based on peptide I1-4.

Procedure B: In this synthesis segment coupling was carried out practically under the
same conditions as in procedure A. However, none of the products were isolated after each
segment condensation. Removal and reintroduction of Boc groups were hence unnecessary
in this procedure. A peptide mixture containing the desired product as well as by-products
and starting materials was treated with zinc dust to remove the iNoc group. This mixture
was used for the next segment coupling. HBs(1-90) was easily isolated by RPHPLC after
the final condensation reaction, as shown in Fig. II-5. Furthermore, the yield of HBs(1-
90) was improved to 16% from 8.2% as obtained in procedure A. HBs(1-90) (II-8-B),

thus obtained, was as pure as that from procedure A.
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Fig. I1-5. RPHPLC profile of the crude product of HBs(1-90) (II-8-B).
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Procedure C: Peptide II-5 with 39 amino acid residues and peptide II-6-A with 51

amino acid residues were condensed using a 7-fold molar excess of peptide II-§ to peptide
I1-6-A (4.2 mM) in the presence of AgNO3 (40 mM) and NMM (72 mM) at room
temperature for 3 d. HBs(1-90) (II-8-C) was obtained in a yield of 33% based on peptide
I1-6-A after TFA treatment followed by RPHPLC isolation. Although this yield was not
so high, it is noteworthy that a 90 amino acid peptide was prepared by coupling of two
large peptide segments containing as many as 39 and 51 amino acid residues, respectively,

by the present thioester strategy.

Preparation of HBs(1-90) by All Stepwise Method.

HBs(1-90) was synthesized by a conventional all stepwise solid-phase method to
compare the efficiency between segment condensation and stepwise solid-phase methods.
The elution profiles of the peptides obtained from the all stepwise method is shown in Fig.
I1-4D, E, and F. As judged from comparison of the corresponding products obtained using
procedure A and the all stepwise solid-phase method, the advantage of procedure A is
obvious regarding the preparation of HBs(16-90) and HBs(1-90). HBs(1-90) obtained by
the stépwise method was very difficult to purify.

Purification of Synthetic HBs(1-90) by Ion-Exchange Chromatography as
the Native Form.

The HBs(1-90) isolated from a reaction mixture by RPHPLC was unfolded,
judging from the chemical shift of the IH NMR spéctrum of the aromatic protons of
phenylalanine residues. However, when unfolded synthetic HBs(1-90) was dissolved in a
50 mM sodium phosphate buffer (pH 7.0), the peptide spontaneously assumed the native
structure, as judged from the 'H NMR spectrum. RPHPLC-purified HBs(1-90), (peptide
I1-8-A or II-8-B) was thus converted to the native form by dissolving in this buffer; the
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peptide was further purified by ion-exchange chromatography as shown in Fig. II-6. The
synthetic HBs(1-90), thus obtained, showed identical 1H NMR spectra to that of HBs
extracted from B. stearothermophilus, except for (methyl-2H3)Met69, as shown in Fig. II-
7. The difference in the lH NMR spectra between native HBs and synthetic HBs(1-90) is
shown in the small box in Fig. II-7. Comparing both 1H NMR spectra, the chemical and
three-dimensional structure of synthetic HBs(1-90) should be quite similar to that of the
native protein. Consequently, synthetic HBs(1-90) can be used for an 1H NMR
spectroscopic study of the interaction between HBs(1-90) and DNA. Peptides II-8-A and
I1-8-B had practically the same elution profile and gave the same quality of synthetic
HBs(1-90) (II-8) in yields of 50 and 45% based on peptides I1-8-A and II-8-B,
respectively. Peptide I1-8-C also gave the same elution profile as those of peptides 11-8-
A and II-8-B. HBs(1-90) (I1-8) was obtained in a yield of 50% based on peptide II-8-
C.
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Fig. 1I-6. Ion-exchange chromatogram of HBs(1-90) (II-8-A) isolated by RPHPLC after
equilibration in a sodium phosphate buffer on Pharmacia Hil.oad S-Sepharose HP at a

flow rate of 2.5 ml min-1. The broken line indicates the NaCl concentration in a 0.05 M
sodium phosphate buffer (pH 7.0).

Evaluation of the Thioester Method for Protein Synthesis.
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All of the partially protected peptide thioesters (peptides II-1, II-2, II-3, and II-

5) were similarly prepared according to the method described in the previous chapter. The
iNoc group was used instead of the Troc group to protect the terminal amino group.
Removal of the iNoc group with zinc was not accompanied by any serious side reactions
like that observed during the removal of the Troc group, but tended to take longer than that

of the Troc group. More consideration is required conceming the selection of the terminal
amino protecting group to improve the effectiveness of the procedure. A thioester group
was efficiently converted to an active ester, and segment condensation proceeded without
any serious side reactions. Procedure B gave a good overall yield of HBs(1-90) compared
with procedure A. This means that purification of intermediate peptides is not essential if a
large peptide segment is used for coupling and the segment condensation is not
accompanied by any side reactions. In procedures A and B, HBs(1-90) was eluted as a
separated peak on RPHPLC, suggesting that a polypeptide, with neither an authentic
material nor a specific feature such as enzymatic activity for the identification, can be
synthesized using this method. A partially protected peptide thioester was thus proved to be
a useful building block for protein synthesis by the use of the present procedure. On the
contrary, the product obtained by the conventional all stepwise solid-phase method gave a
broad peak (Fig I1-4F). It was difficult to distinguish the fraction that contained HBs(1-
90).

I1I-3 Materials and Methods
Boc-Lys(Cl-Z)-OCHp-CgH4CH2CONHCH2-CgHy-resin (Boc-Lys(Cl-Z)-
OCH2-PAM-resin)3) was purchased from Applied Biosystems Inc. (Foster City, CA.).
Analytical RPHPLC was performed on YMC-Pack C4 (4.6X250 mm) (YMC, Kyoto) or
Cosmosil 5C18-AR (4.6X250 mm) (Nacalai Tesque, Kyoto) and preparative RPHPLC
was on YMC-Pack ODS-AM (10X250 mm or 20X250 mm) (YMC, Kyoto). Though the
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peptide weight was an observed value, the yield was calculated based upon the amino acid
analysis data. Dialysis was carried out using a Spectrapor 6 membrane (M. W. cut off

1000).

Peptide Chain Elongation on a Solid Support.
Solid-phase synthesis of a peptide segment was carried out according to the

procedure described in the preceding chapter.

Boc-[Lys(Boc)3]-HBs(1-15)-SCH2CH2CONH? (II-1).
Boc-Met-Asn-Lys(Cl-Z)-Thr(Bzl)-Glu(OBzl)-Leu-Ile-Asn-Ala-Val-Ala-Glu
(OBzl)-Thr(Bzl)-Ser(Bzl)-Gly-SCH2 CH2 CONH-resin was prepared from Boc-Gly-
SCH2CH2CONH-resin (1.2 g, Gly: 310 pmol). The N-terminal Boc group was removed
by 55% TFA in DCM (v/v) for 5 and 15 min. A protected peptide resin (1.6 g) was
obtained. An aliquot of the resin (1.5 g) was treated with anhydrous HF (20 ml) containing
p-cresol (2 ml) at 0 ©C for 90 min. After complete evaporation of HF under a high
vacuum, a residual solid was washed with ether (X2) and ethyl acetate (X2). A peptide
was extracted with 40% aqueous acetonitrile containing 10% acetic acid. The extract was
freeze-dried to give 390 mg of a crude product. This was purified on RPHPLC to give 130
mg (46 pmol, 15% based on Gly in the starting resin) of HBs(1-15)-SCH2CH2CONH2.
Found: m/z 1664.5 M+H)*. Calcd: m/z 1664.8 (M+H)*. Amino acid composition:
Asp2.04Thr 90Serp 88Gluz,11Gly1.03Ala2 Valg 97Metp.9glle . 00Leup 99Lys0 98-
HBs(1-15)-SCH2CH2CONH? (99 mg, 35 umol) dissolved in DMSO (1.0 ml)
was reacted with Boc-ONSu (49 mg, 230 pmol) in the presence of TEA (32 ul, 230
umol). The resulting solution was stirred for 4 h. A mixed solvent of ether and ethyl
acetate was added to the reaction mixture to precipitate the product which was collected by

centrifugation and freeze-dried from a dioxane suspension to give 100 mg of peptide II-1
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(33 umol, 14% based on Gly in the starting resin). Found: m/z 1864.6 (M+H)*. Calcd:
m/z 1864.9 (M+H)*. Amino acid analysis of peptide II-1: Aspp o7Thr1 93Ser(.92

Glup 31Gly1.06Ala2Val] poMet] 021le1,02Leut.01Lys1.02.

iNoc-[Lys(Boc)18:19,23,38].HBs(16-39)-SCH2 CH2CONH (I1-2).

Boc-Leu-Ser(Bzl)-Lys(Cl-Z)-Lys(Cl-Z)-Asp(OcHex)-Ala-Thr(Bzl)-Lys(Cl-Z)-
Ala-Val-Asp(OcHex)-Ala-Val-Phe-Asp(OcHex)-Ser(Bzl)-lle-Thr(Bzl)-Glu(OBzl)-Ala-Leu-
Arg(Tos)-Lys(Cl1-Z)-Gly-SCH2CH2CONH-resin was prepared from Boc-Gly-SCH2-
CH2CONH-resin (0.97 g, Gly: 480 umol). After removing the N-terminal Boc group by
treatment with 55% TFA in DCM (v/v) for 5 and 15 min followed by neutralization by 5%
DIEA in DMF (v/v), the peptide resin was treated with 4-pyridylmethyl p-nitrophenyl
carbonate (iNoc-ONp) (410 mg, 1.5 mmol) in DMF ovemight to give 1.5 g of protected
peptide resin. All of the resin was treated with HF (15 ml) containing 10% p-cresol (v/v) at
0 OC for 90 min to give 510 mg of a crude product. This product was purified on
RPHPLC to obtain 220 mg (53 pmol, 11% based on Gly in the starting resin) of iNoc-
HBs(16-39)-SCH2CH2CONH2. Found: m/z 2785.2 (M+H)*. Calcd: m/z 2785.5
(M+H)*. Amino acid composition: Aspp 98Thr1 81Ser] 63Glu1,03Gly1.00AlagVal] 70
Ileg.91Leu1,92Pheg 80Lys3,79Arg0.94.

To the solution of iNoc-HBs(16-39)-SCH2CH2CONH?2 (220 mg, 53 pmol)
dissolved in DMSO (2.3 ml), Boc-ONSu (130 mg, 620 pmol) and TEA (87 ul, 620 umol)
were added and the resulting solution stirred for 5 h. A mixed solvent of ether and ethyl
acetate was added to the reaction mixture. The formed precipitate was collected by
centrifugation and freeze-dried from a dioxane suspension to give 200 mg of peptide I1-2
(48 umol, 10% based on Gly in the starting resin). Found: m/z 3186.3 (M+H)*. Calcd:
m/z 3185.7 (M+H)*. Amino acid analysis of peptide II-2: Asp3 04Thr] 84Ser] 81
Gluy,19Gly1.11Ala4Valy 93llep.97Leu1 81Phe1 03Lys3.83A1g1.03.
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iNoc-[Lys(Boc)41,59]-HBs(40-60)-SCH2CH2CONH? (I1-3).

iNoc-Asp(OcHex)-Lys(Cl-Z)-Val-Gln-Leu-Ile-Gly-Phe-Gly-Asn-Phe-Glu(OBzl)-
Val-Arg(Tos)-Glu(OBzl)-Arg(Tos)- Ala-Ala-Arg(Tos)-Lys(Cl-Z)-Gly-SCH2 CHoCONH-
resin (2.2 g) was prepared from Boc-Gly-SCH2CH2CONH-resin (1.3 g, Gly: 300 pmol)
as described for the synthesis of peptide II-2. An aliquot of the resin (2.0 g) was treated
with HF (20 ml) containing 15% anisole (v/v) at 0 ©C for 90 min to give 620 mg of a crude
product. This was purified on RPHPLC to obtain 200 mg (56 pmol, 21% based on Gly in
the starting resin) of iNoc-HBs(40-60)-SCH2CH7CONH2. Found: m/z 2612.3 (M+H)*.
Calcd: m/z 2612.4 (M+H)*. Amino acid composition: Asp2 07Glu2 94Gly2 97Alap
Valp oolleg,99Leu1,05Phe2,05Lys2.11A1g3,00.

Boc-ONSu (67 mg, 310 pmol) and TEA (42 ul, 300 umol) were added to a
solution of iNoc-HBs(40-60)-SCH2CH2CONH? (200 mg, 56 pmol) in DMSO (2.0 ml);
the solution was stirred for 5 h at room temperature. Peptide II-3 was obtained in a yield
of 17% (230 mg, 46 pumol) based on Gly in the starting resin according to the same
procedure as described in peptide II-1. Found: m/z 2813.1 (M+H)*. Calcd: m/z 2812.5
(M+H)*. Amino acid analysis of peptide II-3: Asp2.01Glu2.87Gly2.90AlazVal2 04

lleg.94Leup 99Phen o4Lys1.97Ar1g2 87.

[Lys(Boc)75:80,83,86,90 (methyl-2H 3)Met69]-HBs(61-90) (I1-4).
iNoc-Arg(Tos)-Asn-Pro-Gln-Thr(Bzl)-Gly-Glu(OBzl)-Glu(OBzl)-Met-Glu(OBzl)-
Ile-Pro-Ala-Ser(Bzl)-Lys(Cl-Z)-Val-Pro-Ala-Phe-Lys(Cl-Z)-Pro-Gly-Lys(Cl-Z)-Ala-Leu-
Lys(Cl-Z)-Asp(OcHex)-Ala-Val-Lys(Cl-Z)-OCH2-PAM-resin was prepared from Boc-
Lys(Cl-Z)-OCH2-PAM-resin (0.78 g, Lys: 500 pmol) using a 430A synthesizer. The
Met69 residue was introduced manually using Boc-(methyl—2H3)Met (380 mg, 1.5 mmol)
in DMF and a 0.5 M solution of DCC in DCM (3.0 ml, 1.5 mmol). The iNoc group was
incorporated as described regarding the synthesis of peptide II-2. An aliquot of the
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obtained resin (0.98 g out of 2.7 g) was treated under low-HF conditions (HF-dimethyl
sulfide-p-cresol, 25:65:10 (v/v), 10 ml) at 0 OC for 2 h, followed by high-HF conditions
(HF-p-cresol, 9:1 (v/v), 10 ml) at 0 OC for 1 h;® a crude peptide (840 mg) was obtained
by the procedure described regarding peptide II-1. The crude product (840 mg) was
applied on a Pharmacia HiLoad S-Sepharose HP (16X100 mm), which was equilibrated
with a 0.05 M sodium phosphate buffer (pH 6.0) and eluted with a NaCl concentration
gradient in a buffer from O to 35 mM, over 27 min at a flow rate of 2.5 ml min-1. The
purified peptide was desalted by RPHPLC to give iNoc-[(methyl-2H3)Met9]-HBs(61-90)
(310 mg, 48 umol, 26% based on Lys in the starting resin). Found: m/z 3375.3 (M+H)*.
Calcd: m/z 3375.0 (M+H)*. Amino acid composition: Asp2 01Thrg 97Serg.90Glug.10
Prog,24Gly2.0pAlagVal] 99Met] . 151le1,00Leu1,01Phe].03Lys4,93Arg0.85.

The iNoc-[(methyl-2H3)Met69]-HBs(61-90) (290 mg, 43 pmol) and Boc-ONSu
(140 mg, 650 umol) were dissolved in DMSO (1.5 ml). The solution was stirred for 4 h
after adding TEA (65 pi, 470 pmol) to give iNoc-[Lys(Boc)75.80.83,86.90 (methyl-
2H3)Met‘59]-HBs(‘61-9O) (300 mg, 37 umol) as described in the preparation of peptide I1-
1. Amino acid composition: Asp2 5Thrg 99Serg.93Glug 23Prog 21Gly2 0gAlag
Valp g7MetQ g9lle.ps5Leu1 06Phe 04Lys4.94ArgQ.85.

The iNoc-[Lys(Boc)75-80.83,86,90 ' (methyl-2H3)Met69]-HBs(61-90) (300 mg,
37 umol) was sonicated with zinc dust (450 mg) in 50% aqueous acetic acid (9.0 ml) under
a nitrogen atmosphere for 3.5 h. Zinc dust was removed by centrifugation. The solution
was packed in a Spectrapor 6 membrane (M.W. cut off 1000), dialyzed against distilled
water (1 1X3) and freeze-dried to give powdered peptide II-4 (190 mg, 31 umol, 19%
based on Lys in the starting resin). Found: m/z 3739.4 (M+H)*. Calcd: m/z 3740.0
(M+H)*. Amino acid analysis of peptide II-4: Aspj 99Thr( 94Serg 88Glu3 97Pro4.11

Gly1.97AlagVal2 14Metq.851le,95Leu, 01Pheq,10Lys5.14A1g0,98.
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Boc-[Lys(Boc)3,18,19,23,38].HBs(1-39)-SCH2CH2CONH 3 (II-5).

Starting from Boc-Gly-SCH2CH2CONH-resin (1.0 g, Gly: 340 pmol), Boc-Met-
Asn-Lys(Cl-Z)-Thr(Bzl)-Glu(OBzl)-Leu-Ile-Asn-Ala-Val-Ala-Glu(OBzl)- Thr(Bzl)-
Ser(Bzl)-Gly-Leu-Ser(Bzl)-Lys(Cl-Z)-Lys(Cl-Z)-Asp(OcHex)-Ala-Thr(Bzl)-Lys(Cl-Z)-
Ala-Val-Asp(OcHex)-Ala-Val-Phe-Asp(OcHex)-Ser(Bzl)-Ile-Thr(Bzl)-Glu(OBzl)-Ala-Leu-
Arg(Tos)-Lys(Cl1-Z)-Gly-SCH2CH2CONH-resin (2.9 g) was obtained using the same
amino acid derivatives. An aliquot of the resin (770 mg) was treated with HF (10 ml)
containing 10% anisole (v/v) at 0 °C for 90 min. The crude peptide obtained was purified
on RPHPLC to give 30 mg (5.7 pmol, 6.4% based on Gly in the starting resin) of HBs(1-
39)-SCH2CH2CONH?2. Amino acid composition: Asps.12Thr3 95Ser).82Glu3 19
Gly2.02AlagVal2 g4Metp,951le 95Leus g2Phe1 07Lys4,73A181.02.

HBs(1-39)-SCH2CH2CONH? (17 mg, 3.2 umol) and Boc-ONSu (11 mg, 49
pmol) were dissolved in DMSO (100 pl). The solution was stirred for 6 h at room
temperature after adding TEA (6.6 pl, 47 umol) to give peptide II-5 (19 mg, 2.3 pmol,
4.5% based on Gly in the starting resin) after the same posttreatment as described in the
preparation of peptide II-1. Amino acid analysis of peptide II-5: Asps.05Thr3 76Ser2.86
Glu3,17Gly2. 02AlagVal2, 77Metg golle] 94Leu2 9gPhe 05Lys4.61Arg1.03.

Synthesis of [(methyl-2H3)Met6%]-HBs(1-90) (II-8-A) by Procedure A.
[Lys(Boc)41,59,75,80,83,86,90 (methyl-2H3)Met$%]-HBs(40-90) (II-6-A):
Peptides II-3 (47 mg, 11 pmol) and II-4 (44 mg, 10 pmol) were dissolved in DMSO (1.0
ml) containing HONSu (12 mg, 100 umol) and NMM (1.1 wl, 10 pmol). The solution was
stirred at room temperature for 3 h in the dark after adding AgNO3 (2.1 mg, 12 pmol).
AgNO3 (1.1 mg, 6.5 umol) and NMM (0.5 pl, 4.6 umol) were further added to the
solution and stirred again overnight. Ethyl acetate was then added. The precipitated peptide

was collected by centrifugation, washed with ethyl acetate (X2) and dried in vacuo. The
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obtained powder was treated with TFA (1.0 ml) containing 1,4-butanedithiol (100 ul) at
room temperature for 10 min. TFA was removed by flashing with nitrogen gas. The
residual oil was triturated with ether and dried in vacuo. This product was purified on
RPHPLC to give iNoc-[(methyl-2H3)Met69]-HBs(40-90) (Peptide 1I-6, 49 mg, 5.2

umol, 51% based on peptide II-4). Amino acid analysis of peptide II-6: Aspg,13Thr1.01
Ser1,00Glu7.10Pro4.24Glys. 12AlagValg, 17Met(, 781le 95Leu2 01Phe2 98Lys7.17

Arg4.04.
Peptide II-6 (25 mg, 2.6 pmol) and Boc-ONSu (13 mg, 62 umol) were dissolved

in DMSO (300 pl) containing TEA (6.2 pl, 45 pmol). The solution was stirred for 8 h at
room temperature. iNoc-[Lys(Boc)41,5975.80.83,86,90  (merhyl-2H3)Met69]-HBs(40-90)
(24 mg, 2.3 umol) was obtained according to the procedure described in the preparation of
peptide II-1. Amino acid composition: Asp4.]11Thrg 97Serp.91Glu7 27Pro4 28Glys.12
AlagValg 10Met(,90Ile1 99Leu2 04Phe3 21Lys7.19A1g4.10.

This peptide (24 mg, 2.3 umol) was dissolved in 75% aqueous acetic acid (400 pl)
and zinc dust (20 mg) was added under nitrogen; the solution was sonicated for 2 h at
room temperature. The workup of the reaction mixture followed the same procedure
described regarding the preparation of peptide II-4, resulting in peptide II-6-A (18 mg,
2.3 umol, 45% yield based on peptide 1I-4). Amino acid analysis of peptide I1-6-A:
Asp4,29Thr1, 13Ser1,05Glu7,11Pro3,92Glys 04AlagVal3 38Met,641le1 96Leu2,01
Phe3 0oLys6.45A183,74.

[Lys(Boc) 18,19,23,38,41,59,75,80,83,86,90 (methyl-2H3)Met69]-HBs(16-
90) (II-7-A): Peptide II-2 (20 mg, 4.0 umol) and peptide II-6-A (18 mg, 2.3 umol)
were dissolved in DMSO (300 pl) containing HONSu (6.9 mg, 60 umol) and NMM (0.66
pl, 6.0 umol). AgNO3 (1.2 mg, 7.1 umol) was added to the solution, which was stirred
for 5 h in the dark. More AgNO3 (300 ug, 1.8 umol) was added, and the reaction mixture
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was stirred again overnight. The crude product (39 mg) obtained by the same procedure
described regarding peptide II-6-A was treated with TFA (400 pl) containing 10% 1,4-
butanedithiol (v/v) for 10 min and purified on RPHPLC followed by elution through
TSKgel G3000SW (7.5X600 mm) 50% aqueous acetonitrile containing 0.1% TFA, at a
flow rate of 0.3 ml min-1. Thus, 19 mg of iNoc-[(methyl-2H3)Met69]-HBs(16-90)
(Peptide II-7) were obtained (1.3 umol, 58% based on peptide 1I-6-A). Amino acid
analysis of peptide II-7: Asp7.21Thr2.91Ser2.81Glug.33Pro3.89Gly6.04Ala10Val5.66
Metg.92lle2 91leu3 g7Phe3 85Lys10.35A184.74.

Peptide II-7 (18 mg, 1.3 umol) was dissolved in DMSO (100 ul) containing Boc-
ONSu (10 mg, 48 pmol) and TEA (6.7 ul, 48 umol). The solution was stirred for 10 h at
room temperature. iNoc-[Lys(Boc)!8.19,23,38,41,59,75,80,83,86,90  (merhyl-2H3)Met59)-
HBs(16-90) (17 mg, 1.1 umol) was obtained as described in the preparation of peptide II-
6-A. Amino acid composition: Asp7.29Thr2 98Ser2 73Glug 45Pro4 42Glye.12Ala1Q
Valg 48Metp 9glle3 1 1Leusq, 16Pheq 25Lys10.99Ar85.19.

This peptide (17 mg, 1.1 pmol) was dissolved in 85% aqueous acetic acid (1.4 ml)
and sonicated in the presence of zinc (70 mg) under nitrogen at room temperature for 3 h.
Peptide II-7-A (15 mg, 920 nmol, 42% yield based on peptide II-6-A) was obtained
according to a procedure similar to that described for the preparation of peptide II-4.
Amino acid analysis of peptide II-7-A: Asp7.58Thr2 §1Ser2 74Glug 55Pro4,08Gly6.13
AlajpVals 37Met] 26lle2 g1Leus g6Pheq, 10Lys10.54A184 87

[(methyl-2H 3)Met69]-HBs(1-90) (II-8-A): Peptides II-1 (7.9 mg, 1.8 pmol) and
I1I-7-A (15 mg, 920 nmol) were dissolved in DMSO (500 pl) containing HONSu (4.9
mg, 43 umol) and NMM (0.56 pl, 5.1 pmol). The solution was stirred overnight in the
dark after adding AgNO3 (860 pg, 5.1 pmol). Peptide I1-1 (3.0 mg, 680 nmol), HONSu
(1.9 mg, 17 uymol), NMM (0.21 pl, 1.9 pmol) and more AgNO3 (330 pg, 1.9 umol) were
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added and the solution was stirred for 24h. The workup of the reaction mixture was
performed as described for peptide II-7-A. The peptide obtained was treated with TFA
(500 i, v/v) containing 10% 1,4-butanedithiol for 15 min at 0 °C. TFA was removed by a
stream of nitrogen gas and ether was added to the residual oil. The precipitate that formed
was dried in vacuo and purified on RPHPLC to give peptide II-8-A (7.3 mg, 400 nmol,
43% based on peptide II-7-A). Amino acid analysis of peptide II-8-A: Aspg 31Thr4 .92
Ser3.64Glu10.43Pro3.65Gly6.97Ala12 Vale 87Met2.131le3 97Leuq 92Phe4 07Lys11.82
Arg4.95.

Synthesis of [(methyl-2H3)Met69]-HBs(1-90) (II-8-B) by procedure B.
[Lys(Boc)41,59,75,80,83,86,90  (methyl-2H 3)Met59]-HBs(40-90) (I1-6'):
Peptides II-3 (150 mg, 34 umol), II-4 (140 mg, 32 pmol) and HONSu (38 mg, 330
pmol) were dissolved in DMSO (3.2 ml) containing NMM (3.6 pl, 33 umol) and stirred
for 3 h at room temperature in the dark after adding AgNO3 (6.8 mg, 40 pmol). The
solution was stirréd overnight after adding more AgNO3 (3.4 mg, 20 pmol) dissolved in
DMSO (34 pul) and NMM (1.8 pl, 16 umol). A mixture of ethyl acetate and ether was
added to the solution to obtain a precipitate, which was washed with the same mixed
solvent. The precipitate was freeze-dried from a dioxane suspension to give a powder (330
mg). This peptide was sonicated with zinc dust (140 mg) in 75% aqueous acetic acid (2.6
ml) under nitrogen for 3 h at room temperature. Peptide mixture II-6' (230 mg) containing
peptide II-6-B was obtained after dialysis followed by freeze-drying, as described
regarding the preparation of peptide I1-4.

90) crude (I1-7'): Peptides II-2 (170 mg, 36 umol) and IT-6' (230 mg), HONSu (42
mg, 370 pmol), NMM (4.8 pl, 45 umol) were dissolved in DMSO (3.7 ml). AgNO3 (7.5
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mg, 44 umol) was added then the solution was stirred overnight in the dark. AgNO3 (1.4

mg, 8.0 umol), NMM (0.9 pl, 8.2 pmol) and DMSO (2.0 ml) were added and the mixture

was stirred again overnight. The peptide precipitated by adding water was first collected by
centrifugation, then lyophilized to give a powder (480 mg). This peptide was sonicated
with zinc dust (450 mg) in 80% aqueous acetic acid (9.0 ml) for 8 h at room temperature.
Peptide mixture I1-7' (340 mg) containing peptide II-7-B was obtained as described in
the preparation of peptide II-4.

[(methyl-2H3)Met69]-HBs(1-90) (II-8-B): Peptides II-1 (100 mg, 33 pmol) and

I1-7' (300 mg), HONSu (63 mg, 550 umol) and NMM (4.6 pl, 42 umol) were dissolved
in DMSO (7.0 ml). After the addition of AgNO3 (7.1 mg, 42 pmol), the solution was
stirred for 4.5 h in the dark at room temperature. AgNO3 (2.0 mg, 12 pmol) and NMM
(1.0 ul, 9.1 umol) were then added. After the mixture was first stirred overnight, and then
for an additional 24 h after adding peptide II-1 (60 mg, 20 pmol), HONSu (37 mg, 320
umol), NMM (2.6 pl, 24 pmol) and AgNO3 (4.2 mg, 25 pumol). The reaction mixture was

posttreated as described regarding the preparation of peptide II-8-A. The crude powder
(470 mg) was treated with TFA (4.5 ml) containing 10% 1,4-butanedithiol (v/v) at 0 °C
for 15 min. The thus-obtained material was purified on RPHPLC to yield powdered
peptide I1-8-B (92 mg, 4.7 umol, 16% yield based on peptide II-4) after freeze-drying.
Amino acid analysis of peptide II-8-B: Aspg 32Thrg4 97Ser3 76Glu1(.39Pro3 65

Gly6.99Ala12Val6 46Met2, 101le3.92Leuq 98Pheq 12Lys11.72Arg4.75.

Synthesis of [(methyl-2H3)Met%?]-HBs(1-90) (II-8-C) by Procedure C.
Peptides I1-5 (3.7 mg, 680 nmol) and I1-6-A (4.9 mg, 420 nmol) were dissolved

in DMSO (100 ul) containing HONSu (900 pg, 7.8 pmol) and NMM (0.17 pl, 1.6 pmol).

After adding AgNO3 (150 pg, 860 nmol), the solution was stirred overnight; then, peptide
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II-5 (13 mg, 2.4 pmol), AgNO3 (510 pg, 3.0 pmol) and NMM (0.61 pl, 5.6 pmol) were
added. The solution was stirred for 48 h. The peptide was precipitated with ethyl acetate
and washed with the same solvent twice to give a powder, which was treated with TFA
(100 1) containing 10% 1,4-butanedithiol (v/v) at 0 OC for 15 min. TFA was removed by
a nitrogen flush. The obtained oil was powderized by adding ether, then dried. The crude
peptide was purified on RPHPLC to give peptide II-8-C (140 nmol, 33% based on
peptide I1-6-A). Amino acid analysis of peptide I11-8-C: Aspg §2Thr4.655¢er3.76
Glug 51Pro3,02Gly6.76Ala12Vals g4Met 221le3, 18Leuq ggPheq 0OLys9,74Arg4.30.

Ion-Exchange Chromatography of [(methyl-ZH 3)Met69]-HBs(l-90) (11-8).

Peptide I1-8-A (7.3 mg, 400 nmol) was dissolved in a 0.05 M sodium phosphate
buffer (pH 7.0) and loaded onto Pharmacia HiLoad S-Sepharose HP (16X100 mm),
which was equilibrated with the same buffer and eluted with a NaCl gradient in a buffer
increasing from 0.1 to 0.35 M over 50 min, at a flow rate of 2.5 ml min-1. The elution of
the peptide was monitored by absorbance at 220 nm. The main fraction was collected and
dialyzed against 11 of distilled water three times in a Spectrapor 6 membrane (M.W. cut off
1000) and freeze-dried to give folded [(methyl-2H3)Met69]-HBs(1-90) (200 nmol).
Amino acid analysis of peptide II-8: Aspg 1QThr4 84Ser4 06Glu10.16Pr03.56Gly7.16
AlazVale.54Met o3lle3 9sLeus 07Phe4.17Lys11.11Arg4.56.

According to the same procedure, peptide I1-8-B (93 mg, 4.7 pumol) was purified
to yield peptide II-8 (78 mg, 2.1 umol).

1H NMR Spectroscopy.

Synthetic or native HBs was dissolved at a concentration of 0.8 mg per 0.5 ml of

99.96% D20 containing 10 mM sodium phosphate (pH 7.0) after exchanging all amide
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protons. The spectra were recorded at 500 MHz on a JEOL GX-500 spectrometer with a
DEC 11-73 computer. NMR data were recorded at 30 °C.
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Chapter III

Development of a Linker with Enhanced Stability for Use in
the Preparation of Peptide Thioesters; Its Application to the Synthesis
of a Stable-Isotope-Labelled HU-Type DNA-Binding Protein

II1-1 Introduction

In order to make the thioester method more effective for the synthesis of proteins,
especially those with a molecular weight above 10000 or with labelled amino acids,
improvements are required of several points. One of the major drawbacks is the low yields
of peptide thioesters due to the instability of the linker containing a thioester moiety on a
solid support. In the previous chapters, the author used an S-n-alkyl thioester, where n-
alkyl means normal alkyl, directly connected to MBHA resin. The yield of the peptide
thioester was almost half of the values obtained on the MBHA resin without the thioester
moiety. |

In this chapter are described the development of a linker containing an S-alkyl-
thioester-moiety with enhanced stability, the preparation of thioester building blocks for the
synthesis of HU-type DNA-binding protein of Bacillus stearothermophilus (HBs) labelled
with 2H, 13C and 15N and the synthesis of multilabelled HBs. NMR spectral analysis of

the product is also discussed.

III-2 Results and Discussion
Comparison of Chemical Characteristics of Linkers Containing S-n-Alkyl,
S-s-Alkyl or S-t-Alkyl Thioester.

Pentapeptides with S-n-alkyl, S-s-alkyl or S--alkyl thioester, where n-alkyl, s-
alkyl, and ¢-alkyl represent normal alkyl, 1-substituted alkyl, and 1,1-disubstituted alkyl,
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respectively, were prepared according to the scheme shown in Fig. III-1 in order to
estimate the stability of the thioester-containing linker during peptide chain elongation
cycles. Each crude product was analyzed by RPHPLC after an HF treatment. The results
are summarized in Table III-1. A pentapeptide with an S-r-alkyl thioester group was
obtained in 35% yield, whereas the others were obtained in lower yields. The difference in
the yield seems to be amplified by the 2,5-piperazinedione formation of a Pro-Gly
sequence at the carboxyl terminal of the peptide. These results suggest that the linker
containing the S--alkyl thioester has favorable characteristics for the preparation of the

peptide thioester in regard to the yield and avoiding 2,5-piperazinedione formation.

X1
A) X1=Xp=H
Boc-Gly-S-C-CH;CONH-Resin B) Xi=H, X»= CH3
C) X1=X»2=CHj3
X2

ABI 430A Peptide Synthesizer
System Software Version 1.40
HOBt/NMP ¢-Boc

For CI-Z Bom X1

Boc-Trp-Lys-His-Pro-Gly-S-C-CH2CONH-Resin

X2
1) TFA, 2) DIEA
HF treatment

RPHPLC X1

A) Xy=Xp=H
Boc-Trp-Lys-His-Pro-Gly-S-C-CH,CONH2 B) X1=H, X»=CH3

C) X1=X»=CH3
X2

Fig. III-1. Preparation of pentapeptide thioesters for a stability test of the thioester-containing
linker.
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However, when an S-z-alkyl thioester-containing linker was applied to the preparation of
HBs(16-39), no distinct difference in the yield was observed, compared to the peptide
containing S-n-alkyl thioester, as shown in the upper 2 rows of Table III-2. However, the
amount of the by-products in the crude product was somewhat decreased, as judged from

the elution profile on RPHPLC, when a linker containing S-¢-alkyl thioester was used.

Table ITI-1. Analysis of the Crude Products Obtained Using Three Thioester Moieties

Yield/%
-SR Trp-Lys-His-Pro-Gly-SR Trp-Lys-His-SR
A) -SCH2CH2CONH?2 16
B) -SCH(CH3)CH2CONH2 30
C) -SC(CH3)2CH2CONH? 35

Stability Test of Boc-Gly-SC(CH3)2CH2CONH-Resin.

In order to analyze the factors responsible for the low yield of the peptide S-t-alkyl
thioester, Boc-Gly-SC(CH3)2CH2CONH-resin was treated under the conditions used for
peptide chain-elongation cycles; the materials liberated from the resin were analyzed using
an amino acid analyzer and a FAB mass spectrometer. When Boc-Gly-SC(CH 3)2CH-
CONH-resin was treated with 50% TFA in DCM (v/v), Gly-SC(CH 3)2CH2CONH? was
liberated. The rate of decomposition was calculated to be 2 to 3% per one amino acid
elongation cycle. Under the same conditions, Gly-NH2 was removed from the Boc-Gly-
NH-resin at a rate of 0.1% per cycle. On the other hand, the peptide thioester resin was
rather stable in the presence of 5% DIEA in DMF (v/v). These results suggest that a sulfur
atom in the thioester might accelerate the cleavage of a peptide from the MBHA resin in the
form of a peptide thioester amide. In this regard, the decomposition of the thioester, itself,

was not mainly responsible for the loss of a peptide from the resin.
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Effect of Spacer Groups on the Stability of the Linker Containing S-z-Alkyl
Thioester.

To estimate the effect of the sulfur atom upon the stability of the thioester-
containing linker on the MBHA resin, Nle or B—Ala was inserted as a spacer between the
thioester moiety and the MBHA resin. Boc-Nle or Boc-f-Ala, and then Boc-Gly-
SC(CH3)2CH2COOH, were successively introduced to the resin using DCC and HOBE, to
obtain Boc-Gly-SC(CH3)2 CH2CO-Nle-(or f—Ala-)NH-resin. Using these resins, Troc-
HBs(16-39) thioesters were synthesized. The yields were compared with those of peptide
thioesters without spacer groups. The data in Table III-2 show that the presence of the
spacer groups, -Ala and Nle, enhanced the stability of the linkers on the MBHA resin.
The yields of the peptide thioesters with these spacers were almost equal to that of a peptide
amide prepared on an MBHA resin without a thioester moiety.

Table III-2. Syntheses of the Peptide Thioester of Troc-HBs(16-39)
Using 4 Resins with Different Thioester-Containing Linkers

Troc-Leu-Ser-Lys-Lys-Asp-Ala-Thr-Lys-Ala-Val-Asp-Ala-
Val-Phe-Asp-Ser-lle-Thr-Glu-Ala-Leu-Arg-Lys-Gly-SR

-SR Yield/%
-SCH2CHCONH2 15
-SC(CH3)2CH2CONH2 15
-SC(CH3)2CH2CO-B-Ala-NH3 26
-SC(CH3)2CH2CO-Nle-NHp 28

Preparation of Peptide Segments of HBs.

Using Boc-Gly-SC(CH3)2CH2CO-Nle-NH-resin, peptide segments of multi-
labelled HBs were synthesized. The sequence of HBs and six amino acid residues, labelled
with 2H, 13C or 15N, are shown in Fig. III-2. The labelled amino acids used were (2-
13C)Phe for Phet”, (1-13C)Ala for Alad6, (2-13C)Gly for Gly69, (guanidino-N2:3-
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15N2)Arg for Arg61, (methyl-2H3)Met for Met69, (8-15N)Lys for Lys80. These labelled
amino acid residues are indicated by asterisks in Fig. I1I-2.
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-Val-Phe-AsDp-
40

Ser-Ile-Thr-Glu-Ala-Leu-Arg-Lys-Gly-Asp-Lys-Val-Gln-Leu-Ile-
] 50 L] *

Gly-Phe-Gly-Asn-Phe-Glu-Val-Arg-Glu-Arg-Ala-Ala-Arg-Lys-Gly-
» ® 70
Arg-Asn-Pro-Gln-Thr-Gly-Glu-Glu-Met-Glu-Ile-Pro-Ala-Ser-Lys-~-
. 90
Val-Pro-Ala-Phe-Lys-Pro-Gly-Lys-Ala-Leu-Lys-Asp-Ala-Val-Lys

Fig. I1I-2. The amino acid sequence of HBs. The arrows indicate the sites of segment cougling.
The asterisks indicate amino acids labelled with 2H, 13C or 15N; (2-13C)Phe4’, (1-
13C)Ala56, (2-13C)Gl1y80, (guanidino-N23-15N2)Argb!, (methyl-2H3)Met5® and (e-
15N)Lys80.

The same four peptide segments that were used in the previous synthesis (chapter
IT) were prepared except for the use of a Troc group instead of an iNoc group and the
carboxyl-terminal thioester portion. Starting from the Boc-Gly-SC(CH3)2CH2CO-Nle-
NH-resin, partially protected peptide segments ITI-1, ITI-2, and ITI-3 (Table III-3) were
prepared by the same procedure described in the previous chapter. The yield of each
peptide thioester almost doubled compared with the previous synthesis using the Boc-Gly -
SCH2CH2CO-NH-resin. The yields obtained by this synthesis were almost comparable to
that of the partially protected peptide III-4 prepared using the Boc-Lys(Cl-Z)-OCH2-
PAM-resin. The S-z-alkyl thioester with the spacer was also stable during the purification

of a peptide segment and the introduction of Boc groups.

Synthesis of Multilabelled HBs.

Peptide segments from ITI-1 to ITI-4 were condensed according to the scheme
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Table III-3. Partially Protected Peptide Segments Prepared for Segment Coupling

Peptide segments Yield/%?)

Boc-[Lys(Boc)3]-HBs(1-15)-SC(CHj3),CH,CO-Nle-NH, (I11-1) 22(14)

Boc-Met-Asn-Lys(Boc)-Thr-Glu-Leu-Ile-Asn-Ala-Val-Ala-Glu-
Thr-Ser-Gly-SC(CHj3),CH,CO-Nle-NH;

Troc-[Lys(Boc)!8.19.23.38]. UBs(16-39)-SC(CH;),CH,CO-Nle-NH, (III-2) 22 (10)

Troc-Leu-Ser-Lys(Boc)-Lys(Boc)-Asp-Ala-Thr-Lys(Boc)-Ala-Val-Asp-Ala-
Val-Phe-Asp-Ser-lle-Thr-Glu-Ala-Leu-Arg-Lys(Boc)-Gly-SC(CH3),CH;-
CO-N]C-NHz

Troc-[Lys(Boc)*1:59, (2-13C)Phe?7, (1-13C)AlaS6, (2-13C)Gly®0)-
HBs(40-60)-SC(CHz),CH,CO-Nle-NH, (I1L-3) 41(17)

Troc-Asp-Lys(Boc)-Val-GlIn-Leu-Ile-Gly-Phe*-Gly-Asn-Phe-Glu-Val-
Arg-Glu-Arg-Ala*-Ala- Arg-Lys(Boc)-Gly*-SC(CHj3),CH,CO-Nle-NH;

[Lys(B 00)75,80,83,86,90, (guanidino- N23.1 5N2) Arg61 ,
(methyl->H3)Met®? (e-15N)Lys80)-HBs(61-90) (I11-4) 20 (19)

Arg*-Asn-Pro-Gln-Thr-Gly-Glu-Glu-Met*-Glu-Ile-Pro-Ala-Ser-Lys(Boc)-
Val-Pro-Ala-Phe-Lys(Boc)*-Pro-Gly-Lys(Boc)-Ala-Leu-Lys(Boc)- Asp-Ala-
Val-Lys(Boc)

a) The yields in parentheses are of previous syntheses using an -SCH;CH,CONH; group as the
thioester linker and an iNoc group for terminal amino protection.

shown in Fig. III-3. As typical coupling conditions, peptides II1-3 (27 pumol) and II1-4
(27 pmol) were dissolved in DMSO (1.4 ml) containing NMM (100 pmol) and HONSu
(310 pmol). To this solution, AgNO3 (47 umol) was added. The S-r-alkyl thioester with
the spacer was converted to a succinimide ester within 10 min, judging from the elution
profile of RPHPLC. The condensation was completed within 1 d without any significant
side reactions. A product was precipitated by adding distilled water, dissolved in a mixed
solvent of 50% aqueous acetic acid (5 ml) and acetonitrile (1 ml) and treated with zinc dust
(250 mg) under nitrogen atmosphere to remove the Troc group. After zinc dust was

removed, the reaction mixture was dialyzed against distilled water and lyophilized to give a
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(1il-1) (11-2) (1-3) (I11-4)
(Boc)y (Boc), (Boc), (Boc)s

Boc-@sn TrocSR Troc SR H-{61-90}-0H
D

i} AgNO; + HONSu, ii) Zn/AcOH

‘ (Boc);
H-{___40-90 __}-OH (lll-5)

i) AGQNO, + HONSu, ii) Zn/AcOH
\

(Boc)
H-{ 16-90 Y-oH (11-6)
] i) AgNO; + HONSu, ii) TFA, iii) HPLC, iv) ion-ex. chromatography
H~ 1-90 }-oH (ll-7)

-SR: -SC(CH,),CH,CO-Nie-NH,

Fig. I11-3. Synthetic route of HBs(1-90).
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Fig. IT1I-4. RPHPLC elution profile of a crude product of HBs(1-90) after treating the reaction
mixture with TFA. The asterisks indicate the peaks derived from by-products during
deprotection of the Troc group. Column: YMC-Pack ODS-AM (4.6X250 mm) at a flow

rate of 1 ml min~1. Eluent; aqueous acetonitrile containing 0.1% TFA.
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peptide mixture containing peptide ITI-5, which was used for the next coupling without
purification. According to the same procedure, peptides III-2 and III-1 were then
successively condensed. A product containing a peptide, which covered the entire sequence
of HBs, was treated with TFA containing 10% 1,4-butanedithiol (v/v). The RPHPLC
profile of crude HBs(1-90) (III-7) is shown in Fig. III-4. HBs(1-90) was purified by
RPHPLC using PROTEIN-RP, then further purified by ion-exchange chromatography on
Pharmacia Mono S HR 5/5 and desalted by RPHPLC to give a highly-pure final product in
8.5% yield, based upon peptide III-4. In the previous synthesis, the overall yield was
7.2%, based on peptide II-4 by method B. In the present synthesis, a high proportion of
the by-product was formed up to 50% during deprotection of the Troc group. 1) Judging
from the mass number of the by-product obtained by the zinc-dust treatment of Troc-
[Lys(Boc)75-80.83,86,90 (euanidino-N2-3-15N)Argbl, (methyl-2H3)Met$9, (&-15N)
Lys80]-HBs(61-90), the major by-products formed at every deprotection step were
estimated to be 2,2-dichloroethoxycarbonyl derivatives, which were derived from the
substitution of one chlorine atom of the Troc group by one hydrogen atom. A Troc group
was not necessarily a good choice for the synthesis of HBs. It has to be noted, however,
that during the synthesis of the c-Myb protein, the side reaction was not so serious.

The activation of the S-r-alkyl thioester with the spacer was completed within 10

min.

NMR Spectra of Labelled HBs.

The final goal reached by this synthesis was preparation of . HBs labelled with
stable isotopes, which can be used to analyze the local flexibility of HBs, as well as the
mode of interaction between HBs and DNA. This is the first chemically synthesized
protein, which is site-specifically labelled with stable isotopes for the analysis of protein
functions. In order to confirm the usefulness of this molecule, its 2H, 13C and 15N NMR
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spectra were measured. Synthetic HBs showed the same 1H NMR spectrum as that of the
native HBs, except for methyl-2H3 of Met®9 (Data not shown). These results indicate that
the synthetic HBs has the same three-dimensional structure as that of native HBs. The 13C
and 15N signals of the HBs were also apparent by 13¢C and 15N NMR spectroscopy using
this sample at a concentration of 20 mg ml-1, as shown in Fig. III-5. Thus, multilabelled

HBs should yield significant information. Detailed analysis data will be published

elsewhere.

PPM
1 1 1 1 1l 1} 1
200 180 160 140 120 100 80 60 40 20 0 -20
5N NMR Spectrum of HBs
ArgS1
N9
\ Lys?®
N€
PPM.
'llIIIIIIII[IIIIITI!IIIIIIIIIII|I|Il|lll|ll||lllll‘l‘ll|lll|‘||
55 50 45 40 35 30 25 20 15 10 5 0 -5

Fig. I1I-5. 13C and 15N signals obtained using 13C and 15N NMR spectroscopy, respectively. N§
means guanidino-N2’3.
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II1-3 Materials and Methods

(2-13C)Phe, (1-13C)Ala, (2-13C)Gly and (methyl-2H3)Met were purchased from
Isotec Inc. (Miamisburg, OH.). (guanidino-N2»3-15N2)Arg and (8-15N)Lys were
synthesized in house. Analytical RPHPLC was performed on YMC-Pack ODS-AM
(4.6X250 mm), and preparative RPHPLC was performed 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 OC for 24 h in an evacuated sealed tube.

Peptide Chain Elongation on a Solid Support.
The solid-phase synthesis of a peptide segment was performed as the same

procedure described in the preceding chapter.

Boc-Gly-SCH(CH3)CH2COOH.

Crotonic acid (3.7 g, 43 mmol) and phenylmethanethiol (5 ml, 43 mmol) were
heated in piperidine (6.4 ml) at 150 OC for 12 h. The reaction mixture was acidified with
HCI and extracted with ether. The products in the ether phases were extracted with
concentrated NaHCO3. After acidification of the aqueous phase, the product was extracted
with ether, dried over Na2SO4 and concentrated under reduced pressure to give an oil (5.3
g, 25 mmol), 3-(benzylthio)butyric acid, which was confirmed by 1H NMR. All of this oil
was dissolved in liquid ammonia (200 ml) and treated with Na metal (1.2 g) until a blue
color persisted for 1 min. After NH3 was removed by a nitrogen stream, the residue was
acidified with HCl, extracted 3 times with AcOEt and dried over Na2S04. AcOEt layers
were combined and concentrated under reduced pressure to give an oil (3.2 g), 3-
mercaptobutyric acid. After this, the o0il (3.0 g) and Boc-Gly-ONSu (6.1 g, 22 mmol) were
dissolved in DMF (50 ml), DIEA (5.9 ml, 34 mmol) was then added. The reaction mixture
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was stirred overnight under nitrogen. After DMF was evaporated in vacuo, the residual oil
was dissolved in AcOEt and washed successively with water containing 10% citric acid and
NaCl. After concentrating the organic layer, the residual oil was purified on Wako gel (45 x
160 mm) using chloroform-methanol-acetic acid (95:1:3, v/v) as the eluent. The fraction
containing the product was collected and concentrated in vacuo. Crystallization from
hexane gave Boc-Gly-SCH(CH3)CH2COOH (4.1 g, 15 mmol), mp 109.0-111.2 OC.
Found: C, 47.49; H, 6.91; N, 5.08%. Calcd for C11H1905N1S1: C, 47.64; H, 6.91; N,

5.05%.

Boc-Gly-SC(CH3)2CH2COOH.

3-Methyl-3-(benzylthio)butyric acid (24 g, 110 mmol)2) was dissolved in liquid
NH3 (11) and treated with Na metal (5.0 g). According to the procedure described for the
preparation of 3-mercaptobutyric acid, 3-methyl-3-mercaptobutyric acid (16 g) was
obtained as an oil. Boc-Gly-ONSu (36 g, 130 mmol) and 3-methyl-3-mercaptobutyric acid
(16 g) were dissolved in DMF (350 ml) containing DIEA (20 ml, 120 mmol); the reaction
mixture was stirred for 5 hr. The oil obtained by the same procedure described for the
synthesis of Boc-Gly-SCH(CH3)CH2COOH was purified by RPHPLC using aqueous
acetonitrile containing 0.1% TFA as the eluent to obtain Boc-Gly-SC(CH3)2CH2COOH
(27 g, 93 mmol), mp 51.0-53.2 OC. Found: C, 49.20; H, 7.17; N, 4.67; S, 11.01%.
Calcd for C12H2105N1S1: C,4947; H, 7.27; N, 4.81; S, 11.01%.

Synthesis of Boc-Gly-SCH(2.n)(CH3)nCH2CONH-Resin (n=0, 1, 2).
MBHA resin hydrochloride (1.0 g, NH2: 0.39 meq) was washed with 5% DIEA in

DMEF (v/v) for 5 min (X2), then with DCM for 1 min (X3). Boc-Gly-SCH2CH2COOH

(200 mg, 0.76 mmol) in DCM (8 ml) and 0.5 M DCC in DCM (1.5 ml) were added to the

resin and the reaction mixture was shaken for 5 h. The resulting resin was mixed with 5%
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acetic anhydride in DCM (v/v) for 15 min to give Boc-Gly-SCH2CH2CONH-resin (1.1 g,
Gly: 0.33 mmol g-1). Boc-Gly-SCH(CH3)CH2CONH-resin (1.1 g, Gly: 0.34 mmol g-1)
and Boc-Gly-SC(CH3)2 CH2CONH-resin (0.79 g, Gly: 0.30 mmol g‘l) were synthesized

by the same procedure.

Synthesis of Trp-Lys-His-Pro-Gly-SCH(2.p)(CH3),CH2CONH, (n=0, 1,
2).

Starting from Boc-Gly-SCH2CH2CONH-resin (500 mg, 170 pmol), Boc-
Trp(For)-Lys(Cl-Z)-His(Bom)-Pro-Gly-SCH2 CH2 CONH-resin was prepared by means
of a synthesizer using a single coupling protocol. An aliquot of the resin (94 mg out of 560
mg) was treated with HF (2.7 ml) containing p-cresol (100 pl) and 1,4-butanedithiol (350
ul) at 0 OC for 1.5 h. The crude peptide was extracted with 25% aqueous acetonitrile
containing 0.1% TFA (10 ml), washed with ether (3 ml) (X3) and lyophilized to give a
powder (18 mg), which was analyzed by RPHPLC. The isolated fractions were
hydrolyzed and the peptide structure and contents were estimated. From this synthesis, 4.4
umol of the desired product were obtained. In the same manner, pentapeptide thioesters
were synthesized on Boc-Gly-SCH(CH3)CH2CONH-resin and Boc-Gly-SC(CH 3)2-
CH2CONH-resin, and the products were analyzed. The data are given in Table III-1.

Stability of the Boc-Gly-SC(CH3)2CH2CONH-Resin.
Boc-Gly-SC(CH3)2CH2CONH-resin was stirred with 50% TFA in DCM (v/v).
At various intervals, aliquots of the solvent were withdrawn and analyzed on an amino acid
analyzer after acid hydrolysis. After overnight stirring, the resin was filtered off and the
filtrate was concentrated in vacuo. The residual mass was treated with 0.1 M Boc-ONSu in

DMEF in the presence of TEA for 5 h. The reaction mixture was analyzed on RPHPLC and
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the main product was analyzed by FAB mass spectrometry. Found: m/z 291.1 (M+H)*.
Calcd for Boc-Gly-SC(CH3)2CH2CONH2: m/z 291.1 M+H)*.

Boc-Gly-SC(CH3)2CH2CO-Nle-NH-Resin.

Boc-Nle (170 mg, 0.75 mmol) was mixed with 1 M HOBt in 1-methyl-2-
pyrrolidinone (NMP) (0.75 ml) and 1 M DCC in NMP (0.75 ml). After stirring for 30 min,
the reaction mixture was mixed with neutralized MBHA resin (§10 mg, NH2: 0.51 meq)
and shaken for 4 h. After washing with DCM (X3), 50% methanol in DCM (v/v, X3) and
DCM (X3), the resin was treated with 55% TFA in DCM (v/v) for 5 and 15 min, followed
by neutralization with 5% DIEA in DMF (v/v) for § min (X2). Boc-Gly-
SC(CH3)2CH2COOH (220 mg, 0.75 mmol) was introduced to the Nle-NH-resin in the
same manner to give Boc-Gly-SC(CH3)2-CH2CO-Nle-NH-resin (980 mg, Gly: 0.46

mmol).

Boc-Gly-SC(CH3)2CH2CO-3-Ala-NH-Resin.
Boc-Gly-SC(CH3)2CH2CO-f—Ala-NH-resin (980 mg, Gly: 0.47 mmol) was

prepared by the same procedure as described regarding the preparation of Boc-Gly-
SC(CH3)2CH2CO-Nle-NH-resin using Boc-p—Ala.

Troc-[Lys(Boc)18:19,23,38]_.HBs(16-39)-SC(CH3)2CH,CO-Nle-NH,(III-
2).

Starting from Boc-Gly-SC(CH3)2CH2CO-Nle-NH-resin (980 mg, Gly: 0.46
mmol), the protected peptide resin corresponding to the HBs sequence (16-39) was
prepared on a synthesizer using a double coupling protocol. After completion of a peptide
chain assembly followed by a TFA treatment, the resin was mixed with Troc-ONSu (440

mg, 1.5 mmol) in DCM for 4 h to give a protected peptide resin (2.4 g). The resin (1.0 g)
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was treated with HF (10 ml) containing p-cresol (1 ml) at 0 ©C for 90 min. The crude
peptide (500 mg) obtained was purified on RPHPLC to give Troc-HBs(16-39)-
SC(CH3)2CH2CO-Nle-NH2 (200 mg, 55 pmol, 28% based on Gly in the starting resin).

Found: m/z 2965.4 (M+H)*. Calcd: m/z 2965.4 (M+H)*. Amino acid composition:
Asp2.70Thr1 68Ser1.60Glu0.97Gly0.94Ala4 Val] 931leg,91Leu1.55Nle0.85Phe0.94

Lys3.50A1g0.94.

Troc-HBs(16-39)-SC(CH3)2CH2CO-Nle-NH2 (200 mg, 55 umol) and Boc-
ONSu (100 mg, 460 umol) were dissolved in DMSO (1 ml). The solution was stirred for 3
h after adding TEA (73 ul, 520 umol). A mixed solvent of ether and ethyl acetate was

added to the reaction mixture to precipitate a product which was collected by centrifugation
and freeze-dried from a dioxane suspension to give peptide III-2 (170 mg, 43 umol, 22%
based on Gly in the starting resin). Found: m/z 3365.5 (M+H)*. Calcd: m/z 3365.7
(M+H)*. Amino acid analysis of peptide ITI-2: Aspp 99Thr1 89Seri 80Glu1.10Gly1.08
AlagVal 03lleg.97Leu].61NleQ.98Phe0.99Lys3.84A1g1.04.

Troc-HBs(16-39)-SCH2CH2CONH2.

Starting from Boc-Gly-SCH2 CH2CONH-resin (970 mg, Gly: 0.48 mmol), this
peptide was prepared by the same method described for the synthesis of peptide III-2.
Yield: 15% based upon Gly in the starting resin. Found: m/z 2824.5 (M+H)*. Calcd: m/z
2824.3 (M+H)*. Amino acid composition: Asp3,03Thr] §5Ser1 81Glui.10Gly1,13Alaq

Valp j3lle1 goLeu1, 79Pheq 12Lys4 04Arg0.98.

Troc-HBs(16-39)-SC(CH3)2CH2CONH2.

Starting from Boc-Gly-SC(CH3)2CH2CONH-resin (900 mg, Gly: 0.46 mmol),
this peptide was prepared by the same method described for the synthesis of peptide ITI-2.
Yield: 15% based upon Gly in the starting resin. Found: m/z 2852.4 (M+H)*. Calcd: m/z
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2852.4 (M+H)*. Amino acid composition: Aspp 9gThry 84Serq 82Glut 02Gly1.06
AlagVal] 95Tle] 07Leu1.61Phe(.90Lys3.91Arg0.95. '

Troc-HBs(16-39)-SC(CH3)2CH2CO-f-Ala-NH3.

Starting from Boc-Gly-SC(CH3)2CH2CO-pB~Ala-NH-resin (980 mg, Gly: 0.47
mmol), this peptide was prepared as described for the synthesis of peptide III-2. Yield:
26% based on Gly in the starting resin. Found: m/z 2923.5 (M+H)*. Calcd: m/z 2923.4
(M+H)*. Amino acid composition: Asp3.15Thr] 95Ser] 92Glu] 06Gly1.04Ala4Val] 84

Ile1 o7Leu1 g4(Phe+f-Ala)1 32Lys4,17Arg0.80.

Boc-[Lys(Boc)3]-HBs(l-lS)-SC(CH3)2CHzCO-Nle-NHz (II1-1).

Starting from Boc-Gly-SC(CH3)2CH2CO-Nle-NH-resin (1.0 g, Gly: 0.44
mmol), the protected peptide resin corresponding to the sequence of HBs(1-15) was
prepared. After the removal of N-terminal Boc group by TFA treatment, 1.8 g of a
protected peptide resin was obtained. The resin (800 mg) was treated with HF (10 ml)
containing p-cresol (1 ml) at 0 ©C for 90 min to give 330 mg of crude product. This was
purified on RPHPLC to obtain 120 mg (53 pmol, 26% based on Gly in the starting resin)
of HBs(1-15)-SC(CH3)2CH2CO-Nle-NH2. Found: m/z 1805.9 (M+H)*. Calcd: m/z
1805.9 (M+H)*. Amino acid composition: Asp? 5Thri 99Serg 97Glu2 08Gly1.04
AlapVal1, 10MetQ 931lep 97Leup,98Nle0 93Lys1.08-

Boc-ONSu (56 mg, 260 umol) and TEA (36 pl, 260 umol) were added to a
solution of HBs(1-15)-SC(CH3)2CH2CO-Nle-NH? (120 mg, 53 pmol) in DMSO (1.4
ml). The solution was stirred for S h at room temperature. Peptide III-1 (130 mg, 44
pumol, 22% based on Gly in the starting resin) was obtained according to the same

procedure as described in peptide ITI-2. Found: m/z 2005.6 (M+H)*. Calcd: m/z 2006.0
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(M+H)*. Amino acid analysis of peptide III-1: Asp].94Thr]_81Serp 85Glu1.96Gly(.95
AlapValg.97Metp 851lep.83Leup.89NIe0. 96Lys1.02.

Troc-[Lys(Boc)41,59, (2-13C)Phe?7, (1-13C)AlaS6, (2-13C)GlyS0]-HBs
(40-60)-SC(CH3)2CHCO-Nle-NH, (III-3).

Starting from Boc-(2-13C)Gly-SC(CH3)pCH2CO-Nle-NH-resin (1.0 g, Gly: 0.4
mmol), obtained by the same procedure as described for the preparation of the
corresponding nonlabelled resin, protected peptide resin corresponding to the sequence of
HBs(40-60) was obtained. Ala36 and Phe4’ were introduced manually by mixing with
0.75 mmol of Boc-(1-13C)Ala or Boc-(2-13C)Phe, 1 M DCC in NMP (0.75 ml) and 1 M
HOBt in NMP (0.75 ml) for 4 h. The Troc group was incorporated as described regarding
the synthesis of peptide III-2. An aliquot of the obtained resin (1.1 g out of 2.1 g) was
treated with HF (10 ml) containing p-cresol (1 ml) at 0 OC for 1.5 h. A crude peptide
obtained (690 mg) was purified on RPHPLC to give 310 mg (87 umol, 41% based on Gly
in the starting resin) of Troc-HBs(40-60)-SC(CH3)2CH2CO-Nle-NH2. Found: m/z
2795.4 M+H)*. Caled: m/z 2795.3 (M+H)*. Amino acid composition: Asp1.93Glu 97
Gly3,00Alaz Val] 90lle.93Leuq 96Nlep,94Phe2 02Lys1.91Arg2 95.

Troc-HBs(40-60)-SC(CH3)2CH2CO-Nle-NH2 (310 mg, 87 pumol) and Boc-
ONSu (94 mg, 440 umol) was dissolved in DMSO (1.6 ml). The solution was stirred for 5
h after adding TEA (61 pl, 440 umol) to give peptide III-3 (330 mg, 87 umol, 41% based
on Gly in the starting resin) after the same posttreatment as described in the preparation of
peptide III-2. Found: m/z 2995.5 M+H)*. Calcd: m/z 2995.5 (M+H)*. Amino acid
analysis of peptide ITI-3: Asp190Glu2 91Gly2 91AlazValj gellep.92Leup.96Nlep 94
Phe1,99Lys1.87A1g2 87.

[Lys(Boc)75,80,83,86,90  (ougnidino-N2:3-15N,)Argbl, (methyl-2H 3)
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Metb9, (e-15N)Lys39]-HBs(61-90) (III-4).

Starting from Boc-Lys(Cl-Z)-OCH2-PAM-resin, protected peptide resin
corresponding to the sequence of HBs(61-90) was prepared. Lys80, Met69 and Arg61
residues were incorporated manually by mixing with 0.75 mmol of Boc-(e-1N)Lys(Cl-Z),
Boc-(methyl-2H3)Met or Boc-(guanidino-N2-3-135N2) Arg(Tos), 1 M DCC in NMP (0.75
ml) and 1 M HOBt in NMP (0.75 ml) for 4 h. After the completion of peptide chain
assembly, the Troc group was introduced to the terminal amino group as described
regarding the synthesis of peptide III-2. An aliquot of the obtained resin (1.2 g out of 2.7
g) was treated under low-HF conditions (HF-dimethyl sulfide-p-cresol, 25:65:10 (v/v), 10
ml) at 0 OC for 2 h, followed by high-HF conditions (HF-p-cresol, 9:1 (v/v), 10 ml) at 0
OC for 1 ;3 a crude peptide (880 mg) was obtained by the procedure described regarding
peptide ITI-2. This peptide was applied on a Pharmacia HiLoad S-Sepharose HP (16X100
mm), which was equilibrated with a 0.05 M sodium phosphate buffer (pH 6.0) and eluted
with a NaCl concentration gradient in a buffer from 0 to 40 mM, over 15 min at a flow rate
of 2.5 ml min-1. The purified peptide was desalted by RPHPLC to give Troc-[(guanidino-
N2.3.15N5)Arg61, (methyi-2H3)Met69, (e-15N)Lys80)-HBs(61-90) (300 mg, 56 pmol,
27 % based on Lys in the starting resin). Found: m/z 3417.4 (M+H)*. Calcd: m/z 3416.7
(M+H)*. Amino acid composition: Asp) gThr1 02Serg.98Glug.15Pro4.16Gly2.03Ala4
Val2 34Met] 00llep.99Leu1.08Phe] 10Lys5.51Arg0.63.

Troc-[(guanidino-N2-3-15N2)Argb1, (methyl-2H3)Met69, (e-15N)Lys80]-HBs
(61-90) (300 mg, 56 umol) and Boc-ONSu (200 mg, 930 pmol) were dissolved in DMSO
(1.5 ml). The solution was stirred for 4 h after adding TEA (131 pl, 940 pmol) to give
Troc-[Lys(Boc)75-80.83,86,90 (eyanidino-N2-3-15N2)Arg8l, (methyl-2H3)Met59, (&
15N)Lys801-HBs(61-90) (340 mg, 56 pmol) Amino acid composition: Asp? 0g8Thrg o8
Ser(,92Glu4 ooPro3 88Gly2 09Alaq Val1 94Met(.751leQ 98Leup.99Phe ] 07Lys4.74
Arg0.70.
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Troc-[Lys(Boc)75.80,83,86,90 (syanidino-N2-3-15N)Arg6l, (methyl-2H3)
Met%9, (&-15N)Lys80]-HBs(61-90) (340 mg, 56 pumol) was sonicated with zinc dust (230
mg) in 67% aqueous acetic acid (4.5 ml) under nitrogen atmosphere for 15 min. Zinc dust
was removed by centrifugation. The solution was packed in a Spectrapor 6 membrane
(M.W. cut off 1000), dialyzed against distilled water (1 1X3) and freeze-dried to give
peptide III-4 (270 mg, 43 umol). Yield of peptide ITI-4: 20% based upon Lys in the
starting resin. Found: m/z 3743.4 (M+H)*. Calcd: m/z 3743.0 M+H)*. Amino acid
analysis of peptide ITI-4: Asp1.95Thr( 96Ser0.93Glu3 91Pro3 83Gly1.99Ala4Val1 95
Metg.721leg.97Leu 03Phe,01Lys4.75Arg0.96.

During the zinc-dust treatment of Troc-[Lys(Boc)75,80.83.86,90 (gyanidino-N2-3-
15N2)Argb!l, (methyl-ZH3)Met89, (e-15N)Lys80]-HBs(61-90) in aqueous acetic acid, 12%
of by-product were detected on RPHPLC. This peptide was treated with TFA for 1 min,
purified on RPHPLC and analyzed by FAB mass spectrometry. Found: m/z 3382.4
(M+H)*. Caled for CHCl2CH20CO-[(guanidino-N2-3-15N2)Arg61, (methyl-2H3)
Met69, (e-15N)Lys80]-HBs(61-90): m/z 3382.7 (M+H)+.

Synthesis of [(2-13C)Phe47, (1-13C)Alas6, (2-13C)GlySY, (guanidino-
N2.3.15N,)Argbl, (methyl-2H 3)Met69, (e-15N)Lys830]-HBs(1-90) (III-7).
Peptides II1-3 (100 mg, 27 pmol), II-4 (96 mg, 27 umol) and HONSu (36 mg,
310 pumol) were dissolved in DMSO (1.4 ml) containing NMM (11 ul, 100 pmol). After
adding AgNO3 (8.0 mg, 47 umol), the solution was stirred overnight at room temperature
in the dark. Distilled water was added to the solution to precipitate a product which was
freeze-dried from a dioxane suspension to give a powder (190 mg). This peptide was
sonicated with zinc dust (250 mg) in a mixture of 50% aqueous acetic acid (v/v, 5 ml) and
acetonitrile (1 ml) under nitrogen for 10 min at room temperature. A mixture (160 mg)

containing peptide ITI-5 was obtained after dialysis, followed by freeze-drying. Following

-62-



the same procedure, peptide III-2 (110 mg, 27 umol) was coupled with crude peptide III-
5 to obtain a mixture containing peptide III-6, which was further condensed with peptide
II1-1 (120 mg, 33 pmol) to obtain a crude product III-7 (350 mg). This peptide was
mixed with TFA (4.5 ml) containing 10% 1,4-butanedithiol (v/v) at room temperature for
10 min. TFA was removed by a nitrogen stream and the peptide was precipitated with ether.
This powder was purified on RPHPLC to yield partly purified peptide III-7 (56 mg, 2.9
umol) after freeze-drying. This was further purified by ion—exchange chromatography on
Pharmacia Mono-S HR 5/5 (5X50 mm), which was equilibrated with 0.05 M sodium
phosphate buffer (pH 7.0) containing 1 mM 2-mercaptoethanol and eluted with a 0.05 to
0.2 M NaCl gradient in the buffer over 30 min at a flow rate of 1 ml min-1 The major
fraction was desalted by RPHPLC to give purified peptide III-7 (2.3 umol, 8.5% based
upon peptide III-4). Amino acid analysis of peptide III-7: Aspg §7Thr4 g2Ser3 41
Glu10.05Pro4,10Gly7.01Ala12Vale 47Met1 8711e3 74Leus 06Phe3, §5Lys11.13A124.62.

NMR Spectroscopy.

The concentration of HBs was 20 mg ml1-1. The pH was adjusted to 7.5 by adding
NaOD in a sodium phosphate buffer. The 13C and 15N NMR spectra were measured at 38
OC and at 125 and 50 MHz respectively, using a JEOL JNM-GX500 spectrometer. The
chemical shifts were measured relative to the external standards, dioxane (67 ppm) and

formamide (85 ppm).
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Chapter IV

Synthesis of Barnase Site-Specifically Labelled with Two 13C Atoms
Using Partially Protected Peptide Thioester Building Blocks

IV-1 Introduction

To estimate the usefulness of the thioester method in the synthesis of an enzyme,
the method was applied to the synthesis of barnase, a protein comprising 110 amino acids
with RNase activity (Fig. IV-1).1) In this study, barnase site-specifically labelled with two
13C atoms was synthesized for future structural studies.

This chapter describes the results of the synthesis as a successful example of the

thioester method to protein synthesis with a full enzymatic activity.

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-Asp-Asn-Tyr-Ile-Thr-Lys-Ser-Glu-Ala-
40
Gln-Ala-Leu-Gly-Trp-Val-Ala-Ser-Lys-Gly-Asn-Leu-Ala-Asp-Val-
50 * 60
Ala-Pro-Gly-Lys-Ser-Ile-GlylGly-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-PhelArg-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. IV-1. The amino acid sequence of barnase. The arrows indicate the sites of segment coupling;
The asterisks indicate amino acids labelled with 13C; (2-13C)Gly52 and (1-13C)Ala’4.

IV-2 Results and Discussion

Preparation of Peptide Segments.
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For synthetic purposes, the bamase sequence was divided into four peptide
segments, as shown in Fig. IV-1. Gly52 and Ala’4 were labelled with 13C as (2-13C)G1y
and (1-13C)Ala, respectively.

A partially protected peptide thioester was prepared according to the procedure
described in chapter III. To an MBHA resin, Boc-Nle and Boc-Gly-SC(CH3)2CH2COOH
were successively introduced using DCC in the presence of HOBt to obtain Boc-Gly -
SC(CH3)2CH2CO-Nle-NH-resin. On this resin, Boc-amino acids were successively
condensed. After peptide chain assembly, the terminal amino group was protected with an
iNoc group. The protected peptide resin was treated with anhydrous HF to give a crude
iNoc-peptide thioester, which was purified by RPHPLC. Boc groups were introduced to
the side-chain amino groups of an HPLC-purified peptide thioester in order to realize
selective removal of the amino protecting groups after segment condensation. The partially
protected peptide 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 IV-1. The yields of the peptide segments were calculated based upon the amino
groups in the MBHA resin. The linker containing Nle and S-z-alkyl thioester moieties,
where t-alkyl means 1,1-disubstituted alkyl, gave satisfactory yields in the preparation of
peptide segments as in chapter III.

Synthesis of Barnase by Segment Coupling.

Segment condensation was performed according to the scheme shown in Fig. IV-
2. The typical coupling conditions were as follows: peptides IV-3 (120 mg, 17 pmol) and
IV-4 (100 mg, 13 pmol) were dissolved in DMSO (2.3 ml). HONSu (30 mg, 260 pmol),
AgNO3 (13 mg, 77 umol), and NMM (9 ul, 82 pmol) were then added in succession. The

solution was stirred overnight at room temperature in the dark. The peptide was

-65-



Table IV-1. Partially Protected Peptide Segments Prepared for Segment Coupling

Peptide segment Yield/%®

Boc-[Lys(Boc)19-27]-Bamase(1-34)-SC(CH3)2CHCO-Nle-NHp (IV-1) 12

Boc-Ala-Gln-Val-Ile-Asn-Thr-Phe-Asp-Gly-Val-Ala- Asp-Tyr-Leu-GIn-Thr-Tyr-His-
Lys{Boc)-Leu-Pro-Asp-Asn-Tyr-Ile-Thr-Lys(Boc)-Ser-Glu- Ala-Glin-Ala-Leu-Gly-
SC(CH3)2CH2CO-Nle-NH2

iNoc-[Lys(Boc)39:49, (2-13C)Gly52)-Barnase(35-52)-
SC(CH3)2CH2CO-Nle-NH2 av-2) 32
iNoc-Trp-Val-Ala-Ser-Lys(Boc)-Gly-Asn-Leu- Ala-Asp-Val-Ala-Pro-
Gly-Lys(Boc)-Ser-Ile-Gly*-SC(CH3)2CH2CO-Nle-NH2

Noc-[Lys(Boc)02:06, (1-13C)Ala74]-Bamase(53-81)-
SC(CH3)2CH2CO-Nle-NH2 (Iv-3) 12

iNoc-Gly-Asp-lle-Phe-Ser-Asn-Arg-Glu-Gly-Lys(Boc)-Leu-Pro-Gly-Lys(Boc)-Ser-Gly-
Arg-Thr-Trp-Arg-Glu-Ala*-Asp-lle- Asn-Tyr-Thr-Ser-Gly-SC(CH3)2CH2CO-Nle-NHp
[Lys(Boc)?8.108) Bamase(82-110) (IV-4) 12

Phe-Arg-Asn-Ser-Asp-Arg-lle-Leu-Tyr-Ser-Ser-Asp-Trp-Leu-Ile-Tyr-
Lys(Boc)-Thr-Thr-Asp-His-Tyr-GIn-Thr-Phe-Thr-Lys(Boc)-Ile-Arg

a) The yield was calculated based on the amino groups in the MBHA resin.

(IV-1) (IV-2) (|v-3) (IV-4)
{Boc), (Boc), (Boc),

Boc~(T-38 )-SR Noc—{(35-52)-sR misa H-(BZ-110)-on

i) AgNO; + HONSu, ii) Z/AcOH
(Boc),
H-{ 53-110  }OH (IV-5)

i) AGNO; + HONSu, ii) Zr/ACOH
\

(Boc)g
e 35-110 " )-oH (1v-6)
\ i) AgNO; + HONSu , ii) TFA, iii) HPLC
H-{ 1-110 ~ JOH (IV-7)

-SR: -SC(CHj),CH,CO-Nie-NH,

Fig. IV-2. Synthetic route of barnase(1-110).
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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 nitrogen stream. After removing the zinc dust by centrifugation, the supernatant
was dialyzed against distilled water using a Spectrapor membrane 6 and freeze-dried to
give a mixture containing peptide IV-5 (170 mg). According to a similar procedure,
peptides IV-2 and IV-5, then peptides IV-1 and IV-6, were successively condensed.
The condensation reactions were monitored by RPHPLC using a C4 column. The HPLC
elution profiles of the reaction mixtures are shown in Fig. IV-3. The segment coupling of
peptide IV-5 and IV-2 and that of peptide IV-6 and IV-1 were almost complete within 6
h. During peptide chain elongation by segment coupling, no RPHPLC purification was
performed.

After segment condensation of peptides IV-1 and IV-6, distilled water was added
to the reaction mixture. The precipitate formed was washed with water and freeze-dried to
give a powder which was treated with TFA containing 5% 1,4-butanedithiol (v/v) for 15
min. After removing the TFA under a nitrogen stream, the product was washed twice with
ether. The crude product was purified on PROTEIN-RP, followed by Pharmacia Hil.oad
S-Sepharose HP (Fig. IV-4) to give the final product, bamase(1-110) (IV-7) in 11%
yield, based upon peptide IV-4. Its amino acid composition agreed well with that
predicted. The RNase activity of the synthetic barnase was determined by measuring the
hydrolytic activity toward yeast RNA according to the method described by Rushizky et
al. 2) The synthetic and native bamases had practically same activities, as shown in Table

IV-2.
Application of the Method.

In the bamase synthesis, all of the segment condensation reactions were almost

completed within 6 h, even those between peptides IV-1 and I'V-6 of 34 and 76 amino
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Fig. IV-3. RPHPLC elution profiles of the reaction mixtures of segment couplings after an
overnight reaction. Arrows in panel A,B,C indicate iNoc-[Lys(Boc)%2:66.98.108]_barnase
353-110), iNoc-[Lys(Boc)39:49.62.66,98,108]_bamase(35-110) and Boc-[Lys(Boc)!9-27-39

9,62,66,98,108]_barnase(1-110), respectively. Column: YMC-Pack C4 (4.6X250 mm) at

a flow rate of 1 ml min-!. Eluent: aqueous acetonitrile containing 0.1% TFA.
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acid residues, respectively. This fact suggests that the peptide segment with minimum
protecting groups was well solvated by DMSO, kept good flexibility around the reaction
sites and, hence, retained high reactivity. Thus, the thioester method, which uses a minimal
protection strategy, 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 Troc or iNoc for the terminal amino group, and to establish a

strategy with which cysteine-containing proteins can be synthesized.

£
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Fig. IV-4. Ion-exchange chromatography of the RPHPLC-purified bamase(1-110) (IV-7) by

Pharmacia HilLoad S-Sepharose HP (16x100 mm) at a flow rate of 2.5 ml min-1. The
broken line indicates the NaCl concentration in 0.05 M sodium phosphate buffer (pH
6.0).

Table IV-2. Enzymatic Activity of Bamase

Specific Activity Relative Activity

x 10-6 units /A28 %
Native Barmase 21102 100
Synthetic Barnase 24103 114
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IV-3 Materials and Methods

Boc-Arg(Tos)-OCH2-PAM-resin was purchased from Applied Biosystems Inc.
( 1-13C)Ala and (2-13C)Gly were purchased from Isotec Inc. Analytical RPHPLC was
performed on YMC-Pack ODS-AM or C4 (4.6X250 mm) and preparative RPHPLC was
on YMC-Pack ODS-AM or PROTEIN-RP (20X250 mm) (YMC, Kyoto). Native bamase
was a gift from Dr. H. Yanagawa of Mitsubishi-Kasei Institute of Life Sciences. Yeast
RNA was purchased from Kohjin Co. Ltd. (Tokyo).

Peptide Chain Elongation on a Solid Support.
Solid-phase synthesis of a peptide segment was carried out according to the

procedure described in the preceding chapter.

Boc-[Lys(Boc)19:27].barnase(1-34)-SC(CH3)2CH2CO-Nle-NH2 (IV-1).
Boc-Nle (170 mg, 0.75 mmol) was mixed with 1 M HOBt in NMP (0.75 ml) and

1 M DCC in NMP (0.75 ml). After 30 min, this solution was mixed with neutralized
MBHA-resin (810 mg, NH2: 0.51 meq) and shaken for 4 h. After the Boc group was

removed with 55% TFA in DCM (v/v) for § and 15 min followed by neutralization with
5% DIEA in DMF (v/v) for 5 min (X2), Boc-Gly-SC(CH 3)2 CH2COOH (220 mg, 0.75
mmol), prepared as the same procedure described in the previous chapter, 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-Gly-SC(CH 3)2CH2CO-Nle-NH-resin. Using this resin,
a protected peptide resin corresponding to the sequence of barnase(1-34), Boc-Ala-Gln-
Val-lle-Asn-Thr(Bzl)-Phe-Asp(OcHex)-Gly-Val-Ala-Asp(OcHex)-Tyr(Br-Z)-Leu-GIn-Thr
(Bzl)-Tyr(Br-Z)-His(Bom)-Lys(Cl-Z)-Leu-Pro-Asp(OcHex)-Asn-Tyr(Br-Z)-Ile-Thr(Bzl)-
Lys(Cl-Z)-Ser(Bz1)-Glu(OBzl)-Ala-GlIn-Ala-Leu-Gly-SC(CH3)2 CH2 CO-Nle-NH-resin

was prepared on a synthesizer by means of double coupling. After N-terminal Boc group
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was removed by treatment with 55% TFA in DCM (v/v) for 5 and 15 min followed by
neutralization by 5% DIEA in DMF (v/v) for 5 min (X2), 2.8 g of protected peptide resin
was obtained. An aliquot of the resin (1.4 g) was treated with anhydrous HF (30 ml)
containing p-cresol (3 ml) at 0 OC for 90 min to give 740 mg of crude product. This
peptide was purified on RPHPLC to obtain 180 mg (39 umol, 15% based on the amino
groups in the MBHA resin) of barnase(1-34)-SC(CH3)2CH2CO-Nle-NH3. Found: m/z
4012.4 (M+H)*. Calcd: m/z 4012.0 (M+H)*. Amino acid composition: Asp5.02
Thr2 76Ser0.93Glug4,16Pro1,02Gly2.03Ala4Val] g11le1 goLeus, oo(Tyr+Nle)4 06
Phe(.93Lys2.02His1.07.

Barnase(1-34)-SC(CH3)2CH2CO-Nle-NH2,(180 mg, 39 umol) dissolved in
DMSO (1.1 ml) was reacted with Boc-ONSu (57 mg, 270 umol) in the presence of TEA
(37 pl, 270 pmol). The resulting solution was stirred for 8 h. A mixed solvent of ether and
ethyl acetate was added to the reaction mixture to precipitate the product, which was
collected by centrifugation and freeze-dried from a dioxane suspension to give 200 mg (30
pmol, 12% based on the amino groups in the MBHA resin) of peptide IV-1. Amino acid
analysis of peptide IV-1: Asps 0eThr §2Ser,89Glug ogPro1,02Gly2.01Ala4 Val1 69
Ile1 61Leu2,99(Tyr+Nle)q,02Phe( 97Lys2 00His1.00-

iNoc-[Lys(Boc)39:49, (2-13C)Gly52]-barnase(35-52)-SC(CH3)2CH2CO-
Nle-NHjy (IV-2).

Starting from MBHA resin (850 mg, NH2: 0.54 meq), a protected peptide resin
corresponding to the sequence of barnase(35-52), Boc-Trp(For)-Val-Ala-Ser(Bz1)-Lys(Cl-
Z)-Gly-Asn-Leu-Ala-Asp(OcHex)-Val-Ala-Pro-Gly-Lys(Cl-Z)-Ser(Bzl)-Tle-(2-13C)Gly-
SC(CH3)2CH2CO-Nle-NH-resin was prepared. Boc-(2- 13C)Gly-SC(CH3), CH2COOH
was prepared according to the procedure described in the previous chapter. After removing
the N-terminal Boc group as regarding the synthesis of peptide IV-1, the peptide resin was
treated with iNoc-ONp (410 mg, 1.5 mmol) in 80% DMSO-NMP (v/v) overnight to give a
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protected peptide resin (1.9 g). An aliquot of the resin (510 mg) was treated with HF (10
ml) containing p-cresol (0.5 ml) and 1,4-butanedithiol (1.5 ml) at 0 OC for 90 min to give
250 mg of a crude product. This product was purified on RPHPLC to obtain iNoc-[(2-
13¢)Gly52]-bamase(35-52)-SC(CH3)2CHCO-Nle-NH3 (150 mg, 50 pmol, 35 % based
on the amino groups in the MBHA resin). Found: m/z 2134.5 (M+H)*. Calcd: m/z 2134.1
(M+H)*. Amino acid composition: Asp?_16Ser2.03Pro1 03Gly3Alaz 27Val2 o4lle.98
Leu1,06Nle0.99Lys2 08Trp0.54.

To the iNoc-[(2-13C)Gly32]-bamase(35-52)-SC(CH3)2CH2CO-Nle-NHj (150
mg, 50 pmol) dissolved in DMSO (2.6 ml), Boc-ONSu (56 mg, 260 umol) and TEA (36
pl, 260 umol) 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 centrifugation and freeze-dried from a dioxane suspension to give 180 mg of
peptide IV-2 (46 umol, 32% based on the amino groups in the MBHA resin). Found: m/z
2335.0 (M+H)*. Calcd: m/z 2334.2 (M+H)*. Amino acid analysis of peptide IV-2:
Asp2 08Ser1,88Pro1,07Gly3.05Ala3Val] 931lep,98Leu1 02Nlep.99Lys2 02Tipo.50.

iNoc-[Lys(Boc)62,66_ (1-13C)A1a74)-barnase(53-81)-SC(CH3)2CH2CO-
Nle-NH2 (IV-3).

Starting from MBHA resin (820 mg, NH2: 520 meq), iNoc-Gly-Asp(OcHex)-Ile-
Phe-Ser(Bzl)- Asn-Arg(Tos)-Glu(OBzl)-Gly-Lys(Cl-Z)-Leu-Pro-Gly-Lys(Cl-Z)-Ser(Bzl)-
Gly-Arg(Tos)-Thr(Bzl)-Trp(For)-Arg(Tos)-Glu(OBzl)-Ala-Asp(OcHex)-Ile-Asn-Tyr(Br-
Z)-Thr(Bzl)-Ser(Bzl)-Gly-SC(CH3)2CH2CO-Nle-NH-resin (2.5 g) was prepared
regarding the synthesis of peptide IV-2. Ala74 was incorporated manually, by mixing
with Boc-(1-13C)Ala (0.75 mmol), 1 M HOBt in NMP (0.75 ml) and 1 M DCC in NMP
(0.75 ml) for 4 h. An aliquot of the resin 1.2 g was treated with HF (20 ml) containing p-
cresol (1.0 ml) and 1.4-butanedithiol (3.0 ml) at 0 °C for 90 min to give 650 mg of a crude
product. This peptide was purified on RPHPLC to obtain 150 mg (36 umol, 15% based on
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the amino groups in the MBHA resin) of iNoc-[(1-13C)Ala74]-barnase(53-81)-
SC(CH3)2CH2CO-Nle-NH3. Found: m/z 3576.1 (M+H)*. Calcd: m/z 3575.8 M+H)t.
Amino acid composition: Asp426Thr ggSer2 96Gluz 15Prog.98GlysAlag p4lleq 88
Leu(.99(Tyr+Nle)2 03Phe0.87Lys2.03Trp0,78A1g3.02.

To the solution of iNoc-[(1-13C)Ala74]-bamase(53-81)-SC(CH3)2CHCO-Nle-
NH2 (150 mg, 36 pmol) dissolved in DMSO (0.9 ml), Boc-ONSu (36 mg, 170 pmol) and
TEA (35 pl, 250 umol) were added and the resulting solution was stirred for 4 h to give
peptide IV-3 (160 mg, 30 pmol, 12% based on the amino groups in the MBHA resin) as
regarding the synthesis of peptide IV-1. Found: m/z 3775.5 (M+H)*. Calcd: m/z 3775.9
(M+H)*. Amino acid analysis of peptide IV-3: Asp4.29Thr2 (3Ser3 00Glu2.16Pro1.03

Glys psAlaglle; goLeut 0o(Tyr+Nle)1.98Pheg g7Lys2 01Tipo.63A122.98.

[Lys(Boc)98,108].barnase(82-110) (IV-4).

Starting from Boc-Arg(Tos)-OCH2-PAM-resin (0.83 g, 0.5 mmol), iNoc-Phe-
Arg(Tos)-Asn-Ser(Bzl)-Asp(OcHex)-Arg(Tos)-lle-Leu-Tyr(Br-Z)-Ser(Bzl)-Ser(Bzl)-
Asp(OcHex)-Trp(For)-Leu-lle-Tyr(Br-Z)-Lys(Cl-Z)-Thr(Bzl)-Thr(Bzl)-Asp(OcHex)-
His(Bom)-Tyr(Br-Z)-Gln-Thr(Bzl)-Phe-Thr(Bzl)-Lys(Cl-Z)-Ile-Arg(Tos)-OCH2-PAM-
resin (3.0 g) was prepared. An aliquot of the resin (1.3 g) was treated with HF (15 ml)
containing p-cresol (0.75 ml) and 1,4-butanedithiol (2.3 ml) at 0 ©C for 90 min to give 690
mg of crude peptide. This peptide was purified on RPHPLC to give 190 mg (34 pmol,
15% based on Arg in the starting resin) of iNoc-barnase(82-110). Amino acid composition:
Asp3.91Thr3 goSer2 66Glu1.10lle2 93LeuaTyr3 04Phe.88Lys2 04His1.04Trp0,54Arg
2.96.

iNoc-barnase(82-110) (190 mg, 34 pumol) and Boc-ONSu (39 mg, 180 umol)

were dissolved in DMSO (1.6 ml). The solution was stirred for S h after adding TEA (25
11, 180 pmol) to give iNoc-[Lys(Boc)?8:108]-pamase(82-110) (200 mg, 28 umol) as the
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procedure described for peptide IV-1. Amino acid composition: Asp4.21Thr3 99
Ser2.96Glu1 o9lle2 67Leu2Tyr3 20Phe 1 70Lys2, 19His 1. 20T1p0.60Arg2.89-

iNoc-[Lys(Boc)98,108)-bamase(82-110) (200 mg, 28 pmol) was sonicated with
zinc dust (320 mg) in 75% aqueous acetic acid (6.4 ml) under nitrogen for 2 h. After
removing zinc dust, the solution was dialyzed against distilled water (1 1 X3) and freeze-
dried to give peptide IV-4 (130 mg, 27 umol, 12% based on Arg in the starting resin).
Found: m/z 3868.3 (M+H)*. Calcd: m/z 3868.0 (M+H)*. Amino acid analysis of peptide
IV-4: Asp4,19Thr4.13Ser3,02Glu1,111le2 73Leu2Tyr3 p5Pheq 79L.ys2.10His1.03
Trp0.40Arg2.77.

Synthesis of [(2-13C)Gly52, (1-13C)Ala74]-barnase(1-110) (IV-7).

Peptides IV-3 (120 mg, 17 pumol), IV-4 (100 mg, 13 pmol) and HONSu (30 mg,
260 pmol) were dissolved in DMSO (2.3 ml) containing NMM (9.0 pl, 82 pmol). AgNO3
(13 mg, 77 pumol) was then added and the mixture was stirred for 5 h at room temperature
in the dark. The solution was stirred ovemight after adding more NMM (4.0 pl, 36 pmol).
A precipitate obtained by adding distilled water 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 1 X3) and freeze-dried to give a mixture (170 mg) containing peptide IV-
5. Following the same procedure, peptides IV-2 (81 mg, 20 umol) and IV-1 (93 mg, 14
pumol) were successively condensed. The crude peptide obtained (320 mg) was treated with
TFA (2.6 ml) containing 5% 1,4-butanedithiol (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 RPHPLC using PROTEIN-RP to give powdered peptide I'V-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
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equilibrated with 0.05 M sodium phosphate (pH 6.0) and eluted with a O to 0.3 M NaCl
gradient in the buffer over 30 min at a flow rate of 2.5 ml min-1. The elution of the peptide
was monitored by absorbance at 220 nm. The main fraction was collected and desalted by
RPHPLC to give [(2-130)Gly32, (1-13C)Ala74]-bamase(1-110) (22 mg, 1.4 pmol, 11%
based on peptide IV-4). Amino acid analysis of peptide IV-7: Asp14.94Thrg 50Serg.39
Glu7 25Pro2 96Gly10.21Alag Val3 54lleg g7Leug 77Tyre.80Phe3 g1Lysg. 13His2. 12
Trp1.79Args5.82.

Measurement of RNase Activity.

Yeast RNA (1.6 mg) was dissolved in 0.125 M Tris-HCl pH 8.5 (0.8 ml) and 0.2
ml of appropriately diluted enzyme was added. The mixture was incubated at 37 ©C for 15
min. The reaction was stopped by adding a solution containing 6% HClO4 and 1%
lanthanum acetate (1 ml). The mixture was kept at 0 ©C for 15 min and the precipitate was
removed by centrifugation. The supematant (0.5 ml) was diluted with 4.5 ml of water, and
the absorbance at 260 nm (A26(0) was measured. An increase in A260 of 1.0 under these

conditions was defined as 100 units of enzyme activity.
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Chapter V

Preparation of Partially Protected Peptide Thioesters Containing

Cysteine Residues and Their Segment Condensation

V-1 Introduction

The thioester method was successfully applied to protein synthesis. However,
cysteine-containing proteins could not be prepared using this method, because there is no
known route to an adequately protected cysteine-containing peptide segment. To expand
this method to a general procedure for the preparation of proteins, methods for the
preparation of partially protected cysteine-containing peptide thioesters should be
developed.

Concurrently, it is also necessary to find a new candidate for an o-amino protecting
group. The zinc-dust treatment of a peptide having Troc or iNoc groups at the terminal
amino group is accompanied by a side-reaction and zinc ions have to be removed by
dialysis. This post treatment is rather tedious.

This chapter describes the procedures for the preparation of partially-protected
peptide thioesters containing a cysteine residue(s) and the use of the segments with 9-
fluorenylmethoxycarbonyl (Fmoc) group at the terminal amino group for the synthesis of
the bamase-like domain (RPSc(299-410)) in DNA-directed RNA polymerase II of

Saccharomyces cerevisiae D

V-2 Results and Discussion
Preparation of Cysteine-Containing Partially Protected Peptide Segment.
The 4-methylbenzyl (MeBz1)2) and 2,4,6-trimethylbenzyl (Tmb)3) groups were

chosen to protect the thiol group of a cysteine residue, because both groups are stable

-76-



toward silver ions under segment coupling conditions. Three methods of preparing a

peptide segment bearing MeBzl or Tmb group on the cysteine residue were examined.

Method A: A protected peptide was prepared on Merrifield resin and treated under low -
HF conditions.4) As a model, S-protected human atrial natriuretic peptide (1-9) (hANP(1-
9)) (V-8) was prepared in a yield of 19% based on the alanine content in a starting resin as
shown in Fig. V-1. However, low-HF treatment of protected hANP(10-28) on Merrifield
resin, Boc-Gly-Arg(Tos)-Met-Asp(OBzl)- Arg(Tos)-Ile-Gly-Ala-Gln-Ser(Bzl)-Gly-Leu-
Gly-Cys(MeBzl)-Asn-Ser(Bzl)-Phe-Arg(Tos)-Tyr(Br-Z)-OCH2-resin, gave a partially
deprotected peptide mixture and the yield of a desired product, Gly-Arg(Tos)-Met-Asp-
Arg(Tos)-Ile-Gly-Ala-GlIn-Ser-Gly-Leu-Gly-Cys(MeBzl)- Asn-Ser-Phe-Arg(Tos)-Tyr,
was as low as 5%.
Boc-Ser(Bzl)-Leu-Arg(Tos)-Arg(Tos)-Ser(Bzl)-Ser(Bzl)-Cys(MeBzl)-Phe-Gly-SC(CH3 2 CH2CO-
Ala-OCH72-Merrifield resin,

1) Low-HF treatment, 2) RPHPLC

Ser-Leu-Arg(Tos)-Arg(Tos)-Ser-Ser-Cys(MeBzl)-Phe-Gly-SC(CH3)2CH2CO-Ala (V-8)

Fig. V-1. Preparation of hANP(1-9)-SC(CH3)2CH2CO-Ala (V-8) by low-HF treatment.

Method B: As shown in Fig. V-2, a protected peptide thioester prepared on MBHA resin
was treated under high-HF conditions.4) After purifying the crude peptide by RPHPLC, a
MeBzI group was introduced to the thiol group of a cysteine residue using MeBzl-Cl. This
method was successfully applied to several peptides, which contain tryptophan, histidine

or methionine residues in addition to cysteine.

-77-



Ser(Bzl)-Leu-Arg(Tos)-Arg(Tos)-Ser(Bzl)-Ser(Bzl)-Cys(MeBzl)-Phe-Gly-SC(CH3)oCH2CO-Nle-
NH-resin

1) High-HF treatment, 2) RPHPLC
|
Ser-Leu-Arg-Arg-Ser-Ser-Cys-Phe-Gly-SC(CH3)2CH2CO-Nle-NH2  (V-9)

1) MeBzI-Cl, NMM in aqueous DMF, 2) RPHPL.C

Ser-Leu-Arg-Arg-Ser-Ser-Cys(MeBzl)-Phe-Gly-SC(CH3)2CH2CO-Nle-NHy  (V-10)

Fig. V-2. Preparation of hANP(1-9)-SC(CH3),CH,CO-Nle-NH; (V-10) by high-HF treatment.

Method C: As shown in Fig. V-3, a protected peptide resin corresponding to the
sequence of RPSc(299-321) was prepared on an acid labile SAL resind) using Npys amino
acids.0) The resin was treated with reagent K7) and a peptide bearing Tmb groups on

cysteine residues was obtained. This peptide was easily purified on RPHPLC and

Npys-Gly-S-C(CH3)>CH>;CONH-SAL-Nle-NH-resin

3% P(CeHs)3 + 1.2% pyridine-HCl in DMF
10% NMM in DMF
Npys-amino acid + HOBt + DCC

Npys-Glu(OBu?)-His(Trt)-Ile-Cys(Tmb)-Tyr(Buf)- Asp(OBu)- Val-Asn- Asp(OBu’)-Trp-Gln-Met-
Leu-Glu(OBu?)-Met-Leu-Lys(Boc)-Pro-Cys(Tmb)-Val-Glu(OBu?)-Asp(OBuf)-Gly-SC(CHz),-
CH,;CONH-SAL-Nle-NH-resin

1) 3% P(Ce¢Hs)3 + 1.2% pyridine-HCI in DMF, 2) Reagent K, 3) RPHPLC

/
H-Glu-His-Ile-Cys(Tmb)-Tyr-Asp-Val-Asn-Asp-Trp-Gln-Met-Leu-Glu-Met-Leu-Lys-Pro-
Cys(Tmb)-Val-Glu-Asp-Gly-SC(CH3)2CH,CONH»

Boc-ONSu
)
Boc-Glu-His-Ile-Cys(Tmb)-Tyr-Asp-Val-Asn- Asp-Trp-Gln-Met-Leu-Glu-Met-Leu-Lys(Boc)-Pro-
Cys(Tmb)-Val-Glu-Asp-Gly-SC(CH3),CH,;CONH,  (V-1)

Fig. V-3. Preparation of Boc-[Cys(Tmb)302:317, Lys(Boc)315}-RPSc(299-321)-SC(CH3),CHz-
CONH3 (V-1) using Npys-amino acids.
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[Cys(Tmb)302,317].RPSc(299-321)-SC(CH3),CHyCONH, was obtained in a 14% yield

based upon Nle in the starting resin. As the desired peptide was directly obtained without
re-introducing the Tmb group, this method avoids the problem involved in method B. In
addition, the side chain protecting groups, (except Tmb), can be completely removed by
deprotection. Thus, this method is widely applicable to the preparation of S-protected

peptide thioesters regardless of the number of Cys and Arg residues in the peptide.

Preparation of a C-terminal peptide segment containing a cysteine
residue(s): In the case of C-terminal segment, which does not contain thioester group, an
S-protected peptide can be conveniently synthesized using Fmoc-amino acids®) as shown
in Fig. V-4. The protected peptide resin corresponding to the sequence of RPSc(380-410)
was synthesized on Wang resin®) by FastMoc chemistry. The resin was treated with
reagent K7) and crude peptide was obtained. The peptide was purified on RPHPLC to give
Fmoc-[Cys(MeBz1)388)-RPSc(380-410) in a yield of 20%.

Fmoc-Gly-OCH,CgH4OCH,CgH4-resin (Fmoc-Gly-Wang-resin)

ABI 430A peptide synthesizer, FastMoc Chemistry
Fmoc-Tyr(Buf)-Met-Ile-Asn-Arg(Pmc)-Leu-Leu-Leu-Cys(MeBzl)-Ala-Leu-Asp(OBuf)-Arg(Pmc)-
Lys(Boc)-Asp(OBuf)-GIn-Asp(OBuf)-Asp(OBu)-Arg(Pmc)-Asp(OBuf)-His(Trt)-Phe-Gly-Lys(Boc)-
Lys(Boc)-Arg(Pmc)-Leu-Asp(OBuf)-Leu-Ala-Gly-Wang-resin
1) Reagent K, 2) RPHPLC

|
Fmoc-Tyr-Met-Ile-Asn-Arg-Leu-Leu-Leu-Cys(MeBzl)-Ala-Leu-Asp-Arg-Lys-Asp-Gln-Asp-Asp-
Arg-Asp-His-Phe-Gly-Lys-Lys-Arg-Leu-Asp-Leu-Ala-Gly

1) Boc-ONSu, 2) 5% piperidine-DMSO

\
Tyr-Met-Tle-Asn-Arg-Leu-Leu-Leu-Cys(MeBzl)-Ala-Leu-Asp-Arg-Lys(Boc)-Asp-Gln-Asp-Asp-Arg-
Asp-His-Phe-Gly-Lys(Boc)-Lys(Boc)-Arg-Leu-Asp-Leu-Ala-Gly  (V-4)

Fig. V-4. Preparation of [Cys(MeBzl)388, Lys(Boc)393.403,404]_RPSc(380-410) (V-4) using
Fmoc-amino acids.
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Selection of the Terminal Amino Protecting Group.

In previous syntheses, Troc or iNoc groups provided terminal amino protection.
These protecting groups are stable under the conditions of HF treatment and are
orthogonally deprotected against Boc groups on the side chain amino groups by zinc-dust
treatment in aqueous acetic acid. However, the removal of Troc group is usually
accompanied by formation of a by-product. The cleavage of the iNoc group is not
accompanied by a distinct by-product under restricted conditions, but it takes several hours
to remove the iNoc group from a long chain peptide with zinc-dust. The prolonged
treatment tends to cause gradual random decomposition of the peptide. Furthermore, zinc
ions have to be removed by dialysis afterwards.

In order to overcome these problems, several protecting groups were examined in
place of Troc or iNoc group. The Fmoc group,8) which is cleaved by piperidine, proved to
be used for this purpose.

Synthesis of RPSc(299-410).

To demonstrate the usefulness of a partially protected cysteine-containing peptide
thioester obtained by a solid-phase method using Npys-amino acids, and the applicability
of the Fmoc group to the method, the barnase-like domain (RPSc(299-410)) in the second
largest subunit of RNA polymerase II of Saccharomyces cerevisiae (Fig. V-5)1) was
synthesized. This domain shows sequence similarity with the bacterial RNase, barnase. All
of the catalytic sites of barnase are conserved in the domain. Thus this domain is expected
to have an RNase activity. This is the second reason to choose this domain as the target of

synthesis.

Preparation of Peptide Segments.

RPSc(299-410) was divided into four segments. The synthetic procedures for
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299 310
Glu-His-Ile-Cys-Tyr-Asp-Val-Asn-Asp-Trp-Gln-Met-Leu-Glu-Met-
320
Leu-Lys-Pro-Cys-Val-Glu-Asp-Gly-Phe-Val-Ile-Gln-Asp-Arg-Glu-
330 340
Thr-Ala-Leu-Asp-Phe-Ile-Gly-Arg-Arg-Gly-Thr-Ala-Leu-Gly-Ile-
350
Lys-Lys-Glu-Lys-Arg-Ile-Gln-Tyr-Ala-Lys-Asp-Ile-Leu-Gln-Lys-
360 370
Glu-Phe-Leu-Pro-His-Ile-Thr-Gln-Leu-Glu-Gly-Phe-Glu-Ser-Arg-
380
Lys-Ala-Phe-Phe-Leu-Gly:Tyr-Met-Ile-Asn-Arg-Leu-Leu-Leu-Cys-
390 400
Ala-Leu-AsSp-Arg-Lys-AsSp-Gln-Asp-Asp-Arg-Asp-His-Phe-Gly-Lys-
410
Lys-Arg-Leu-Asp-Leu-Ala-Gly

Fig. V-5. The amino acid sequence of RPSc(299-410). The arrows indicate the sites of segment
coupling.

peptides V-1 and V-4 are shown in Fig. V-3, V4. Peptides V-2 and V-3 were prepared

by the same prbcedure described in Chapter IV. Starting from Boc-Gly-SC(CH 3),CHp-

CO-Nle-NH-resin, Boc-amino acids were successively condensed. After the completion of
the chain assembly, an Fmoc group was introduced to protect the terminal amino group
using N-(9-fluorenylmethoxycarbonyloxy)succinimide (Fmoc-ONSu). The protected
peptide resin was treated with HF and purified by RPHPLC to give a crude Fmoc-peptide
thioester. The Fmoc group was quite stable during HF treatment. The side-chain amino
groups of the peptide were protected with Boc groups by Boc-ONSu in the presence of
DIEA to give partially protected peptide thioesters of V-2 and V-3. Under the conditions
for the introduction of Boc groups, the Fmoc group was not removed. Peptide segments
prepared for the synthesis of RPSc(299-410) were listed in Table V-1. The yields of the

peptide segments were calculated based upon the amino acids in the starting resins.

Segment Condensation.

Segment condensation proceeded according to the scheme shown in Fig. V-6.
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Table V-1. Partially Protected Peptide Segments Prepared for RPSc(299-410) Synthesis

Peptide segments Yield/%2)

Boc-[Cys(Tmb)302317, Lys(Boc)315]-RPSc(299-321)-SC(CH3)2CH2CONHp  (V-1) 11

Boc-Glu-His-Ile-Cys(Tmb)-Tyr-Asp-Val-Asn-Asp-Trp-Gln-Met-Leu-Glu-Met-
Leu-Lys(Boc)-Pro-Cys(Tmb)-Val-Glu-Asp-Gly-SC(CH3)2CH2CONH?2

Fmoc-RPSc(322-342)-SC(CH3)2CH2CO-Nle-NH2 (V-2) 17

Fmoc-Phe-Val-lle-GIn-Asp-Arg-Glu-Thr-Ala-Leu-Asp-Phe-lle-Gly-Arg-Arg-
Gly-Thr-Ala-Leu-Gly-SC(CH3)2CH2CO-Nle-NH2

Fmoc-[Lys(Boc)344,345,347,353,358,3741_RpS(343-379)-
SC(CH3)2CH2CO-Nle-NH3 (V-3) 64

Fmoc-Ile-Lys(Boc)-Lys(Boc)-Glu-Lys(Boc)-Arg-Ile-GIn-Tyr-Ala-Lys(Boc)-
Asp-lle-Leu-GIn-Lys(Boc)-Glu-Phe-Leu-Pro-His-Ile-Thr-GIn-Leu-Glu-Gly-
Phe-Glu-Ser-Arg-Lys(Boc)-Ala-Phe-Phe-Leu-Gly-SC(CH3)2CH2CO-Nle-NH)

[Cys(MeBzl)388, Lys(Boc)393:403.404)_RPS(380-410) (V-4) 17

Tyr-Met-Ile-Asn-Arg-Leu-Leu-Leu-Cys(MeBzl)-Ala-Leu-Asp-Arg-Lys(Boc)-Asp-
Gln-Asp-Asp-Arg-Asp-His-Phe-Gly-Lys(Boc)-Lys(Boc)-Arg-Leu-Asp-Leu-Ala-Gly

a) The yield was calculated based upon the amino acid in the starting resin.

(v-1) (V-2) (V-3) (V-4)
(BocXTmb), (Boc)e (Boc);(MeBzl)
Boc—{299-321)-S R Fmoc—(322-342-SR Fmoc—@m-sn -G I- 10)-OH

i) AgNO; + HONSu, ii) piperidine-DMSO

| (B(ic)g(Melel)
«——— H{ 343-410 JOH (V-5)

i) AgNO; + HONSu, ii) piperidine-DMSO

(Biﬂg(Melel)

H- 322-410 }OH (V-6)

i) AgNO; + HONSu , ii) TFA, iii) HF, iv) Gel filtration chromatography, v) RPHPLC

)
H( 299-410 Y0H (V-7)

-SR: -SC(CHy),CH,CO-Nle-NH,

Fig. V-6. Synthetic route of RPSc(299-410).
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Typical conditions are described below. Peptides V-3 (7.7 mg, 1.1 pmol), V-4 (5.7 mg,
0.9 umol) and HONSu (1.6 mg, 14 pmol) were dissolved in DMSO (150 ul) containing
DIEA (0.37 pl, 2.1 pmol). AgNO3 (0.37 mg, 2.1 pmol) was then added and the mixture
was stirred overnight at room temperature. DIEA (0.1 pl, 0.6 pmol) was added and the
solution was stirred for another 3 d. During this period, about 5% of the Fmoc group was
removed from the product. This minor component was combined with the main product
after its Fmoc group was removed with 5% (v/v) piperidine in DMSO. Under these
conditions the Fmoc group was cleaved cleanly without any serious side reactions within
10 min. The product was precipitated with ether and washed with distilled water containing
0.1% TFA. The mixture containing peptide V-5 (13 mg) was obtained after lyophilization
from distilled water. Following the same procedure, peptides V-2 and V-1 were
successively condensed. The MeBzl and Tmb groups were stable during the segment
condensation. The crude peptide was treated with TFA containing 5% 1,4-butanedithiol
(v/v) at room temperature for 10 min, TFA was removed under a nitrogen stream and the
peptide was precipitated with ether. This peptide was treated with HF containing 7.5%
(v/v) 1,4-butanedithiol and 7.5% (v/v) anisole at 0 ©C for 90 min to remove the Tmb and
MeBz1 groups. The crude peptide was purified by gel filtration chromatography using
G3000SW as shown in Fig. V-7, followed by RPHPL.C purification on YMC-Pack ODS -
AM to give RPSc(299-410) at 12% yield based upon peptide V-4. The RPHPLC profile of
the purified RPSc(299-410) (V-7) was shown in Fig. V-8. The structure of the product
was confirmed by acid hydrolysis and electrospray ionization (ESI) mass spectroscopy.
Contrary to our expectation, however, enzymatic activity of RPSc(299-410) was
not detected under the same conditions with barnase. This could be mainly due to the low
solubility of this protein in the buffer. As RPSc(299-410) is a part of the sequence of RNA
polymerase II, the hydrophobic parts of RPSc(299-410), which interact with other

domains of the whole protein, would be exposed to the solvent. The RNase activity of
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Fig. V-7. Gel filtration chromatogram of crude RPSc(299-410). Column: TSKgel G3000SW

(7.5X600 mm) at a flow rate of 0.3 ml min-1. Eluent: 50% aqueous acetonitrile
containing 0.1% TFA.
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Fig. V-8. RPHPLC profile of RPSc(299-410) (V-7) after gel filtration and RPHPLC purification.
Column: YMC-Pack ODS-AM (4.6X250 mm) at a flow rate of 1 ml min-1 at 40 ©C.
Eluent: 50% aqueous acetonitrile containing 0.1% TFA.
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RPSc(299-410) will be measured in the presence of the amino and/or carboxyl terminal
flanking peptide segments, which should interact with the hydrophobic part of the
RPSc(299-410). The data will be published elsewhere.

Evaluation of the Method.

Partially protected cysteine-containing peptide thioesters were prepared by a solid-
phase method using Npys-amino acids. These segments could be condensed by silver ions
without any loss of the MeBzl or Tmb groups. The desired product was isolated as a
distinct peak by RPHPLC. Thus, the thioester method has proven useful even for the
preparation of cysteine-containing proteins.

As a terminal amino protecting group, Fmoc was superior to Troc or iNoc groups
in its ease of removal. In addition, the product was obtained as a precipitate only by adding

ether to the reaction mixture.

V-3 Materials and Methods

Fmoc-amino acids and p-[(R,S)-a-{1-(9H-Fluoren-9-yl)-methoxyformamido}-
2,4-dimethoxybenzyl]phenoxyacetic acid (Fmoc-NH-SAL resin linker) was purchased
from Watanabe Chemical Ind. Ltd. (Hiroshima). Npys-amino acids were purchased from
Kokusan Chemical Works, Ltd. (Tokyo). Fmoc-Gly-OCH2-CgH4-OCH2-CgH4-resin
(Fmoc-Gly-OCH7-Wang-resin) was purchased from Advanced ChemTech (Louisville,
KY.). Reagent K was prepared according to the published reference.”) ESI mass spectrum
of peptides V-7 and V-12 were measured by JIMS-SX102 mass spectrometer (JEOL Ltd.,
Tokyo) equipped with an ESI ion source (Analytica of Branford, Conn.).

Peptide Chain Elongation on a Solid-Support.
Solid-phase syntheses of peptide segments were performed on a peptide
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synthesizer 430A (Applied Biosystems Inc., Foster City, CA.). Peptides V-2, V-3, V-8,

V-10, and V-11 were prepared using the 0.5 mmol scale single or double coupling
protocol of the benzotriazole active ester method of the system software version 1.40
NMP/HOBLt r-Boc. Peptide V-4 was prepared according to the 0.25 mmol scale standard
protocol of the Fmoc/NMP chemistry of the system software version 1.40 Fast/Moc.
Peptide V-1 was synthesized manually by a solid-phase method using a Npys-amino
acids.®)

Npys-Gly-ONSu.

To a solution of Npys-Gly (690 mg, 3 mmol) and HONSu (380 mg, 3.3 mmol) in
a mixture of dioxane and ethyl acetate (1:1, 6 ml), DCC (620 mg, 3.3 mmol) was added at
0 OC. After the solution was stirred for 4 h at room temperature, dicyclohexylurea was
removed by filtration, then the solvent was removed in vacuo. The residual oil was
crystallized from 2-propanol to give Npys-Gly-ONSu (907 mg, 93%), mp 151-152 ©C.
Found: C, 40.70; H, 3.24; N, 17.53%. Calcd for C11H1006N4S1: C, 40.30; H, 3.10;
N, 17.23%.

Npys-Gly-SC(CH3)2CH2COOH.

Npys-Gly-ONSu (910 mg, 2.8 mmol) and 3-methyl-3-mercaptobutyric acid (360
mg, 2.7 mmol) were dissolved in DMF (6 ml). DIEA (580 mg, 4.5 mmol) was added and
the solution was stirred for 3 h at room temperature. More DIEA (130 mg, 1.0 mmol) was
added and the solution was kept at room temperature for 1 h. After the solvent was
removed in vacuo, the residue was dissolved in ethyl acetate, washed with aqueous citric
acid and distilled water (X5) and dried over MgSQ4. The solvent was removed in vacuo

and the residue was purified on RPHPLC using aqueous acetonitrile containing 0.1% TFA
as an eluent, to give Npys-Gly-SC(CH3),CH2COOH (190 mg, 550 pmol, 20%), m.p.
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107.0-107.5 OC. Found: C, 41.66; H, 4.36; N, 12.16%. Calcd for C12H1505N3S2: C,
41.73; H, 4.38; N, 12.17%.

Fmoc-NH-SAL-Nle-NH-resin.

Boc-Nle (1.1 g, 4.7 mmol) was mixed with 1 M HOBt in NMP (4.7 ml) and 1 M
DCC in NMP (4.7 ml). After stirring for 30 min, the solution was mixed with neutralized
MBHA resin (5 g, NH2: 3.2 mmol) and shaken for 3 h. After washing with DMF, the
resin was treated with 5% acetic anhydride in DMF (v/v) for 15 min. After washing, the
resin was treated with 55% TFA in DCM (v/v) for § and 15 min followed by 5% DIEA in
DMF (v/v) for 5§ min (X2). The Fmoc-NH-SAL resin linker (2.5 g, 4.7 mmol) was
introduced in a similar manner to give Fmoc-NH-SAL-Nle-NH-resin (6.8 g, Nle: 2.8

mmol).

[Arg(Tos)34, Cys(MeBzl)’]-hANP(1-9)-SC(CH3)2CH2CO-Ala (V-8).

Starting from Boc-Ala-OCHjs-Merrifield resin (1.4 g, Ala: 0.5 mmol), a protected
peptide resin corresponding to the sequence of hANP(1-9), Boc-Ser(Bzl)-Leu-Arg(Tos)-
Arg(Tos)-Ser(Bzl)-Ser(Bzl)-Cys(MeBzl)-Phe-Gly-SC(CH3)CH2 CO-Ala-OCH)-
Merrifield resin (2.2 g) was prepared using the single coupling protocol. An aliquot of the
resin (300 mg) was treated under low-HF conditions (HF-dimethylsulfide-p-cresol,
25:65:10 (v/v), 5 ml) at 0 °C for 2 h.4) After complete evaporation of HF under a high
vacuum, the residual solid was washed with ether (X2) and ethyl acetate (X2). The peptide
was extracted with 30% aqueous acetonitrile containing 0.1% TFA and lyophilized to give
a crude peptide (170 mg), which was purified on RPHPLC to give peptide V-8 (37mg, 13
pmol, 19% based on Ala in the starting resin). Found: m/z 1611.7 (M+H)*. Calcd: m/z
1611.6 (M+H)*. Amino acid analysis of peptide V-8: Serp 3Gly1Alaj (7LeuQ 93
Phe] 00(Arg+Cys(MeBzl))2.77.
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[Cys(MeBzl)7]-hANP(1-9)-SC(CH3)2CH2CO-Nle-NH2 (V-10).

Starting from Boc-Gly-SC(CH3)2CH2CO-Nle-NH-resin (1.2 g, Gly: 0.21
mmol), the protected peptide resin corresponding to the sequence of hANP(1-9), Boc-
Ser(Bzl)-Leu-Arg(Tos)-Arg(Tos)-Ser(Bzl)-Ser(Bzl)-Cys(MeBzl)-Phe-Gly-SC(CH3)2-
CH2CO-Nle-NH-resin (1.4 g) was obtained using the single coupling protocol. An aliquot
of the resin (540 mg) was treated under high-HF conditions (HF:anisole, 85:15 (v/v), 10
ml) at 0 °C for 90 min and 98 mg of the crude peptide was obtained. This peptide was
purified on RPHPLC to give 60 mg (39 umol, 49% based on Gly in the starting resin) of
Ser-Leu-Arg-Arg-Ser-Ser-Cys-Phe-Gly-SC(CH3)2CH2CO-Nle-NH7 (peptide V-9). This
peptide, 30 mg (19 umol), was dissolved in 90% aqueous DMF (2.0 ml) and 70 mg (0.5
mmol) of MeBz1-Cl was added. The reaction mixture was stirred at room temperature for
90 min after the addition of NMM (120 ul). The product was purified on RPHPLC to give
17 mg (9.7 pmol, 51% based on peptide V-9) of peptide V-10. Found: m/z 1344.5
(M+H)*. Calcd: m/z 1344.7 (M+H)*. Amino acid analysis of peptide V-10: Serp 43Gly1
Leug 89Nleq.92Phe1 03(Arg+Cys(MeBzl))2 44.

[Arg(Tos)11,14,27  Cys(MeBzl)23]-hANP(10-28) (V-11).

Starting from Boc-Tyr(Br-Z)-OCH2-Merrifield resin (1.2 g, Tyr: 0.5 mmol), a
protected peptide resin corresponding to the sequence of hANP(10-28), Boc-Gly-
Arg(Tos)-Met-Asp(OBzl)-Arg(Tos)-Ile-Gly-Ala-Gln-Ser(Bzl)-Gly-Leu-Gly-Cys(MeBzl)-
Asn-Ser(Bzl)-Phe-Arg(Tos)-Tyr(Br-Z)-OCH2-Merrifield resin (2.7 g) was obtained using
the double coupling protocol. An aliquot of the resin (500 mg) was treated under low-HF
conditions (HF-dimethylsulfide-p-cresol, 25:65:10 (v/v), 7 ml) at 0 OC for 2 h. Gly-
Arg(Tos)-Met-Asp-Arg(Tos)-lle-Gly-Ala-Gln-Ser-Gly-Leu-Gly-Cys(MeBzl)- Asn-Ser-
Phe-Arg(Tos)-Tyr (15 mg, 4.6 mmol, 5% based on Tyr in the starting resin) was obtained
by the procedure described for the synthesis of peptide V-8. Found: m/z 2654.1 (M+H)*.
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Calcd: m/z 2654.1 (M+H)*. Amino acid analysis of peptide V-11: Asp2 06Ser1.73
Glu1,07Gly4Ala] 02Metg,76lle1.05Leu1 07Tyr1.03Phe1, 19(Arg+Cys(MeBzl1))4.20 -

Boc-[Cys(Tmb)302,317  Lys(Boc)315]-RPSc(299-321)-SC(CH3)2CH2CO-
NHjz (V-1).

Fmoc-NH-SAL-Nle-NH-resin (240 mg, Nle: 100 pmol) was treated with 50%
piperidine in DMF (v/v) for 1 and 5 min, followed by washing with DMF for 1 min (X6).
This resin was mixed with Npys-Gly-SC(CH3)2CH2COOBt, prepared by mixing with
Npys-Gly-SC(CH3)2CH2COOH (42 mg, 110 pumol), HOBt (15 mg, 110 umol), and
DCC (23 mg, 110 umol) in DMF for 40 min, and shaken overnight. The resin was treated
with 10% acetic anhydride in DCM (v/v) for 10 min to give Npys-Gly-SC(CH3)2CH2CO-
NH-SAL-Nle-NH-resin. Using this resin, the protected peptide resin corresponding to the
sequence of RPSc(299-321), H-Glu(OBu?)-His(Trt)-Ile-Cys(Tmb)-Tyr(Buf)- Asp(OBu)-
Val-Asn-Asp(OBu?)-Trp-Gln-Met-Leu-Glu(OBu?)-Met-Leu-Lys(Boc)-Pro-Cys(Tmb)-Val -
Glu(OBu?)-Asp(OBu?)-Gly-SC(CH3)2CH2CONH-SAL-Nle-NH-resin (460 mg), was
synthesized according to the following procedure: (1) 3% triphenylphosphine and 1.2%
pyridine hydrochloride/DMF (v/v) (2 min, 20 minX3); (2) DMF (1 minX3); (3) 10%
NMM/DMF (v/v) (1 and 3 min); (4) Npys-amino acid HOBt ester (0.4 mmol) (3 h); (5)
DMF wash (1 minX3). An aliquot of the resin (220 mg) was treated with reagent K (5 ml)
at room temperature for 120 min. TFA was removed under a nitrogen stream and the
peptide was precipitated with ether. The residual mass was dissolved in 50% aqueous
acetonitrile containing 0.1% TFA and the resin was removed by filtration. The solution
was lyophilized to give 88 mg of crude product. This peptide was purified by RPHPLC to
give [Cys(Tmb)302:317).RPSc(299-321)-SC(CH3)2CH2CONH? (26 mg, 6.9 pmol, 14%
based on Nle in the starting resin). Found: m/z 3146.3 (M+H)*. Calcd: m/z 3146.4
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(M+H)*. Amino acid composition: Asp3 §2Glu3 99Prog 77Gly1,011/2CystineQ 76
Valp g7Met1 661le0.74Leu2Tyr0.97Lys1.01His0.97Trp0.54.
[Cys(Tmb)302.317).RPSc(299-321)-SC(CH3)2 CH2CONH? (26 mg, 6.9 pmol)

dissolved in DMSO (150 ul) was reacted with Boc-ONSu (6.9 mg, 32 pmol) in the
presence of DIEA (5.6 ul, 32 umol). The resulting solution was stirred for 6 h. Ether was
added to the reaction mixture to precipitate the product which was collected by
centrifugation and freeze-dried from a dioxane suspension to give 29 mg (5.1 umol, 11%
based on Nle in the starting resin) of peptide V-1. Found: m/z 3346.7 (M+H)*. Calcd:
m/z 3346.5 (M+H)*. Amino acid analysis of peptide V-1: Asp3 89Glug.16ProQ.96

Gly1.321/2CystineQ 64 Val1 98Met] .91He0.65LeuzTyr0.94Ly51.1_9His1.17Tlp0.50-

Fmoc-RPSc(322-342)-SC(CH3)2CH2CO-Nle-NH2 (V-2).

Starting from Boc-Gly-SC(CH3)2CH2CO-Nle-NH-resin (900 mg, Gly: 490
pmol), a protected peptide resin corresponding to the sequence of RPSc(322-342), Boc-
Phe-Val-Ile-GIn-Asp(OcHex)-Arg(Tos)-Glu(OBzl)-Thr(Bzl)- Ala-Leu- Asp(OcHex)-Phe-
Ile-Gly-Arg(Tos)-Arg(Tos)-Gly-Thr(Bzl)-Ala-Leu-Gly-SC(CH3 )2 CH2 CO-Nle-NH-resin
was prepared by the synthesizer using double coupling protocol. The N-terminal Boc
group was removed by 55% TFA in DCM (v/v) for 5 and 15 min, followed by
neutralization with 5% DIEA in DMF (v/v) for 5 min (X2). Fmoc-ONSu (670 mg, 2
mmol) was then allowed to react with the terminal amino group in DMF ovemight, to give
a protected peptide resin (1.8 g). An aliquot of the resin (740 mg) was treated with HF (10
ml) containing anisole (1 ml) at 0 O©C for 90 min to give 340 mg of a crude product. This
product was purified on RPHPLC to obtain Fmoc-RPSc(322-342)-SC(CH3)2CH2CO-
Nle-NH? (120 mg, 34 umol, 17 % based on the Gly in the starting resin). Found: m/z
2785.2 (M+H)*. Calcd: m/z 2785.5 M+H)*. Amino acid analysis of peptide V-2:
Asp1.92Thr 05Glu2.14Gly3 34Ala1.95Valp.521le1 23LeuNle 1. 15Phe1,52Arg3,09.
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Fmoc-[Lys(Boc)344,345,347,353,358,374].RPS¢(343-379)-SC(CH3)2CH -
CO-Nle-NH3 (V-3).

Starting from Boc-Gly-SC(CH3) CH2CO-Nle-NH-resin (900 mg, Gly: 490
umol), Fmoc-Ile-Lys(Cl-Z)-Lys(Cl-Z)-Glu(OBzl)-Lys(Cl-Z)-Arg(Tos)-Ile-GIn-Tyr(Br-Z)-
Ala-Lys(Cl-Z)-Asp(OcHex)-Ile-Leu-Gln-Lys(Cl-Z)-Glu(OBzl)-Phe-Leu-Pro-His(Bom)-
Ile-Thr(Bzl)-GIn-Leu-Glu(OBzl)-Gly-Phe-Glu(OBzl)-Ser(Bzl)-Arg(Tos)-Lys(Cl-Z)-Ala-
Phe-Phe-Leu-Gly-SC(CH3)2CH2CO-Nle-NH-resin (3.3 g) was prepared by the method
described for the synthesis of peptide V-2. An aliquot of the resin 0.7 g was treated with
HF (15 ml) containing anisole (1.5 ml) at 0 °C for 90 min to give 380 mg of a crude
product. This peptide was purified on RPHPLC to yield 41 mg (6.6 pmol, 6.4% based on
Gly in the starting resin) of Fmoc-RPSc(343-379)-SC(CH3)2CH2CO-Nle-NH3. (peptide
V-12). Found: 4901.5 daltons. Calcd: (average) 4901.9 daltons. Amino acid analysis of
peptide V-12: Asp(.95Thr.94Ser 97Glug 79Prog,70Gly2Alag 771le3 29Leu3 91

(Tyr+Nle)2,03Pheq,02Lys5 48His1.01Arg1.84.
To the solution of peptide V-12 (41 mg, 6.6 pmol) dissolved in DMSO (200 pl),

Boc-ONSu (22 mg, 100 umol) and DIEA (18 pl, 100 pmol) were added and the solution
was stirred for 2.5 h to give peptide V-3 (47 mg, 6.6 pmol, 6.4% based on Gly in the
starting resin) as described for the synthesis of peptide V-1. Amino acid analysis of
peptide V-3: Aspp,93Thr( 93Ser(,93Glug,80Prog.97Gly2Ala1,931e3,15Leu3 86
(Tyr+Nle)2 03Phe3.93Lys4,73His0,86Arg1.88.

[Cys(MeBz1)388  Lys(Boc)393,403,404].RPSc(380-410) (V-4).

Starting from Fmoc-Gly-OCHp-Wang-resin (260 mg, 200 pmol), Fmoc-Tyr(Bu?)-
Met-Ile-Asn(Trt)-Arg(Pmc)-Leu-Leu-Leu-Cys(MeBzl)-Ala-Leu-Asp(OBu?)-Arg(Pmc)-
Lys(Boc)-Asp(OBu?)-GIn(Trt)- Asp(OBu’)- Asp(OBu’)-Arg(Pmc)-Asp(OBu)-His(Trt)-
Phe-Gly-Lys(Boc)-Lys(Boc)-Arg(Pmc)-Leu-Asp(OBu’)—Leu-Ala-Gly-OCH2-Wang—resin
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(1.3 g) was obtained using the synthesizer. An aliquot of the resin (630 mg) was treated
with Reagent K (10 ml) at room temperature for 60 min. The peptide, precipitated with
ether was treated with reagent K in the same manner. The peptide (370 mg), precipitated
with ether was purified on RPHPLC to give 110 mg (20 pumol, 20% based on Gly in the
starting resin) of Fmoc-[Cys(MeBzl)388]-RPSc(380-410). Found: m/z 4015.1 (M+H)*.
Calcd: m/z 4015.1 (M+H)*. Amino acid composition: Asp7.15Glu] 46Gly2.22Ala] 94
Metg 56lle0.90Leus.63Tyr0.72Phe1Lys3.13His1.08(Arg+Cys(MeBzD))4.57.

Fmoc-[Cys(MeBz1)388]-RPSc(380-410) (110 mg, 20 pmol) and Boc-ONSu (47
mg, 220 umol) were dissolved in DMSO (770 ul). The solution was stirred for 3 h after
adding DIEA (38 pl, 220 pmol) to give Fmoc-[Cys(MeBz1)388, Lys(Boc)393,403,404}.
RPSc(380-410) (130 mg, 17 umol, 17% based on Gly in the starting resin) as the
procedure described for peptide V-1. Amino acid composition: Aspg.98Glu1.01Gly1.97
Ala] 93Metg.671leq.86Leus,71Tyro,68Phe1Lys2 96His1,00(Arg+Cys(MeBz1))4.72.

Fmoc-[Cys(MeBz1)388, Lys(Boc)393,403,4041_.RPSc(380-410) (130 mg, 17
pmol) was dissolved in DMSO (770 ul) and piperidine (41 pl) was added. The solution
was stirred for 15 min at room temperature. Ether was added to precipitate the product,
which was dissolved in DMSO (400 ul) and precipitated by distilled water containing 0.1%
TFA. The precipitate was lyophilized from distilled water to give peptide V-4 (110 mg, 17
pmol, 17% based on Gly in the starting resin). Amino acid analysis of peptide V-4:
Asp7.15Glu1,10Gly1,97Ala1 93Met, 831ep,95Leus 94 Tyrp 97Phe 1 Lys2 67His1.02
(Arg+Cys(MeBz1))4.93,

Synthesis of RPSc(299-410) (V-7).
Peptides V-3 (7.7 mg, 1.1 umol), V-4 (5.7 mg, 0.9 umol) and HONSu (1.6 mg,
14 pmol) were dissolved in DMSO (150 pl) containing DIEA (0.37 ul, 2.1 umol). AgNO3

(0.37 mg, 2.1 pmol) was then added and the mixture was stirred ovemight at room
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temperature. DIEA (0.1 ul, 0.6 umol) was added and the solution was stirred for another 3
d. Piperidine (8 i) was added and the solution was stirred for 30 min. Ether was added to
form a precipitate, which was washed with distilled water containing 0.1% TFA (X2). A
mixture containing peptide V-5 (13 mg) was obtained after lyophilization. Following the
same procedure, peptides V-2 (7.8 mg, 2.3 pumol) and V-1 (7.9 mg, 1.4 pumol) were
successively condensed. The crude peptide (19 mg) was treated with TFA (180 ul)
containing 5% 1,4-butanedithiol (v/v) at room temperature for 10 min. The TFA was
removed under a nitrogen stream and the peptide was precipitated with ether. This peptide
was treated with HF (5.0 ml) containing 1,4-butanedithiol (0.38 ml) and anisole (0.38 ml)
at 0 OC for 90 min. This peptide was purified by gel filtration on G3000SW (7.5X600
mm, Tosoh, Tokyo) at a flow rate of 0.3 ml min-1, using 50% aqueous acetonitrile
containing 0.1% TFA as an eluent to give partially purified RPSc(299-410) (5.5 mg, 310
nmol). This peptide was further purified by RPHPLC on YMC-Pack ODS-AM to give
RPSc(299-410) (V-7) (2.0 mg, 110 nmol, 12% based on peptide V-4). Found: 13193.9
daltons. Calcd: (average) 13191.2 daltons. Amino acid analysis of peptide V-7: Asp14.40
Thry 74Ser.95Glu13,15Pro1,95GlygAlag 041/2Cys0.86Val2.28Met2 651les 28
Leu12.86Tyr2.81Phe6.05Lys8.76His2.49Trp0.64A1g8.24.

Measurement of RNase Activity.
RNase activity of RPSc(299-410) was measured according to the procedure

described in the previous chapter for barnase.
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Summary

A novel strategy of protein synthesis, which has overcome the problems involved
in the solution and solid-phase methods, was developed. Partially protected peptide
thioesters are used as building blocks. The application of this method to the synthesis of

several proteins led to the following conclusions.

1) Partially protected peptide thioesters are easily prepared by means of the solid-phase
method.

2) The thioester moiety is rapidly converted to an active ester in the presence of silver
ions and HONSu and segment condensation can be accomplished using partially
protected peptide segments.

3) Consecutive condensation of the partially protected peptide segments is realized by the
selective removal of the terminal amino protecting group after segment condensation.

4) Peptide segments retain high reactivity even in the condensation between high
molecular weight peptide segments. This fact suggests that peptides with the
minimum number of protecting groups are well solvated by DMSO and hence the
peptide can maintain good flexibility around the reaction sites.

5) Large peptide segments can be used. Thus, all the products obtained by the thioester
method were separated from a reaction mixture as distinct peaks by RPHPLC, even
when there is no purification process during successive segment condensation. This
fact suggests that a protein without any specific features such as enzymatic or
biological activities, can be isolated solely by its chromatographic profile.

6) The thioester method will provide a new basis for protein studies.
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7) The problem of racemization during segment condensation remains to be solved.
Thus, condensation has to proceed using a peptide thioester with a glycine residue at

the C-terminal at the moment.
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