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ABSTRACT

The purpose of this.study was to prepare several
semisynthetic analogues of the acyl carrier protein of E. coli,
using the Merrifield solid-phase method for the preparation
of the synthetic 1-6 hexapeptide in the protected form. It
was hoped that the synthesis of these analogues, and their
evaluation by the '"CO, assay and by‘other methods, might
contribute to the study of protein structure and function
in general, and those of ACP in particular.

The strategy chosen for the synthesis of the protected
1-6 hexapeptide was to employ acid-stable protecting groups
for glutamic, aspartic, and arginine residues, and to cleave
the cémpleted peptide from the resin in a protected form
using HBr in acetic acid. The p-nitrobenzyl group was
chosen for the protection of acidic amino acid side-chains,
as this group has often been stated to be stable to HBr in
acetic acid.

In the course of this work, however, it became obvious
that.the stability of the p-nitrobenzyl group to HBr in
acetic acid, while greater than that of other benzyl esters,
was not sufficient to allow the convenient preparation of
peptides protected with this blocking group. Cleavage of
the protecting group occurred to an appreciable extent, and
thus the product was contaminated with a mixture of
deprotected peptides.

Other cisadvantages of the p-nitrobenzyl ¢group were

also encountered during this study. In particular, problems
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of instability were encountered in the preparation of
protected amino acid intermediates for peptide synthesis. The
p-nitrobenzyl group was also found to give low coupling yields
during synthesis, and poor solubility during purification, to
amino acids and peptides protected with it. It is clear that
the problems of instability and insolubility associated with
p-nitrobenzyl ester protection were aggravated by the fact
that many of the target peptides bore two p-nitrobenzyl groups
per molecule.

The coupling of a crude hexapeptide to the native 7-77
peptide yielded a product which gave some activity in the
1“co, assay after extensive purification of the sémisynthetic
protein. This result, together with amino acid analysis of
the crude peptide, implies that the desired protected hexa-
peptide composed a significant proportion of the pé@ptide afteéer
cleavage from the resin. The insolubility conferred by £he
p-nitrobenzyl protecting group, however, presumably caused
the target peptide to be sclectively lost from the mixture
during the purification procedures, in favour of deprotected
peptides and deletion peptides having greater solubility.

For this reason, the major products which were purified
from the crude cleaved peptides were pentapeptides lacking one
glutamic acid residue bearing the p-nitrobenzyl protecting
group.

These pentapeptides, when coupled to the native 7-77
peptide, gave pfoducts which were inactive in the 14co,
assay. This result is inﬁeresting, in that it suggests thatl

both Glu"' and Glu® are essential to the interaction between
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the 1-6 and 7-77 peptides which maintains the active
conformation of ACP. However, these data must be treated
as tentative until an active semisynthetic ACP satisfying
analytical criteria is prepared by this method. The
results obtained by assaying the purified semisynthetic ACP
prepared from a crude hecxapeptide suggest that a fully-
active semisynthetic ACP could be prepared by this method,
but they cannot be regarded as conclusive in the absence of
supporting analytical data.

The approach to semisynthesis chosen for this study
appears to be basically sound, bﬁt new acid-stable
protecting groups for carboxyl functions are clearly

required if the method is to become generally uscful.
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INTRODUCTION

As scientists study the created world, it is their
task not only to analyse ecach object into its component
parts, but also to consider the way in which these parts
interact to carrxy out the functions of the object as a whole.
In the case of protein molecules, the protein chemist secks
to investigate not only the chemical strucfure of eéch mole-
cular species, but also the ro;e which each'part of the
prétein plays in the mechanism of.action of the entire mole-
cule. Two types of involvement of parts of a protein molecule
in the function of that molecule have been distinguished. The
first type is where a functional group takes a direct part in
chemical interactions of the active site with substrates,
receptors, cofactors, or membranes. The second is an.
indirect role, where a functional group helps to maintain
the three-dimensional structure of the molecule necessary to
give the optimal configuration of the active site.

The study of protein structure and the study of protein
function are thus complementary and interdependent
activities. Complete knowledge of the amino acid sequence of
a protein, and even of its crystal structure, could in theory
be attained without any understanding of the mechanism by
which the protein acts. 1In practice, however, structure and
function are usually investigated in parallel, and each study
assists the other.

Onc of the most useful methods for studying the

relationship between the structure and function of a protein
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has been the preéaration of modified forms of that protein.
If a certain functional group is suspected of involvement in
the mechanism of the protein, then ecfforts are made to alter
that functional group. If the activity of the protein 1.
unaffected by the modification, it can be concluded that the
group was playing no immediate part in the activity. 1If
modifying the functional group does influence the protein's
activity, the inference is drawn that the modified group had
been directly or indirectly involved in the mechanism of
action of the protein.

The preparation of modified forms of a protein can be
achieved either by total chemical synthesis of analogues of
the molecule, or by derivatisation of functional groups in
the native protein. The intention is always to prepare a
derivative of the protein where a specific modification hés
been introduced into a known site (or a small number of sites)
with the molecule. To this end, the chemistry of peptide
synthesis1 and specific modification by chemical or enzymatic
methods2 have been extensively studied.

These techniques become increasingly difficult to apply.,
'however{ with larger proteins. Although total chemical
syntheses have been reported for proteins as large as
.ribonuclease3 and the acyl carrier protein of E. 99£i4, the
synthesis of a peptide containing more than SQ amino acid
residues is a very laborious task, and the yield and purity
of the final product are usually low. Specific modification.
oF the functioﬁal groups of a larger protein also tends to be
more difficult to acihiieve. In a large protein, each type of

residue is likely to occur many times within the sequence.



Conseqguently it is difficult to find a method which will
introduce only one modification into the molecule. In
addition, the commonly-used reagents and enzymes lack
specificity, and ténd to react with more than one amino acid.
Thus an attempt to modify é protein may well produce a
mixture of products, which must then be separated and
characteriscd.

For these reasons the techniques of fragment synthesis
and semisynthesis5 have often been suggested for the prepar;
ation of analogues of a protein. These methods involve the
synthesis of a protein in the form of a number of small pep-
tides, each of which can be purified to homogeneity, before
they are joined to form the final product. In the case of
semisynthesis, one or morc of these fragments is precpared
from the native protein, which has been isolated from bio-
logical materials (sce rigure 1l.). The principal advantage
of semisynthesis is that it often requires a much smaller
effort to isolate a large pure pcptide from a natural source
than to synthesise a large pure pecptide by cheﬁical means.

Thus semisynthesis could lead to the preparation of a
large number of analogues of a protein more quickly and
easily than any other available technique. In spite of the
fact that the advantages of semisynthesis are well knowns,
and that many of the necessary techniques have already been
developed, applications of semisynthesis to the problems of
biochemistry have been few in number6.

The crucial step in fragment synthesis and semisynthesis
is the formation of peptide bonds between the appropriate

oc—-amino and a-carboxyl groups to form the complcte peptide
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chain.” In order that these reactions proceed in a specific
manner, it is necessary, in all but the most specialised
cases, that all other amino and carboxyl groups in the
component peptides be protected by blocking groups which can
be removed at the end of the synthesis. (See Figure 2).
Thus both native and synthetic peptides must be prepared in
a fuily or partly-protected form, depending on the require-
ments of the particular protein synthesis which is to be
attempted.

The solid-phase synthesis of Merrifield7 has several
advantages for the synthesis of peptides and proteins, in
that it is rapid, and it lends‘itself to automation.
Consequently much effort has been expended in adapting the
techniques of solid-phase peptide synthesis to the preparation
of protected peptides, for use in fragment synthesis or semi-
synthesis.

The Merrifield method of peptide synthesis, where the
growing peptide chain is attached throughout the synthesis
to an insoluble polymeric support, is outlined in Figure 3.
The final step in this procedure, the cleavage of the benzyl
ester linkage which attaches the completed peptide to the
insoluble polystyrene support, constitutes the main obstacle
to the preparation of protected peptides by the Merrifield
method. The conditions of the cleavage are somewhat vigorous
(liguid HF, OO, 30 mins; or 33% BHr in acetic acid, 200,

30 mins), and most of the commonly-used protecting groups
are removed by these reagents.

To avoid this difficulty, a variety of modifications of

822

the technique have been introduced , in order that the
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final peptide-resin can be cleaved under conditions mild
enough not to remove the side-chain protecting groups. For
example, the resin has becen modified to permit the cleavaee
of the peptide chain from its support by photolysile, mild
acid cleavageg'lo, oxidationll’12'14, or alkylationl3. None
of these alternative methods has found a wide application.
Most of the published approaches to solid-phase fragment
synthesis involve changes in the standard procedures of
synthesis. These new procedures are not only time-consuming,
but also contain difficulties which would make then unsuitable
for routine use, or limitations which would restrict their
applicability to a wide range of syntheses.

An attractive approach to the solid-phase synthesis of
protected peptides is to use standard methods of peptide
synthesis with the exception that the side chains are
protected by acid-stable groups. A range of protecting
groups is known which are stable to HBr in acetic acid; for
example, Lys(TFA), Arg(NO,;), His(DIP), Cys(Acm). If a suitable
acid-stablec group could be found for carboxyl protection, and
the amino terminus was protected by trifluoroacetylation,

HBr cleavage would release a peptide with only one free
functional group, the carboxyl-terminal COOll, which could be
used to form an active ester for fragment condensation.

For this reason a variety of blocking groups for
carboxyl protection was considered in this study for their
stability to acidolytic cleavage. The most promising were the
substituted beﬁzyl esters, and the preparation and stability
of the p-nitrokenzyl and p-chlorobenzyl side-chain esters of

aspartic and glutamic acids were studied in some depth. A



new and facile method23 for the synthesis of these esters was
introduced, and the commercial applications of this procedure
are currently under development.

The p-chlorobenzyl ésters of aspartic‘and glutamic
acids were found to be insufficiently stable to HBx in
acetic acid to permit the preparation of protected peptides
using this blocking group. As a benefit not directly related
to the present study, however, the p-chlorobenzyl) ester group
was found to be more stable to trifluoroacetic acid than the
benzyl esters which are commonly used for Asp and Glu side-
chain protection. Trifluoroacetic acid is the reagent used
to each deprotection step of the Merrifield procedure (Figure
3) to remove the E—buﬁyloxycarbonyl blocking group which is
employed for temporary protection of the a-amino group.
Consequently the p-chlorobenzyl esters of Asp and Glu are
being marketed as derivatives which arc less likely to
decompose under the repcecated trifluoroacetic acid treatments
necessary during the synthesis of a large peptide. The use
of this protecting grcup appears to limit the amount of pre-
mature side-chain deprotection, and hence the number of
branched-chain impurities in the final product.

The p-nitrobenzyl esters of Asp and Glu have been
reported to be stable to HBr in acetic acid24. Initial
experiments with these derivatives showed that they were,
indeed, more stable to this reagent than any of the other
protecting groups which were evaluated. Later results, how-
ever, demonstrated that this stability was insufficient to
allow the convenient use of the p-nitrobenzyl ester for the

protection of peptides during cleavage from the resin by HBr
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in acetic acid. There were also difficulties during the
synthesis of the amino acids derivatives, and the peptides
protected by p-nitrobenzyl esters were found to have very
limited solubility in common solvents. These two problems,
of instability during synthesis of a peptide and cleavage
from the resin, and insolubility of the protected product,
impose severe limitations on the use of this protecting‘group
for the synthesis of protected pepgides‘

In spite of these difficulties, however, some success
was obtained using the p-nitrobenzyl ester as a side-chain
pratecting group for glutamic acid in the semisynthesis of
several analogues of the acyl carrier protein of E. coli.

Acyl carrier protein25 (ACP) has a number of properties
which make it suitable as a model system for the study of the
techniques of semisynthesis. It is a small protein, and yet
it interacts in a very specific manner with at least 12
different enzymes of lipid biosynthesis. The structure of
ACP is very important to its activity, and small modifications
in the molecule produce drastic changes in its reaction with
many‘of its enzymesZG. The protein is aléo very stéble (for
example, it is not destroyed by boiling in 0.1M acid), and
hence it requires no special precautions to retain its
activity while manipulations are carried 5ut.

The fatty acid synthetase of bacteria differs from that
of higher organisms in that it is easily dissociated into
component enzymes, cach of which catalyses a single reaction
of the biosynthesis of fatty acids (seec Figure 4). One
of the earliest observatidns in this field was made by Lynen27,

who reported that acetoacetate, an intermediate in the
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CH3CO-S-COA + ACP-S5SH & CI’I3CC'-S—ACP + CoA-SH

CH,CO-5-1CP + E -SH & CH,CO~-S-E ACP-5H

3 cond 3 cond’

HOOCCIbCO—-S—-COA + ACP-S11 &=
HOOCCH?CO—S—ACP + Coh~S5I

HOOCCIHI,CO=-5-aACP + CH,CC=S-1

alt
3 cond =
Co, + E_ . 4=SH + CH3COCH,CO-5=-ACP

2

CH,COCH,CO-S=ACP + NADPH + H' =2

3 2
NEopt 4 CH ;CHOIICH,,CO=$~ACP

CH3C}IOHCH2CO-S—ACP = CZI3CH=CHCO—S~ACP I }]20

-+

—
=

CE-IBC}-I:CHCO«—S-—;\Cl" + NaDPH + H

naopt 4+ CH4CH,CH,CO-$~ACP

FIGURE 4 The reactions of fatty acid synthesis
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synthesis of fatty acids, appeared to be bound to a protein
in the yeast fatty acid synthetase complex. This led to the
dembnstration28 of a component of the bacterial fatty acid
synthesising system which was a small acidic protein which
contained a phosphiopantetheine prosthetic group, to which
fatty acids were attached throughout their synthesis by a
thioester linkage. This protein was subsequently designated

ACP.

ACP can easily be prepared from extracts of E. colizg.

The steps involve removal of nucleic acids from the cell
extract, and precipitation of protein by ammonium sulphate to
80% of saturation. The 80% ammonium sulphate supernatant,
containing the ACP, is acidified; the ACP is recovered in the
precipitate, which is then chromatographed on DIAL-cellulose,
and finally on DEAE-Sephadex. The protein appears to be
homogencous on DEAE-Sephadex chromatography, polyacrylamide
disk gel electrophoresis, and ultracentrifugal analysis.
Modifications of this procedure have yielded homogenous
preparations of ACP:from a variety of other species30.

ACP fyrom E. coli exhibits properties expected of a

globhlar protein. The amino acid sequence31 is given in
Figure 5. The prosthetic group was established to be
4'—phosphopantetheine32 and.to bé attached by a phosphodiester
linkage to serine 36 of the protein sequence (see Figure 5).
The protein has 22 acidic residues and only 6 basic residues
out of a total'of . Although.the protein has yet to be
crystallised, and consequently its three-dimensional structure
is unknown, it is clear that there must be a preponderance

of acidic groups on the surface of the protein.
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1 10
NH?—Ser—Thr—Ile—Glu-GlunArg-Val—Lys~Lys—Ile—

20
~-Ile-Gly~Glu-Gln-Leu-Gly~Val-Lys-Gln-Glu-Glu-

30
-Val-Thr-Asp-sisn-Ala-3er-Ihe-Val-Glu~isp~Lceu-

40
_Gly—Ala—ASp—S?r—Leu—ﬁsp~Thr~Val—Glﬁ~LeunVal~
4'~-phosphopantetheine
50
-Met-Ala~Leu-Glu-Glu-Glu-pPhe~-Asp-Thr-Glu-Ile-

60
-Pro-aAsp-Glu-Glu-rla-Glu-Lys-Ile-Thr-Thr-Val~

70
-Gln-Ala-Ala-Yle-Asp-Tyr-lle-isn-Gly-His-Gln-

77
-Ala-CO0CIl
" FIGURE 5 The amino acid sequence of the acyl carrier

protein of E. coli (from Vanaman et al,
Reference 31)
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In the absence of X-ray crystallographic data, other
techniques have becen employed in attempts to understand the
properties of ACP. Both total chemical synthesis4 and

e el e BaleE

chemical and enzymatic modification
out on ACP, and the modificd proteins have been investigated
for their activity with some or all of the many enzymes for
which ACP is a substrate. Carboxypeptidase A treatment33
which removed up to three residues from the C-terminus of the
protein did not affect its activitf.in the '"Co, exchange
assay.29 Acetylation of the four lysine residues and the
amino terminus of ACP did not reduce the activity of the
protein, although its stability to thermal denaturation was
slightly reduced.34 Nitration of the single tyrosine residue
or alkylation of the single methionine35 did not abolish the
activity of ACP, although the rates of individual reactions
of lipid synthesis were altered. The tryptic peptide

33

comprising residues 19-61 and the cyanogen bromide peptide

25a

comprising residues 1-44° were found to be totally inactive.

Modification of as few as two carboxyl groups35~37 was
sufficient to inactivate the protein, but the modification
of 13 of the 22 carboxylates could be carried out without
causing extensive changes in the structure of the molecule
as measured.by its optical rotatory dispersion.35 In contrast,
the acetylation of the N—terminué'and all of the lysine |
g€-amino groups caused a large change in the structure of
the protein,35 but its activity in the ?“COZ assay was not
diminished34 prbvidcd that a sufficient salt concentration
was present in the assay mixture to compensate for the loss

37

in charge caused by acetyiation.' The two examples given

in this paragraph illustrate the two types of modification



which can be distinguished: that in which the reactivity of
the molecule is affected by disordering the structure of the
molecule, and that where functional groups in the active
site or sites are destroyed.

Synthesis of the acyl carrier protein with Arg® present
as NG—nitroarginine led to a product with activity in the
assay reaction.38 Similarly, modification of Arg® by a
trimer of butane-2,3-dione did not abolish the activity of

37

ACP However, the (norleucine®) derivative was inactive.

The role of Ara® is unclear, especially when it is considerecd

that the acyl carrier proteins from Clostridium Pyﬁyricum30f

and spinach30a do not contain arginine. (As the amino acid
sequencés of these acyl carrier prqteins have not been
determined, it is not known what amino acid replaces Arg®.)
Acetylation of all four c¢-amino groups and the
N-terminus, aﬁd tryptic cleavage of the acetylated ACQ at the
single arginine residue, produce the 7-77 peptide, which is
devoid of both structure and activity. No activity could
be produced by combining the 1-6 and 7-77 peptides under a
variety of conditions.34 It appears likely that part or all
of the N-terminal hexapeptide is participating in inter-
actions which make a major contribution to the conformational
stability of the molecule. The differential acetylation

experiments of Prescott et al ED

and the resistance of ACP
to aminopeptidase digestion35 are interprected to mean tha£
the amino terminus of ACP is buried within the interior of
the molecule, which is consistent with its taking part in

maintaining the overall structure of the protcin.

Synthesis of the analogues of ACP comprising residues

38



16.

D
38 revealed that omission of

2-74, 3-74, 4-74, 5-74 and 6-74
successive residues from the N-terminus resulted in a steady
decline in activity, and that the analogue lacking the 1-5
pentapeptide was essentiélly inactive (see Figure 6). The
N-terminal hexapeptide of ACP is highly functionalised,
containing two hydroxyl, a guanidino , and two carboxyl groups
in the side-chains of six residues. It seemg likely that

all of these functional groups, as well as the hydrophobic
Ile? side-chain, play a part in maintaining the structure of
ACP. Valuable information on the relationship between
structure and activity of this protein, and on protein-
protein interactions in general, could be obtained by the
preparation of analogues containing variations in the first
six amino acids.

Acyl carrier protein is an idecal candidate for the
preparation of analogues by scemisynthesis. Apart from the
general advantages of scmisynthesis mentioned carlicr, ACP
has two specific advantages as a mcdel system. First, a
peptide whose presence is essential to the protein's activity
_is found at the N-terminus of the protein, and hence its
replacement by semisynthesis involves the joining of only
two peptides, rather than three as in the gencral case (see
Figure 1). In addition, as acetylated ACP is fully active
in the !'%C0, exchange assay,34 it is not nccessary to use
temporary blocking groups for the N-terminal and lysine
€-amino groups. All amino groups can be permanently
blocked by acetylation. Tryptic cleavage of acetylated ACP
then releases the acetylated 7-77 peptide, which has cnly

one free amino group.
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If the coupling reaction between the 1-6 and 7-77
peptides is carried out using preformed active esters, the
carboxyl-protecting groups of the N-terminal hexapeptide can
be rcmoved before coupling is performed. Specificity of
reaction is ensurced by the fact that only one carboxyl group
has been activated. The absence of any temporary blocking
groups on the peptides involved in the final coupling step
minimises the problems of insolubility which are often found
with fully-protected peptides, and obviates the necessity
for a final deprotection reactipn to be carried out on the
semisynthetic protein. The semisynthetic protein is expected
to assume the conformation of native ACP readily, as the
denaturation of ACP is known to be a recversible process4
The simplified semisynthetic procedure which is possible is
shown in Figure 7.

Following this pattern, the semisynthesis of acyl
carrier protein and of several analogues containing
variations in the scquence of the N-terminal hexapeptide was
initiated. The acetylated 7-77 peptide was available from
E. coli ACP using the published procedures for isolation,
purification29, acetylation, and tryptic cleavage34. Tbe
active-site thiol group was protected by formation of the
DTNB derivaﬁive4l.

The protected form of the 1-6 hexapeptide and several
analogues were synthesised by the solid-phase method, using

the p-nitrobenzyl ester derivatives of Glu and Asp, and Arg®

1

protected as NG~nitroarqinine. The N-terminal amino groups
of the peptides were blocked by acetylation, and the peptides

were cleaved from the resin with HBr in acetic acid. The
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C-terminal carboxyl group of the peptide was activated by
formation of the pentachlorophenol ester42, and all temporary
protecting groups were removed by hydrogenation.

The synthetic 1-6 hexapeptide and the native 7-77
tryptic peptide werce then coupled in solution. The thiol
protecting group was removed by reduction with B-mercapto-
ethanol, and the product, semisynthetic acetylated ACP, was

assayed by the '"C0; exchange assay.
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SECTION 1

SUBSTITUTED BENZYIL ESTERS AS SIDE-CIHAIN PROTIECTING GROUPS

IN SOLID-PIASE PLEPTIDE SYNTHESIS

Protection of the side-chain carboxyl groups of
aspartic and glutamic acids in peptide synthesis has been
most comroionly achieved by benzyl es%crs.43 This protcction
is very suitable, in that it is fairly stable to the
conditions of peptide synthesis, and it can be removed at
the end of the synthesis by strongly acidic or reducing
conditions. 4

There are important reasons, however, for seeking
alternative carboxyl-proteccting groups, for it has been

showr145—47 that benzyl esters are not completely stabhle to

the conditions commonly used to remove the y;Boc48’49 group
during peptide synthesis. This lability gives rise to a
cumulative loss of side-chain protecction, and increases the
possibility of branching of the peptide chain, particularly
‘during _ long syntheses.

An important use of more stable carboxyl-protecting
groups is in the synthesis of protected peptides, which can
be used in fragment synthesis ana semisynthesis of
proteins.so“54 In an attempt to deveclop a simple method for
the preparation of protected peptides which could be used for
the semisyntheéis of ACP, it was decided to examine the
synthesis of a fully probtocted wirtida using standard solid-
phase techniques. 1If the side-chains and amino terminus of

a peptide were hlocked Ly groups ctuble Lo acidolysis, the



synthesis could be performed on a chloromethylated resin,
with the usual t-Boc group for a-amino protection, and using
HBr in acetic acid for the cleavage of the peptide from the
resin.

Two acid-stable carboxyl-protecting groups were
evaluated: the p-chlorobenzyl ester as a group of moderately
increased stability for use in longer syntheses, and the
p-nitrobenzyl ester as a much more stable group fof the
synthesis of protected peptides witﬁ HBr cleavage from the
resin. A new facile method was developed for the preparation
of the substituted benzyl esters of aspartic and glutamic
acids. This procedure involves the copper-catalysed
hydrolysis of the corresponding amino acids diesters (sce
Figure 8), and is superior to previously published methods
both in simplicity and in yield of the products. A report
of the preparation of these csters was accepted for
publication as a communication to the Journal of Organic
Chemistry23, as was a later paper55 giving the evidence
prescented in this section for the suitability of these
compounds for use in solid-phase peptide synthesis.
| ' The. criteria for a more stable side-chain protecting
group are that it should be easily prepared, that it should
be significantly more stable to the conditions of peptide
synthesis than benzyl ester proteétion, and that it should
be readily removed at the end of the synthesis. The acid
stability of the benzyl ester group can be conveniently
increased by thé introduction of electron-withdrawing
substituents into the aromatic ring. For example,

Merri_field55 investigated'the use of chlorinated benzyl-
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oxycarbonyl (Z) groups for the protection of lysine residues,
and found that (4-Cl-7Z) Lys was thrce times more stable than
Z-Lys to trifluoroacetic acid in dichloromecthane (1:1). Other
chlorinated derivatives were found to be even more stable,
some to the point of being difficult to remove by HF

-
cleavage. Similarly, LiJ7’58

employed the 4-bromobenzyl
ester for the protection of Glu residues, and claimed it to
be four times as stable as the benzyl ester, but detailed
evidence as to the suitability of this protecting group in
peptide synthesis was not presented. ‘

Following the above criteria, the p-chlorobenzyl ester
was selected for investigation. It can be readily prepared
by the copper-catalysed hydrolysis method developed during
'. the course of this work23, and the starting material,
p-chlorobenzyl alcohol, is commercially available. The
stability of this ester to trifluoroacetic acid (TFA)
hydrolysis was studied, and compared with the stability of
the benzyl ester. In order to provide a measurable extént
of hydrolysis in a reasonable time, the studies were per-
'formed at 45°c. The samples from these hydrolyses were
analysed by high-pressure liquid chromatography (HPLC) on
a Porasil silica column with potassium phosphate buffer
(pH 4.0, 0.02 M) as the eluent. It should be noted than
an aqueous buffer system was used in conjunction with a
silica column. The adgueous system was found to minimise
tailing of the benzyl esters, a freacuent problem in the
analysis of polar compounds on silica columns.

The p-chlorobenzyl ester was found to be approximately

twice as stable as the benzyl ester to hydrolysis by



TFA-CH,Cl, (1l:1) at 45°C. From the temperature dependence

of Hammett factors59 it can be predicted that this stability
difference will be significantly greater at room temperature.
The p-chlorobenzyl ester.was also found to be completely
removed by liquid HF at 0°C for 30 minutes, and can thercfore
be recommended for the synthesis of large peptides. Although
the data of Merrifield45 imply that benzyl ester protection
of Asp and CGlu is adequate for moderate-sized peptides, it
should be emphasised that such protéétion is inadequate for

small acidic proteins such as the acyl carrier protein (ACP)

from E. coli. This protein contains 14 glutamic and 7

aspartic acid residues out of a total of 77. Using the
method of Merrifield45 it can be calculated that in a synthesis
of ACP using benzyl ester protection of Asp and Glu, 5.6% of
the chains would be prematurely deprotected at a glutamic acid
residue and 2.7% at an aspartic residue. These side rceactions
should be reduced to an acceptable level by the use of a
more stable protecting group such p-chlorobenzyl.

Although many approaches to the synthesis of protected
peptides have been suggested, involving alternative resins
and Eleavage technique58_22, none has found a wide
application.

One disadvantage is that many of the modified resins

; S
involve lengthy synthese59'10114:13,2l.

More significantly,
the effect of these modifications on the properties of the
resin has not been evaluated, so that the routine use of
such resins must await further cevaluation of their behaviour,

particularly in longer syntheses. It has been observed that

for mild, selective cleavage procedures, yields can decrease
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. . 2
with larger peptides 2’60, so that these methods may not be

suitable for the synthesis of large protected peptides.

Most of the published approaches to fragment synthesis
involve changes in the standard procedures of synthesis.
These new procedures are not only time consuming, but also
often contain difficulties which would make them unsuitable
for routine use, or limitations which would restrict their
applicability to a wide range of syntheses. For example,
resins which form a labile bond to the first amino acid
require the use of even more labile a-amino protection during

14,15 . o o . .
4 , which 'is inconvenient for routine use.

the synthesis
Resins where the bond to the peptide chain is activated in

the penultimate step involve treating the peptide with such
reagents as peroxides or methyl iodidell—l3. This activation
step is not compatible with peptides which contain Trp, Cys

or Met, and may also cause racomisation6]

An attractive approach to the solid-phase synthesis of
protected peptides is to usec standard methods of peptide
synthesis with the exception that the side chains are
protected by acid-stable groups. Such stable blocking groups
are ﬁnown for most side-chain functional groups, with the
exception of the carboxyl groups of aspartic and glutamic
acids. If a .suitable acid-stable group could be found for
carboxyl protection, and the aminé terminus was protected
by trifluoroacetylation, HBr cleavage would relecase a peptide
with only one free functional group, the carboxyl-terminal
COOH, which could be used to form an active ester for fraement

condensation.

For this reason the stability of p-chlorobenzyl and
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‘-Efnitrobenzylesters to HIBr cleavage was investigated. The
p-chlorobenzyl ester was found to be only twice as stable
to HBr as the benzyl ester, and this stability was not
sufficient for the isolafion of peptides protected with
this group. The p-nitrobenzyl ester, however, was 50 times
as stable as the benzyl ester when the amino acid was not
involved in peptide bonds. On the basis of these results,
the p-nitrobenzyl ester was chosen for the side-chain
protection of aspartic and glutamic ;cids in the synthesis
of a protected model peptide and the protected 1-6 hexapeptide
from ACP.I In both cases the pfoduct was cleaved from the
resin with HBr/acctic acid.

The stability of p-nitrobenzyl csters to HBr cleavage
is well known24a'b, although quantitative data on this
stability do not appear to have beecn reported, and little
use appecars to have been made of this property in peptide

24C’d. Somec of the reasons for the apparent

syntheses
reluctance of pecptlide cheiiistcs to employ this protccting

group cmerged during this study. Although thc p-nitrcbenzyl
esters of the frece amino acids, Asp and Glu,were very stable

to HBr/acetic acid as reported here, yet when these amino

acids were present as part of a peptide chain the stabilities
§f the p-nitrobenzyl side—cﬁain esters were drastically
reduced. Both in the model peptide, Gly-Glu(OBzl p-NO.)~-Ala,
and in the ACP 1-6 hexapeptide, Ac-Ser--Thr-Ile-Glu(OBzl p-NO;) -
Glu(OBzl p-NO2)-Arg(MN0O,)OH, the p-nitrobenzyl groups were

found to be removed at a much greater rate than expected.

A further conplication was thet rearrangement of the target

peptide appeared to be occurring, so that a large number of
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products were formed instead of the desired single clcavage
product.

The poor stability of this protecting group resulted
in cleaved peptides which were contaminated by substantial
amounts of deprotected and rearranged preoducts. The
separation of these peptide mixtures was further complicated
by their low solubility, which also appeared to be a direct

result of the use of the p-nitrobenzyl protecting group.
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PART A

Synthesis of the Diesters of Glutamic Acid

The substituted benzyl diesters of glutamic acid wére
prepared by the method of Shié]ds, McGregor and Carpenter62’63.
This method involves the azeotropic distillation of a mixturc
of the amino acid and an excess of the appropriate substituted
benzyl alcohol in the prcsence of a strong acid catalyst.
During the distillation, water is removed from the condensate,
initially by a Dean & Stark apparatus, and later, as the
reaction nears completion, by passage through a bed of
drying material. Either benzene or carbon tetrachloride was
found to be satisfactofy as the solvent, and cither
p-toluenesulphonic acid or benzenesulphonic acid as the
catalyst. The product, an amino acid dibenzyl ester salt,
precipitated on coolirg of the recaction mixture, and was

recrystallised from ethanol.

Materials and Methods

-E-Chlorobenzyl alcohol and p-nitrobenzyl alcohol
(reagent grade) were supplied by Fluka. All solvents were
redistilled before usc.

In a typical synthesis, glutémic acid (147g, 1 mole),
p-chlorobenzyl alcohol (570g, 4 moles) and benzencsulphonic
acid (174g, 1.1 moles) were suspended in carbon tetrachloride
(1.51). The heterogencous mixture was hcated under reflux
with removal of water by ezeotropic distillation. After

5 hours, and the removal of 40 cm?® of water, the reaction
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mixture solidified. The solid was broken up, and distillation
was continued with calcium chloride beads in the Dean & Stark
apparatus. The reaction was terminated after 23 hours. The
product precipitated on éooling. It was washed with diethyl
ether, and recrystallised from boiling ethanol (1.51):

yield 521g (94%). The reaction times, yields, and melting

point of the diesters of glutamic acid are shown in Table I.

TABLE I The. Synthesis of Elutamic Bcid Diegters

Ester Time vield M.Pt.
Glu(OBzl) ;HTs 10 hrs 69%* 115-117°
Glu(OBzl pCl) ,HBs 23 hrs 94%

Glu(OBzl pNO;),HTs 41 hrs 882 121-124°

* The lower yield of the unsubstituted benzyl ester is
thought to be due to its higher solubility in the
solvents used for crystallisation and recrystall-

isation.



31.
PART B

Synthesis of the y-Monoesters of Glutamic Acid

The substituted benzyl esters of glutamic acid were
prepared by sélective hydrolysis of the corresponding diester
in the presence of Cu(II) (see Figure 9). The appropriate
amino acid diester salt was dissolved in aqueous cthanol or
aqueous dioxan in the presence of a three-fold excess of
copper sulphate. The pH was then raised to 8.0, and main-
tained there for the required time. The pH was then
lowered to 3.0, and the copper complex of the moﬁoester could
be isolated by filtration.

The copper complex was then decomposed with boiling
aqueous EDTA by the method of Ledgexr and Stewart64. The
product precipitated on cooling, and could be recrystallised
from boiling water if necessary.

Hydrogen sulphidc could also be used to decompose the
complex, giving a precipitate of copper sulphide. This
procedure, however, was found to give drastically lower
yields; perhaps due to trapping of the product within the
extremely insoluble copper sulphide precipitate.

Attempts were made to monitor the progress of the
hydrolysis reaction by measuring the base addition required
to maintain thg pH of the reaction mixture at 8.0. However,
the rate of base uptake was found to bear little relationship

to the rate of the reaction. It possibly reflects the form-

ation of insoluble salts such as Cu(OH),.
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The rate of the copper hydrolysis reaction could,
however, be measured by quantitative TLC of aliquots of the
reaction mixture. The rates of hydrolysis of a variety of
esters were measured in this way, in order to elucidate the

mechanism of the hydrolysis reaction.

Methods

Synthesis of glutamic acid y-benzyl ester

In a typical copper hydrolysis,-glutamic acid dibenzyl
ester p-toluenesulphonate (10g, 20 mmol) was. dissolved in
ethanol (140 cm®) and aqueous CuSO,.5H,0 (20g, 80 mmol in
water, 350 cm’) was added. The pll was raised to 8.0 with
1M NaOH, and the solution was maintained at that pH and ge%C
for 60 minutes. The pH was then lowered to 3.0 with 3M HCl1
and the precipitate of the copper complex of GluCY(Ole)49
was filtered off and washed with water, ethanol and ether.
Ethylenediaminetetraacetic acid disodium salt (7.8g, 21 mmol)
in 100 cm?® of water was added, the solution was boiled and
filtered, and on cooling, glutamic acid y-benzyl ester

precipitated out. The product was collected by filtration

and washed with water, ethanol and ether: yield 3.5g

(14.8 mmol, 74%): m.pt 169-170°; (a)zg +19.3° (c 5.49,
acetic acid) (lit. m.pt 169—1700;. (a)i 49, 2 64).

The yields for various esters of glutamic and aspartic

acids are given in Table ITI.
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TABLE II Yield 'of Asp and Glu Monoesters Prepared by the
Copper-Catalysed Hydrolysis of Corresponding
Diesters
Yield of
Crude recrystd.
Yield* ester, m.pt o Lit.
Ester mol® mol% HC
Glu (OBz1) 95 74 169-170 169-170°°
Glu(0Bzl p~Cl) 93 54(a)  169-170 176%¢
Glu(OBzl p-NO;) 87 54(a)  158-159(b) 171-172%*
Glu (OMe) 99 180°¢ 1526667
Glu (OEt) 96 192-194 19467
Asp (OBz1) 98 67 220222 2R
Asp(OBzl p-Cl) 98 83 208-210 20808
ASp(OBzl p-NO,) 97 88 193-195 189-190%4
~ Asp (OMe) 98 188-190 (c¢) 191-193(c)®’

* Measured by amino acid analysis of an aliquot of

the reaction mixture

(a) The reduced yield of these esters is possibly due to

their very low solubility in all common solvents.

(b) It has been observed that this compound may show more

than one distinct melting point, presumably because

of the existence of several crystalline forms.

(c) As hydrochloride.
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Measurement of the Rate of Hydrolysis

A variety of diesters of glutamic acid were hydrolysed
by the above procedure. -Samples of the reaction mixture
were quenched with dilute acid, treated with EDTA, and
chromatographed on silica gel plates, using a l-butanol:
acetic acid : pyridine : water (15:3:10:12) solvent. The
Y-ester spots were visualised with ninhydrin, and the

ninhydrin colour was eluted with ethanol and measured at

250 nm (see Figure 10). The rates of reaction are given in
Table ITII.
TABLE III Rate Constants for the Cu(II)-Catalysed

Diester Rate,* min
Glu (OBzl p_—NO?_)z 0.54
Glu (OBzl)» 0.54
Glu(0Bz1l p-Cl)., 0.14
Glu (OMe) , 0.070
"Glu(OEt), . 0.067
Glu (OEt 2-Cl), 0.050
o

* pH 8, 32
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Discussion

Terashima et gng have proposed a structure for the
copper complexes of aspartic and glutamic acids where both
the amino nitrogen and one of the carboxyl oxygens are
coordinated to the copper atom only if a five-membered
ring is formed. This proposal was confirmed by the absence
in the hydrolysis product of any trace of the oa-monoesters
of aspartic and glutamic acid or of. the free amino acids.
Hydrolysis of the B or y-ester to give these products
would require formation of a six or seven-membered ring
respectively (see Figure 11). |

The mechanism of the copper-catalysed hydrolysis of
amino acid esters has been suggested70 to proceed by OH
attack on the carbonyl group of the copper coordinated ester
linkage. If this is the case, the rate of hydrolysis should
be increased by electron-withdrawing substituents on the
ester group. To test this hypothesis, the rate of the copper
hydrolysis rcaction for various glutamic acid diesters was
measured (see Table III).

. The rates are consistent with the mechanism proposed,
in that the ethyl ester reacts more slowly, and the benzyl
ester more rapidly, than the methyl ester. Esters |
substituted.with chlorine, however, react more slowly than
do unsubstituted esters, in spite of the electron-withdrawing
nature of ther chlorine moiety. This anomaly is probably due
to the large volume occupied by the chlorine atom, as
recactions of amino acid copper complexes appear to be very
susceptible to steric hindranceGg.

The yields obtained in the hydrolysis of the p-nitro
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benzyl ester of glutamic acid were very variable, and

usually lower than those for the corresporiding benzyl or
p-chlorobenzyl esters. That this poor yield was not due to
incomplete reaction of the starting material could be shown
by repeating the hydrolysis on the same sample. In a case
where the initial yield was 44% based on the starting diester,
repeating the hydrolysis on the same sample gave only a
further 4% yield. Thin-layer chromatography revcaled that
the starting material was in fact disappearing, but that

no ninhydrin-positive materials other than the product were
appearing. It was concluded tﬁat the starting diester was
decomposing to compounds with no free amino groups. It seems
likely that these were pyroglgtamic acid or derivatives of
pyroglutamic acid. In an attempt to minimise the side-
reactions of the p-nitrobenzyl ester, the hydrolysis reaction
was carried out at pH 6.0, but this did not improve the

yield of the reaction. No attempt was made to isolate or
identify the unwanted byproducts, as the yield was adeguate
for the present studies, and for future work it seemed more
promising to seck side-chain protecting groups which were
.less labile. Several derivatives which seem likely to have
greater stability (such as the trifluoromethylbenzyl ester)

are currently under study.
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PART C

Synthesis of t-Boc NDerivatives

For the synthesis of the tert-butyloxycarbonyl (t-Boc)
derivatives of the substituted benzyl monoesters of
aspartic acids, the method of Stewart and Young71, employing
t-Boc azide as acylating agent, was used. The method of
Ragnarsson et §l72, employing t-butylphenylcarbonate, was
also successful with the benzyl esters of aspartic and
glutamic acids, but with substituted benzyl ésters the yields
were less than with the t-Boc azide method. The products
obtained from the substituted benzyl esters with this
method were also less pure, to the extent that they could
not be satisfactorily purified by crystallisation or silica
column chromatography. This was felt to be due to
decomposition of the substituted benzyl ester under the more
basic conditions of Ragnarsson's method, which uses tetra-
methylguanidine as basec in place of triethylamine, the base
used in the t-Boc azidc method.

In the case of the p-nitrobenzyl ester, it could be
shown that exposure to basic conditions, including an
attempt at column chromatography on alumina, gave extensive
degradation 6f the product and concommitant appearance of a
yellow compound. This yellow derivative did not have a free
amino group, and an amino group could not be liberated by
exposure to HC1l vapour.

This reduced stability to basic conditions was felt to
be a disadvantage of the p-nitrobenzyl ester. For future

studiecs it is recommended that other derivatives be sought
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which could replace the p-nitrobenzyl group for the

protection of the side-chain carboxyl groups of aspartic and

glutamic residues.

Materials and Methods

t-Boc azide was synthesised by the method of Carpino

et al73, and was used without distillation74. Tetramethyl-

guanidine was purchased from Eastman, and t-butylphenylcar-

bonate from Koch-Light Laboratories.

(I) t-Boc Azide Method

Glutamic acid Y—E—nitrobeﬁzyl ester (2.82g, 0.01 mol)
was suspended in dimethylsulphoxide (50 ml). Triethylamine
(2.7 ml, 2.0g, 0.02 mol) was added, and the mixture
stirred for three days at room temperature, by which time it
- was homogeneous. The solution was then diluted with three
volumes of water and extracted three times with hexane -to
remove any unrcacted azide. The aqueous solution was chilled,
acidified to pH 3, and extracted three times with ether. The
ether extract was waéhed with water, dried over anyhdrous
magnesium sulphate, and evaporated under reduced pressure.
The product was obtained as a yellow oil (3.6g, 94%) which
crystallised on standing. The product was homogeneous by
TLC on silica gel plates with l-butanol : pyridine : water
(2:2:1, R. = 0.72) and was used without further purification.

f
The t-Boc p-chlorobenzyl ester of glutamic acid was
synthesised by the samc procedure, and was isolated as an
0il which crystallised on standing overnight to give the

product in 63¢ yield. The product was recrystallised from

ether-petroleum ether: m.pt 80—810C, TLC (l-butanol :
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pyridine: water, 2:2:1) Rf 0.82; (ethanol : aqueous NHj,

9.1) Rf 0.78. Anal. Calc for C;H,,ClINOg (371.41): C,54.98;

H,5.97; N,3.77; €1,9.55. Found: C,54.91; H,5.84;

N,4.10; C1,9.50.

(II) t-Butylphenylcarbonate Method72

Glutamic acid y-p-nitrobenzyl ester (10g, 35.4 mmol) was
suspended in dimethylsulphoxide (50 ml). Tetramethylguanidine
(4.1g, 35.4 mmol) and Efbutylphenyl;érbonate (7.8g9, 39.1 mnol)
were added slowly over 10 minutes to the stirred suspension.
After 20 hours the recaction was almost complete as estimated
by TLC. Water (80 ml) was added, and the solution was
extracted with hexane three times. The pH of thé aqueous
solution was then lowered to 3.0 with 10% sulphuric acid, and
the solution was extracted three times with ethyl acetate.

The ethyl acetate extract was washed with water three times,
dried over anhydrous magnesium sulphate, and evaporated under
pressure. The product was obtained as a brown oil (7.1g,
53%2). The product co-chromatographed with an authentic
sample of glutamic acid y-p-nitrobenzyl ester (prepared by
The E—Boc azide method) during TLC on silica gel plates

using l-butanol : pyridine : water (2:2:1, Rf = 0.72).
However, it also contained significan£ amounts of a yellow
compound which migrated at the solvent front in the above

TLC system, axd which could not be removed by repecated

crystallisation and silica column chromatography.
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PART--D

Stability of Substituted Benzyl Monoesters of Glutamic Acid

to Acidolytic Cleavage

The y-benzyl, <y-p-chlorobenzyl, and Yy-p-nitrobenzyl
esters of glutamic acid were invéstigatcd for their
stabilities to trifluoroactic acid (TFA) in dichloromethane
(1:1), to HBr in acetic acid (33% w/w) and to liquid HF at
0°. The rate of acidolytic cleavage was estimated in the
case of TFA by analytical HPILC, and in the case of HBr by
seimi-quantitative TLC. In the case of HF, the qualitative
presence or absence of cleavage was detected by TLC.

The rate of cleavage of these esters by TFA at ambient-

temperature was extremely slow, and consequently the invest-

igation was conducted at 45°.

Methods

(1) Stability of Monoesters to Trifluoroacetic Acid

Cleavage

The equipment used for high-pressure liquid chroma-
tography is described in Section 2 C(II).

Samples of the monoester (1lmg) were dissolved in
trifluoroacetic acid-dichloromethane (l1:1, 0.1 cm®) and held
at 45°C in sealed tubes. At predetermined time intervals a
tube was dried with a stream of N; and the residue dissolved
in potassium phosphate buffer, 0.02M, pH 4.0 (25 cm®). These-
solutions were examined by HPLC on a Corasil I pellicular
silica columa (2 ft x 0.125 in.), eluting with the
potassium phosphate buffer at 4 cm®/min and 2300 psi. The

clution was monitored by UV abscrpticn at 210 nm and



44,

calibrated with standard samples. The results and a typical
chromatogram are éhown in Figure 12.

The rates of deprotection with TFA-CH,Cl, (1:1) at 45°¢
were Glu(y-OBzl) 6.6 x 10 *min~?!, Glu(y-OBzl p~Cl)
4.1 x 10 *min~'. Hence the p-chlorobenzyl ester is 1.6

times as stable to trifluoroacetic acid under these conditions

as is the benzyl ester.

(11) Stability of Monoesters to JiBr-Acetic Acid

The monoester (500 mg) was suspended in HBr in acetic
acid (33% w/w, 25 cm’) and allowed to rcact ét room
temperature. Aliquots were taken a£ various times, dricd
with a stream of N,, and dissolved in water (3 cm®). A
portion of this solution (10 ¥1l) was spotted onto silica gel
plates which were developed with l-butanol-pyridine-acetic
acid-water (15:10:3:12) and visualiscd with ninhydrin. The
spots corresponding to glutamic acid and the monoester were
cut out and eluted with boiling ethanol, and the absorbance
of the ninhydrin colour read at 565 nm (Glu) or 520 nm
(monoester) and compdfed with standards. The results are
given in Figure 13. The heterogeneity of the reaction mixture
made rigérous kinetic analysis difficult, and therefore the
time at which the glutamic acid reached a stable maximum
concentration was taken as the completion of the reaction:
Glu(y-0OBzl) 1.5h, Glu(y-OBzl p-Cl) 3h, Glu(y-OBzl p-NO,)

48h.

(I11) Stability of Monoesters to HF Cleavage

The monoester (100 mg) was suspended in liguid HF

(10 cm®) for 30 minutes at OOC in the HF line. The HF was
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then evaporated off under reduced pressure, and the residue

dissolved in water (100 cm®). Aliquots of this solution

(50 pl) were chromatographed on silica TLC plates with
l-butanol : pyridine : water (2:2:1). Both the benzyl

and p-chlorobenzyl esters were completely cleaved by HF under

these conditions. The p-nitrobenzyl ester was stable, and

no free glutamic acid was detected by TLC, confirming the

observation of Marglin75
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PART E

Synthesis of Protected Tripecptides

Model tripeptides incorporating a glutamic acid residue
having the side-chain carboxyl group protected by benzyl,
p-chlorobenzyl, or p-nitrobenzyl esters were synthesised in
order to investigate the stability of these groups to HBr in

acetic acid.

Materials and Methods

Synthesis of Protected Tripeptides

Peptides of the sequence H-Gly-Glu(OBzl-X)-Ala-OH, where
X I8 By p=Cl, oF p-NOz, were synthesised by standard solid-
phase techniques76. t-Boc-alanine substituted polystyrene-
1% divinylbenzene resin (lg, 660 jpmol/g) was used in each
case. The t-Boc group was used for a-amino protection, and
50% trifluoroacetic acid in dichloromethane was used for
deprotection. The coupling reagent uscd was dicyclohexyl-
carbodiimide.

Portions of the peptide-resins (500 mg) were cleaved
witﬁ'HBr in acetic acid (33% w/w, 20 cm®). Samples (1 cm?)
were taken at various time intervals, dried with a stream of
N, dissolved in water (0.5 cm?®), and analysed by high -
voltage paper electrophoresis at pH 6.5 and 2.1 in pyridine-
acetic acid—?ormic acid buffers. The electrophoretograms
were visualised with ninhydrin and the appropriate spots
cut out and eluted with boiling ethanol. The absorbances
of the ninhydrin colours vere read at 450 nm (for protected
peptides) or 400 nm (for aeprotected peptides). The results

are shown in Figure 14.
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In addition to the desired peptide which was estimated
in this way, a variety of other products also appears in the
reaction mixture within a few minutes of the beginning of the
cleavage. (See Figure 15). The first additional product to
appear was purified by preparative electrophoresis, and was
shown to have one net negative charge at pH 6.5, but to have
the same amino acid composition as the desired peptide. It
was therefore concluded to arise by loss of side-chain
protection of the glutamic acid side-chain. Two other
peptides,isolated by preparative electrophorésis, were shown
to have the same amino acid composition as the target
protected peptide, and a fourth did not contain glutamic acid
after hydrolysis. From the amino acid composition and clect-
rophoretic mobility of these cleavage products, it was
postulated that both intramolecular rearrangement and peptide
bond cleavage were occurring to a significant extent with
cleavage times longer than one hour.

The tripeptide H-Gly-Glu(OBzl p-NO:)-Ala-OH was
prepared by HBr cleavage of the appropriate peptide-resin
(509 mg) with HBr in acetic acid (33% w/w, 7 cm?®) for one
hour at~room temperature. The cleavage products were
eQaporated under reduced préssﬁre and the residue containing
the peptide was dissolved in 50% acetic acid (3 cm?®) and
purified by gel filtration on a Sephadex G10 éolumn (26 x
270 mm) in ghe same solvent. The peptide was further
purificd by ion exchange chromatography on a Sephadex
SP-C25-120 column (16 = 95 1m) Qith an ammonium acetate
buffer (pH 4.5, 0.01 M). ' The peptide was eluted from the

ion exchange column as a single symmetrical peak, and gave
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only one spot on high-voltage paper clectrophoresis at

pH 6.5. The pooled peak was desalted on a Sephadex G110
column (26 x 270 mm) in 50% acetic acid, and lyophilised.
The peptide was reccrystallised from cethanol-ether to give a
white crystalline powder (12 mg, 13% based on picric acid
analysis of the resin peptide77), m.pt 190.5-192°C.  Amino
acid analysis after acid hydrolysis (HCl-propionic acid,
1:1, for two hours at 13OOC) gave Gly 1.1, Glu 1.0, Ala 1.1.
A satisfactory elemental analysis could not be obtained,
possibly because of the extremely hygroscopié nature of the
peptide. Consequently the material was acetylated to
increase the Volatility78 and sgbmitted for mass spectrometry.
Although the sample gave no molecular ion, a fragment was
observed at m/e 345.0932 consistent with the loss of two
water molecules from the desired tripeptide, and all further
fragment peaks were consistent with the proposed structure.
The peptide was homogeneous on high-voltage paper electro-

phoresis at pH 2.1 and 6.5 (R. 0.75 and 0.0 respectively,

£

relative to glutamic acid).

‘Discussion

The benzyl and p-chlorobenzyl protecting groups were

not expected to be stable to HBr in acetic acid. However,

it has been reported often in the literature24 that the p-
nitrobenzyl’group is completely stable to HBr. Consequently
the above results (Figure 13) which show the complete removal
of p-nitrobenzyl protection within a few hours exposure to
HBr in acetic acid, and a low yield of protected peptide

even when the HBr cleavage was limited in duration, were seen

to be anomalous. It was thought that the presence of glycine



m
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as the next amino acid in the peptide chain might have
increased the rate of molecular rearrangement, and hence
accelerated the loss of side-chain protection. In peptides
where the amino acids adjacent to the glutamic residues had
bulky side-chains, it was postulated that p-nitrobenzyl ester
protection might be more stable to HBr cleavage.

Although rearrangements were occurring during cleavage
of the above protected tripeptide from the resin with HBr/
acetic acid, a significant yield of pure tripeptide was
isolated. The yield was expected to be even -better in the
case of the ACP 1-6 hexapeptide; where the glutamic acid
residues are not adjacent to glycine in the peptide chain.
For this reason the p-nitrobenzyl group was used for the
synthesis of several analogues of the 1-6 hexapeptide from

the acyl carrier protein of E. coli as detailed in the next

section.
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SECTION 2

SYNTEESIS AND PURIFICATION OF THE 1'OLLY~-DEPROTECTED ACTIVE

ESTER DERIVATIVES OF THE ACP 1-6 HEXAPEPTIDE AND SEVERAL

ANALOGUES

The p-nitrobenzyl group was chosen for the protection
of the side-chain carboxyl groups of aspartic and glutamic
acid residues during the synthesis of these peptides.
According to published reports24 this group should be
completely stable to HBr in aéétic acid, the rcagent usecd to
cleave the finished peptide from the resin. The stability
of these esters was borne out in the tests in Section 1(D)
on the side-chain esters of glutamic acid. As the frce amino
acid was stable in its protected form, the assumption was
made that this would also be true when the glutamic acid
was involved in peptide bonds with both a-amino and
a-carboxyl groups. Consecqguently the result in Section 1(E),
which showed that the side-chain protecting grcup in Gly-
Glu(OBzl p-NO;)-Ala was hydrolysed at an appreciable rate,
was dismissed as an anomaly due to the presence of glycine
as the amino acid next to the glutamic residue in the peptide.
The first measurcments of the stability of the protected ACP
1-6 hexapeptide analogues were carried out using the UV
absorption Of the cleavage reaction mixture, and these
resulfs were interpreted to show that the protecting groups
used werec relatively stable to HBr in acetic acid. Closer
examination by high-voltage paper clectrophoresis and column

chromatography, however, showed that the desired product
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was in all cases being rapidly degraded to a variety of
peptides with greater numbers of free carboxyl groups. The
presence of significant amounts of free p-nitrobenzyl
alcohol was also detected during chromatography of the
cleaved peptides. p-Nitrobenzyl alcohol could only be
formed during the cleavage reaction by the acidolysis of
side-chain protecting groups. It became obvious that the
cleavage of side-chain protecting groups from Asp and Gly by
HBr in acetic acid proceeds much more rapidly when these
amino acids are in a peptide chain than when they are present
as ﬁree amino acids (Figure 13)-.

This result is in contrast to the cleavage of these
protecting groups by trifluoroacetic acid, where it has been
shown57 that the cleavage procceds much more rapidly for the
free amino acids than when a-amino and a-carboxyl groups are
involved in peptide bonds. However, a similar effect has
been demonstrated79 with the p-chlorobenzyl esters of Asp
and Glu, in that solvolysis with HBr in acetic acid occurred
more rapidly on peptide esters than on esters of the free
amino acids. It seems reasonable to speculate that protecting-
group cleavage is occurring by a different mechanism in the
presence of a good nucleophile such as Br than with a poor
nucleophile such as CF3COO".

Although the yields of protected peptides isolated by
these methods were lower than anticipated, enough material
was available from the cleavage reactions to permit the
purification of a sufficient quantity of several of the
analogues of the ACP 1-6 hcxapeptide for use in the semi-

synthetic coupling reaction. The great sensitivity of the
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ACP assay29 meant that only very small amounts of each
hexapeptide analogue were required.

Two further disadvantages of thc use of p-nitrobenzyl
esters for the protectioﬁ of acidic amino acid residues became
apparent during the purification of the peptides bearing this
protecting group. The first is that glutamic and aspartic
acids protected in their side-chain carboxyl groups with this
ester, appear to couple in very poor yield to the growing
peptide chain during solid-phase peptide synthesis. The
reasons for this low yield are obscure: they possibly relate
to absorption of the p-nitrobenzyl group to the polystyrene
resin matrix, thus preventing the free diffusion of
reactants within the resin; or to side-reactions of the
activated amino acid which render the carboxyl group un-
available for recaction.

The second disadvantage of the use of p-nitrobenzyl
esters is that p-nitrobenzyl peptide derivatives are
extremely insoluble in most solvents. The solubility pfoblems
encountered in the pur:ification of large fully-protected
peptides are well—knowngo, and several solvent systems have
been.developed in which these compounds have good solubility.
These are typically aprotic polar solvents such as DMI,
N—methylpyrrolido;e8o or DMSO. Tbe low volatility of these
solvents, however, hinders the subsequent isolation of the
purified products. Another goal of peptide chemists is
the development of side-chain protecting groups which increase
the solubility of the protected peptide. Unfortunately,
it appears that the p-nitrobenzyl group is the reverse: a

protecting group which decreases the solubility of the
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peptide. In the case of the ACP 1-6 hexapeptide analogues
protected by p-nitrobenzyl groups on the side-chain carboxyl
groups, the insolubhility of these peptides severely limited
the number of chromatographic techniques which could be used
for their purification. The problems caused by the instability
and insolubility associated with the use of the p-nitrobenzyl
protecting group werc presumably aggravated by the fact that
many of the target peptides contained two of these groups

per molecule. Isolation of the protbcted hexapeptides could
not be achieved by any of the column chromatographic methods
examined. The use of preparative high—pressﬁre liguid
chromatography was necessary for preparation of milligram
amounts of these peptides in a pure state.

High-Pressurc Liquid Chromatography (HPLC) is steadily
increasing in popularity as a rapid and sensitive tool for
the analysis and purification of a wide variety of chemical
compounds. The techniqﬁe has been made possible by the
development of new column packing materials based on silica.
These column packings are available in very small and
accurately defined particle sizes, and consequently mass
transfer rates into and out of the particles are very high.
This confers on these column packings a very high resolving
power, but also a high resistance to'solvent flow through the
column. A second advantage of silica-based packings, however,
is that they are very resistant to deformation, even under
high pressures. It has therefore been possible to use
pumping systems and sample injectors which are capable of
producing and withstanding pressures of up to 6,000 psi.

With such systems, liquid chromatography has advanced



dramatically in speed and resolving power.

Peptide chemists have been slow to use the techniques
of HPLC within their field of specialisation. The earliest
packing materials were of underivatised silica, and these
gave poor results with such polar materials as peptides and
peptide derivatives. The interaction of polar materials with
silanol ( —éi—OH) functions on the silica particles leads to
pronounced tailing of the eluted peaks, and consequently a
very poor resolution of mixtures of compoundsgl. It was not
until the development of bonded reverscd-phase columns, where
all_silanol functions are blocked by reactioﬁ with an organic
silane, that small-particle silica packings became useful
for the analysis and purification of peptides. |

There have been very few reported separations of
underivatised peptides by HPLC. The most important
contributions to the reversed-phase chromatography of peptides

82

have been those of Frei et al™ ™, Burgus and Rivier83, Chang

et a184, and Hancock et a185. The preparative separation of

protected peptides on underivatised silica columns has been
reported by Meienhofer et 3&81, but their work was limited
by the severe problems of band tailing mentioned above.

Kikta and Grushka86

have reported the separation of peptides
and amino acids on a column composed of peptides bonded to a
silica matrix. The efficiency of their columns, however, was
very low, and this was thought to be due to low rates of mass
transfer into these bonded phases.

Consequently the work reported here is novel, both in

that it involves the analysis of protected peptides by

reverse-phase HPLC, and in that it involves the preparative
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HPLC of these peptide derivatives. Using the methods and
columns described in Section 2(CIx), 5-10 mg of a crude
protected peptide could be analysed and separated within a
few hours to give pure pfoducts which could not be achieved
by any of the other techniques which were attcmpted (see
Figure 26).

The three disadvantages of the p-nitrobenzyl protecting
group, its poor stability to HBr in acetic acid, the
insolubility it confers on the peptides protected by it, and
the low coupling yields experienced with the use of this group
during peptide synthesis, combined to result in a difficult
purification task. A number of contaminants of the peptide
are generated both by incomplete coupling steps and by
breakdown of the protected peptide during cleavage from the
resin, and the resulting mixture of peptides is of limited
solubility. It is an impressive tribute to the power .0of the
HPLC technique that it was able to resolve these peptide
mixtures easily, quickly, and with minimal sample pré*
treatment. The amount of purified peptide obtained frem a
single 30-minute chromatographic procedure (1-2 mg) is
sufficient for the preparation of 10-20 mg of semisynthetic
ACP, for which the sensitivity of the assay is 0.1-0.5 ng.
-Thus the capacity of the technique was more than adequate
for the solution of the separation problems created by the
use of the é—nitrobenzyl protecting group.

Although these peptide mixtures could be resolved in
this way, the success or failure of this approach to semi-
synthesis is dependent on the desired peptide's being a

major component of the mixture. Unfortunately, it appears
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that from each peptide synthesis, the major product isolated
was in fact a pentapeptide lacking one of the amino acid
residues which were protected by the p-nitrobenzyl group.

The reason for this ﬁhenomenon is thoughtto be two-fold.
In the first place, the low couping yield of amino acids
bearing the p-nitrobenzyl moiety would result in a significant
number of the peptide chains’ being synthesised without this
residue. Secondly, the insolubility of the p-nitrobenzyl
residue would cause peptides bearing this residue to be
selectively lost during purification procedures.

It appears likely that the corrcct peptide sequence may
have been present in the crude peptide after cleavage from
the resin. The amino acid analysis of the crude peptide
showed that it contained a satisfactory proportion of
glutamic acid. When this crude peptide was coupled to the
7-77 peptide by the methods given in later sections, extensive
purification of the semisynthetic product yielded a material
which was active in the !"CO, assay. Purification of the
crude hexapeptide, however, gave in rcasonable yield only
components lacking one protected glutamic acid residue.
Whatéver proportion of the crude peptide mixture consisted
of the desired protected peptide, it appears that this was
éelectively lost during purification in favour of deletion
peptides and deprotected peptides.with greater solubility.

None of the 'components isolated in greatest yield from the
mixture, when purified, ‘and coupled to the 7-77 peptide,
displayed any activity in the '%“CO, assay, even after several

steps of purification of the semisynthetic product.
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RARME 1

Synthesis of the t-Boc Arg(NO;) Resin

It was attempted to use the caesium salt method of

87 for the attachmént of the first amino acid to the

Gisin
resin, as this method was claimed to give both higher

coupling yields and also purer synthetic products. The
caesium salt method was indeed found to give very high
coupling yields, as measured by amino acid analysis and

77. The resin obtained by this method,

picric acid binding
however, was found to have unsétisfactory physical
properties. In particular, it became extremely sticky
after the attachment of the second amino acid. This property
of the resin resulted in very low coupling yields for the
addition of the third and subsequent amino acids, and also
made filtration of solvents from the resin suspension during
the synthesis a very slow process.

Similar difficulties have been encountered by other
workers using the caesium salt method for the synthesis of

8 and other amino acidng.

resins bearing t-Boc Arg(N02)8
fhe reason for the stickiness of the resin encountered

here is not clear. One sugggstion is that some caesium

becomes bound to the resin during the attachment of the

first amino acid, and it is not removed by the DMF/water,

DMF, and ethanol washes prescribed in the method of Gisin.

If so, it is conceivable that further washes with a different

series of solvents might. remove this bound caesium to produce

a resin giving better results in peptide synthesis. The

matter was not pursued, however, and a resin was used which
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had been made by the more conventional method of Merrifieldgo.

Materials and Methods

t-Boc Arg (NO;) and chloromethyl resin were obtained
from Schwarz-Mann. The resin was floated twice in

dichloromethane to remove fines, and dried over P,0s5.

t-Boc Arg(NOj)-resin which had been prepared by the method
of Merrifield90 was a gift from Dr W.S. Hancock. DMF was
distilled from calcium hydride, and stored over molecular
sieves. All other solvents were redistilled before use.

~ t-Boc Arg(NOz) (5.85g, 18.3 mmol) was dissolved in ethanol
(50 ml) and water (10 ml), and the pH of the solution (as
measured by a glass electrode) was raised to 7.0Awith caesium
bicarbonate (1 M). The solution was dried on a rotary
evaﬁorator, and the o0il obtained was d&ied over P,0s in a
vacuum dessicator (0.1 mm Hg) for three days. The oil was
dissolved in dry DMF (200 ml) and chloromethyl resin (iOg,
15.3 mmol) was added. The svuspension was maintained at 60°C
for 21 days.

At this time the resin was collected by filtration
and’ washed with chloroform, DMF, DMF:H,O0 (9:1), DMF, and
ethanol (three times with cach solvent). The resin was
dried over P,0s, and the amount of amino acid substituted on
the resin was determined by picric acid binding77 and amino
acid analys;is of the HBr/acetic acid cleavage of an aliquot
of the resin (see Part B). The results were: picric acid
binding, 550 umoles/g; amino acid analysis of the HBr/
acetic acid-cleaved prodﬁct, 686 umoles/g, no detecctable

Arg or Orn.
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PART B

Synthesis of the Protected ACP 1-6 llexapceptide and Clcavage

From the Resin

The synthesis was performed by conventional solid-phase
techniques76. The t-Boc group was used for the protection
of ca—-amino functions, and deprotection was accomplished
using 50% (v/v) trifluoroacetic acid in dichloromethane.
Coupling reactions were performed using amino acid

symmetrical anhydrides, which werce formed ig situ. Each

coupling was performed twice in each of two different
solvents, dichloromethane and dichloromethane:DMF (1:1).
A typical coupling cycle is shown in Figure 16.

The oc-amino group of the final serine residue was
acetylated with acetic anhydride in the presence of tri-
cthylamine before cleavage of the peptide from the resin.
The cleavage was performed using 33% HBr in acetic acid.
Extended cleavage times were thought to be inadvisable on
the basis of the results given in section 2(A), and therefore
cleavages were limited to two 20-minute periods on any resin
sample. .A summary diagram of the synthesis is shown in

Figure 16.

Materials and Methods

Solid-phase peptide synthesis was performed on a
Schwarz-Mann automated peptide synthesiser. All solvents were
analytical grade, or purified as in a previous study76

t~Doc amino acids were obtained from Schwarz-Mann. A typical

coupling cycle is shown in Figure 17, and the procedure for
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CHZCl2 1
TFA/CH,C 2 51 ul
1PP/“H2C12(1 1)
2 " @Sk} Bow 1
B 3
CH,Cl,
LtoH i 3
> 0L 3
CHZf‘l2

Neutralise

(&3]
[\S)

g : T (Y oA
Et3N/Ch2L12(lO,)

]
CH2C12 1 9
Couple
' BOC—I’\I\/CHzClz 5L Hot Jdrained -
DCC/CHZClZ(O.S mole) 60 Not drained
DCC/CHZClZ(O.S mole) 60! drain

The above threce steps were repcaced once.
The coupling of the third amino acid in the
peptide is performnced in the reverse order; the
DCC is adeéed beifore the amino acid, in order to

minimise diketepiperazine formation,

FIGURE 17+ Typical coupling cycle for addition of one
T amino acid residue to the resin-bound peptide
chain
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a picric acid analysis in Figure 18.

The final picfic acid analysis gave 225 umol (80% yield).
The peptide-resin was acetylated in the synthesis vessel
with a 50-fold excess of.each of acetic acid and triethyl-
amine, in dichloromethane as solvent. 7The peptide-resin
was shaken in this mixture for 30 minutes at room temper-
ature, filtered, and washed with dichloromethane (3x),
ethanol (3x), and dichloromethane (3x). The acetylation
and washes were then repeated.

The peptide was then cleaved without removal of the
resin from the synthesis vessel. The cleavage was performed
with 33% HBr in acetic acid, and was repeated once. Each
cleavage consisted of a 20-minute reaction with IIBr/acetic
acid, and the appropriate washes, which are detailed in
Figure 19. Each cleavage product was cevaporated to dryness
as soon as possible on a rotary evaporator, using a water-

bath temperature of 40°.
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§ngent Time ITumber
Denrotect
1
CH2C12 1 3
TFA/CH?ClZ(l:l) - 5K i
a7 P 1
T n/CH2C12(3.l) 30 1
CH2C12 g 3
EtOH 1" 3
CH2C12 1! 3

Neutralise

Bt jN/CH,CL, (10%%) 5t ' 2
1
CH,Cl, 1 6
Coque
Picric acid/CHZClz(sat) 5 2
CH2C12 1' 5
Elute
EtBN/CH2C12(lOp) U 4
CH,C1, 1 3

rton 1 4
The washes f£rom the last eleven steps were
collected, diluted approonriately, and the

absorbance at 358 nm was mecasured.

FIGURE 18 Eicric acid analysis of the amount of free
amino groups on a resin-bound amino acid

or peptide
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Solvent Tine Numbear
HRr/acstic acid (33%) 30! 1

(manual addition)
TFA/CHZClZ(l:l) g 3

: ' 4
CIIZCl2 1

The above washes were pooled, and the

solvents were evaporated under reduced pressure,

HBr/acetic acid (333%) 30 1
(manual addition)
TFx/CH,Cl_(1:1) SN 3
2 Z

CH2C12 1! 4

The above washes were pooled with the
residue from the first cleavage, and the
solvents removed by evaporation under reduced
nrIéssure, Mceteone was addaed to the residue,

and evaporated under reduced pressure, three

timaes to remove traces of acatic acid,

FIGURE 19 Procedure for clecavage of a protected peptide
from the resin using lBr/acetic acid
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PART C

Purification of the Protected ACP 1-6 Hexapeptide

(1) Column Chromatography

The low solubility of this protected peptide severecly
restricted the number of chromatographic methods availabhle
for its purification, and many methods were attempted
unsuccessfully.

The initial trials were performed on the nonacetylated
peptide. The first attempted purification uLilised gel
filtration on Sephadex G25, with 50% acetic acid as the
eluant. This process removed at least two contaminating
non-peptide substances, as determined by U.V. abhsoxrption
and high-voltage paper electrophoresis of aliquots of the
column effluent. Ilowever, the solubility of the protected
peptide in this solvent was less than 0.1 mg/ml, which
would have rendered the process too cumbersome for routince
use. The peptide at this point gave a satisfactory amino
acid analysis after écid hydrolysis, but showed extensive
heterogeneity on high-voltage paper electrophoresis at pH
6.5 and 2.1

The next step in a routine purifibation would be ion
exchange chrématography, and this was attempted on the
non-acetylated peptide using both Dowex 50W-X12 with
aqueous buffers at pH 4.5 or 2.1, and Bio-Rad AGl-~X2 at
pll 5.0 or 8.5. The solubility of the protected peptide in
these solvents was very low, and satisfactory seoparations

could not be obtained.
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&

It was decided at this stage that, since the peptide
with a free amino terminus was not particularly soluble in
aqueous solvents, subsequent trials would use the N-acetylated
peptide. It was hoped fhat acetylation would confer greater
solubility in organic solvents.

Silica column chromatography using a variety of solvents,
and partition chromatography on Sephadex G-25 using
n-butanol : acetic acid:water (4:1:5), both gave a partial
resolution of several components in the synthetic peptide,
but complete purification of the product could not be obtaiﬁed.

The most successful form of column chromatography
attempted was that on Sephadex LH-20. Using methanol oxr DMF
as the mobile phase gave almost no resolution of the various
impurities. The use of 80% methanol/water, chloroform :
hexane : methanol (15:4:1) or chloroform : methanol (9:1) gave
better separations of peptide mixtures, but the solubility
of the crude peptides in these solvents was inadequate.

Mixtures of ethyl acectate and methanol were the most
satisfactory cluants tested with Scphadex LH-20 columns.
Adjustment of the proportions of these solvents to give the
.most useful compromise betwecen resolving power and solubility
resulted in a final eluant of 18% methanol in ethyl acetate.
A Sephadex LH-20 column with this eluant was used routinely
for the preliminary separation of protected peptides from
non-peptide contaminants. The products obtained from this
column were soluble in a wider variety of solvents, but were
still heterogeneous as shown by high-voltage paper electro-

phoresis.
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Materials and Methods

All solvents were redistilled before use. The absorbance
at 280 nm of column effluents was measured by a Uvicord
nonitor. High-voltage péper electrophoresis was performed on
Whatman No. 1 paper in pyridine-acetic acid-formic acid
bufferg, pH 6.5 and 2.1. TLC was performed on Eastman
precoated silica-gel plates. Peptides were visualised with

ninhydrin or the peptide spraygl.

(a) Gel Filtration in 50% Acetic Acid

The crude non-acetylated peptide was fractionated
on a 306 x 25 mm column of Sephadex G-25 eluted with 50%
acetic acid. The position of the salt peak'was monit-
ored by a conductivity meter. The chromatogram is
shown in Figure 20. High-voltage paper electrophoresis
revealed that the product was located in fraction I.
Fraction II contained free p-nitrobenzyl alcohol, as
determined by U.V. spectroscopy, and by high-pressure
liquid chromatography on an alumina column using
ethanol : acetic acid : water (6:3:1) as eluant. Amino
acid analysis of an aliquot of fraction I gave
(Arg + Orn)°2 1.1, Glu 2.15, TIle 1.0, Thr 0.7,
Ser 0.7. The low values obtained for serine and

threonine are presumably due to their destruction during

acid hydrolysis in the presence of NG—nitroarginine

(b) Ion Exchange Chromatography

Using pecak I from the previous column, ion exchange
chromatography was attempted uvsing a 105 x 16 mm column

of Dowex 50W-X12, and 0.01 M phosphate buffer pH 4.5 or
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Gel filtration and partition chr

omatography of

the protected form of the ACP 1-6 hexaveptide
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0.1 M pyridine-acetic acid-formic acid buffers of pH

3.5 and 2.1. Successful purifications were not obtained,
and the crude peptides werc extremely insoluble in

these aqueous buffefs. Better solubility was obtained
in 0.05 M ammonium acetate buffer pH 8.5, but an attempt
at ion exchange chromatography on Bio-Rad AGl-X2 in this

buffer was not successful.

Silica Column Chromatography

The crude acetylated peptide was loaded onto a

427 x 30 mm column of silica gel (BDH, 60-120 mesh) in

' ethyl acetate, and eluted with n-butanol : pyridine :

water (2:2:1). Some separation of non-peptide con-
stituents was obtained, but the fully-protected and
partly deprotected peptides were found to co-chromato-
graph in this system. Thin-layer chromatography on
silica gel plates with ethanol : agqueous NHj (9:1),'
methanol, and ethanol : triethylamine (9:1) revealed
that no useful separations could be obtained with these

solvents.

Partition Chromatography

Parti£ion chromatography on a 308 x 25 mm column
of Sephadex G-25 was performgd by the method of
Yamashiro93 using the two-phase system n-butanol : acetic
acid : water (4:1:1). Only partial resolution of the
crude acetylated peptide was obtained. The resulting

chromatogram is shown in Figure 20.
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(e) Sephadex LH-20 Chromatography.

The crude acetylated peptide was fractionated
on a 310 x 25 mm column of Sephadex LH-20 using a
variety of solvents. The resulting chromatogram is
shown for two representative mixtures in Figure 21.
The following solvents gave good resolution of the
components of the crude peptide mixturés, but poor
solubilities of these peptides: 80% MeOl-water,
chloroform : hexane : methanol (15:4:1), chloroform :
methanol (9:1), and ethyl acetate : methanol (9:1). A
typical separation of this type, using éhloroform:
hexane : methanol (15:4:1) is shown in Figure 21. The
following solvents gave good solubilities té the crude
peptide mixtures, but the separations obtained were
inadequate: MeOH, DMF and ethyl acetate : methanol (251
and 3:1). A typical separation of this type, usipg
ethyl acetate : methanol (2:1) is shown in Figure 21.

The most useful separation was obtained from the
LH-20 column using 18% methanol in ethyl acetate as the
eluant. This gave a useful compromise between resolving
power and solubility; a typical separation is shown in
Figure 22. High-voltage paper electrophoresis and
analytical HPLC (see Section 2(D)) revealed that peak
IT on this chromatograph contained the major peptide in

a partially purified form.
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CHCl3:Me OH:Hexane
15:1:4
A280
T ] I T , I 1
10 20 30 40 50 60
Fraction number
MeOH : EtOAC
1:2
A280
| | | 1 |
10 20 30 40 50
Fraction number
FIGURE 21 Sephadex LH-20 chromatography of the protected

form of the ACP 1-6 hexapeptide.
unsatisfactory separations.

Typical
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Sephadex LH=-20
187 McOH [EtOAc

Analytical HPLC

006 pBondapak  Faity Acid
A280 Analysis column
6OZMeOH/O-1Z AcOH
004 -
‘0024
t I 1
2 1A 6
Time (min)
FIGURE 22 Sephadex IH-20 chromatography of the protected

'

form of the ACP 1-6 hexapeptide, and analytical
HPLC of the major peptide oveak
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(ITI) High-Pressure Liquid Chromatography

Three columns were tested for the purification of

the above partly purified peptides.

(a) Waters Cl8-Porasil B (Octadecyl-silyl silica : bonded

reversed-phase partition chromatography column)

This column did not give sufficient retention of
these compounds in water-methanol mixtures containing
0.25% acetic acid to give useful separations. (Acetic
acid was added to the mobile phase to ensure that free
carboxyl groups on the peptides were fully protonated,
and thus that the peptides were retained for as long as
possible by interaction with the non-polar éolumn
packing.) Even when the methanol concentration was as
low as 48%, the peptides were essentially unretainedAby ‘
the column (see Figure 23). The use of lower concen-
trations of methanol was not possible, as the partly
purified peptide did not have sufficient solubility in

such solvents.

(b) Waters AX-Corasil (Silica column with bonded anion-

exchange ﬁunctions)

This column was investigated with a variety of
mobile phases, having methanol concentrations of from
48% to 80%, and pH from 3.15‘to 6.0. The compounds

'

cluted as very broad peaks from the column, and no

useful separations could be obtained (see Figure 23).
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Waters p-Bondapak Fatty Acid Analysis Column

(Alkyphenyl silica column: microparticulate bonded
reverscd-phase partition chromatography column)

This column was investigated using mobile phases
containing from 48% to 90% methanol, and varying
concentrations of phosphoric or acetic acids. The most
satisfactory separations were obtained at 60% methanol
containing 0.25% acetic acid (e.g. Figure 22).

These separations were transferred to a preparative
scale, using two 9mm x 60cm columns of Waters Bondapak
Phenyl-Porasil B. This packing material is a large-
particle form (37-50 micron) of that used in the Fatty
Acid Analysis column. The larger particle size reduces
the resolution available with this material compared
with the 10 micron microparticulate packing, but it
enables the use of much larger columns, and these can
be packed by simple manual techniques. This material
is also fully porous, and thus larger sample masseé can

be applied withoul degrading the resolution of the

~ colunmn.

The qolumn resolution of a preparative column can
be effectively increased by recycling the column effluent
through.the column again. In theory this recycling
process can be repeated almost indefinitely, to give
any réquired degree of resolving power. The ability of
recycling to multiply the column resolution was
verified by the use of a test substance (see Figure 24)

but the resolution of the column set used was sufficient

for most of the peptide separation problems encountered,
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FIGURE 24 The effect of recycling on the resolution ‘of

the column set used for preparative HPLC
Test substance = nitrobenzene
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without the use of recycling.

The resolution of the column set (measured as the
number of theoretical plates, N) was found to be
dramatically increaéed, and tailing of the cluted peaks
virtually abolished, by silanising of the stationary
phase before packing of the column. The packing
material as received from the manufacturer contains a
small number of residual silanol groups, which must be
blocked by reaction with Bexameghyldisilazane to obtain
the maximum performance from the packed column.

The greatest sample mass which can be appliecd to
a column without degrading the resolution obtained
varies with the sample. Using the column set given in
the Materials and Methods section, between 1 and 10 mg
of any of the samples encountered in this work could be
purified in a single run.

A variety of peaks was collected from HPLC
fractionation of each crude peptide mixturc. The
peptides were identified in each case by retention time,
by acid hydrolysis and amino acid analysis, and by
high-voltage paper electrophoresis at pH 6.5. In each
resin—peptiae HBr/acetic acid cleavage, the major
product isolated by LH—20.chromatography (see Figure 22)
was fognd to consist of a mixture of two compounds of
NG—nitfoarginine. These presumably arise from attachment
of this amino acid to the resin in sites which are too
inaccessible to permit the attachment of a growing

peptide chain during synthesis.
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The second major peptide isolated in each case was
found to be the pentapeptide lacking one of the residues
protected by a p-nitrobenzyl group. The target peptide
presumably formed one of a very large number of minor
peptide products in each mixture. The probable reasons for
this situation are given in the Introduction to this
section; its result was to make the isolation of the correct
peptide from each cleavage product impracticable. The
technique of preparative HPLC,'however, was completely
sufficient for the isolation of any protected peptide from
these cleavage mixtures that was present in a large cenough
proportion to make the task worthwhile. The peptides
isolated by this method were judged to be homogeneous when
analysed by analytical HPLC and high-voltage paper

electrophoresis.

Materials and Methods

High-pressure liquid chromatography was performed using
a locally-constructed chromatograph incorporating two Waters
model 6000 pumps, a Waters model 660 controller, a Cecil
model 212 variable-wavelength U.V. monitor and a Linear
Instrumenfs Co. 2-channel chart recorder. Packed columns of
Clé—Porasil B and AX-Corasil (2 mm x 61 cm) and a up-Bondapak
Fatty Acid Analysis column (4 mm x 30 cm) were supplied by
Waters Asséciates Ltd.

"Waters Bondapak Phenyl-Porasil B was silanised by
treatment with hexamethyldisilazane (HMDS) to remove unreacted
silanol groeoups. The packing material (75 ml) was placed in

a glass column and washed with 5 column volumes of 5% HMDS in
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dry toluene. The column was then washed with toluene and
methanol.

The absence of any residual silanol groups on the
packing material after silanisation was verified by passing
a solution of Methyl Red in methanol through the glass
column. Any unblocked acidic groups would have given a
vellow colouration with this indicator. The packing material
was removed from the column and dried over P,0s5. Two
preparative columns (7 mm x 60 cm) were filled with this
material by the tap-fill method94.

Analytical columns were eluted at 1.5 ml/min, and
preparative columns at 5.0 ml/min. Plate counts were
determined on the u-Bondapak Fatty Acid Analysis.column
(N = 6,000 plates/meter) and the Bondapak Phenyl-porasil
B preparative column (N = 520 plates/1.2 m) using nitrobenzene
as the test substance, and 60% methanol-water containing
0.25% acetic acid as the eluant. .

The peétide samples used were partly purified peptide
mixtures obtained from the Sephadex LH-20 column as in Part

I of this section. They were dissolved in the appropriate

mobile phase at a concentration of approximately 1 mg/ml.

(a) Waters Cl8-Porasil B

This column was eluted with various water-methanol
miprres containing acetic acid. The best separation
obtained with this column was using 48% methanol
containing 0.4% acetic acid. A typical chromatogram

is shown in Figure 23.
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(b) Waters AX-Corasil

This column was eluted with various aqueous
methanol solutions, buffered at pHs from 3.15 to 6.0.
The best separation obtained with this column was
using 72% methanol/1% ammonium acetate buffer pH 3.8.

A typical chromatogram is shown in Figure 23.

(c) Waters pu-Bondapak Fatty Acid Analysis

This column was eluted with various aqueous
methanol mixtures contaiﬁing from 99.9% to 48% methanol
and 0.03% to 1% phosphoric acid or 0.03% to 6% acetic
acid. The best results in both resolution and
solubility of the crude peptide mixtures were obtained
with an eluant composed of 60% methanol and 0.1%
acetic acid. A typical chromatogram is shown in

Figure 22,

(d) Waters Phenyl-Porasil B Preparative Column

This column sct was eluted with aqueous methanol
solutions containing 30%, 40%, or 50% methanol and
1% acetic acid. For each sample, the methanol concen-
tration was selected which gave adequate solubility of
the sample, combined with a retention time on the
column which was neither so short as to prevent the
resQlution of components of the sample, nor so long as
to-ﬁé wasteful of the mobile phase. The samples were
dissolved in the mobile phase. For the iﬁitial
evaluation of a chromatographic separation, 5-10 ul
of a sample containing approximately 1 mg/ml was

injected: for a preparative separation, up to 2 ml (the
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maximum volume of the sample injector) was loaded.

The samples used were pooled fractions from the
Sephadex LH-20 column from which the solvent had been
removed by evaporation under reduced pressure. After
chromatography on this preparative column set, the
appropriate fractions were concentrated in the same way
and analysed by high-voltage paper electrophoresis, acid
hydrolysis and amino acid analysis, and HPLC on the
u-Bondapak Fatty Acid Anélysis.column using a mobile
phase containing 50% methanol and 1% acetic acid. The
peptide products were judged to be hdmogeneous by these
criteria (see Figure 25).

Acid hydrolysis was performed in 6 M HCl1l for 16
hours. . For the major peptide product, the results
were: (Arg + Orn)92 1.4, Glu 1.0, 1Ile 0.88, Ser 0.86,
and Thr 0.88. It was apparent from this composition,
and from the mobility of the peptide on high-voltage
paper clectrophoresis at pH 6.5, that this peptiae was
in fae%= a pentépeptide lacking one of the Glu (OBzl
p-NO;) residues. Several of the minor peptide
‘cdmponentg were also examined, but the fully protected

hexapeptide could not be located.
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PART D

Preparation of Analogues of the Protected ACP 1-6

Hexapeptide

The synthesis of the following analogues of the ACP
1-6 hexapeptide in fully-protected form was attempted by
the methods of Section 2(B): [G1n"] ACP 1-6, [G1ln®] ACP 1-6,
[Asp"] ACP 1-6, [Asp®] ACP 1-6, [-IAlalAla7] ACP 1-6, [Glu®Ile"
ACP 1-6, and [6lu’Glu"Ile® ACP 1-6. Thesec analogues were
selected from the very large number of possible variations
because they involved modificétions of functional groups
on the peptide which may play a part in stabilising the
active conformation of the entire ACP molecule.

These derivatives were purified using the procedures.
developed for the ACP 1-6 hexapeptide: Sephadex LH-20
chromatography in 18% methanol in ethyl acetate, followed by
preparative HPLC on Bondapak Phen§l—Porasil B in 50%
methanol-water containing 1% acetic acid. The purity of
the products was examined by analytical HPLC, high-voltage
paper electrophoresis, and acid hydrolysis and amino acid
analysis.

In no.case was the protected peptide of the correct
amino acid composition isolated as a major product of the
HBr/acetgc acid cleavage from the synthesis resin. From
several of the above analogues, however, pentapeptides
lacking a Glu(OBzl p-NO;) residue were isolated and
purified to homogeneity. . Two of these analogues (from the
[G1n"), and [Asp"]ACP 1-6 syntheses) were prepared in

sufficient quantities to enable the preparation of the
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corresponding ACP analogues. Amino acid analyses after
acid hydrolysis of the protected hexapeptide active esters
gave the following results: from the[Gln“]synthesis,_
(Arg + Orn)92 1.00, Glﬁ 1.06, 1Ile 0.66, Thr 0.78,

Ser 0.84; from the [Asp"] synthesis, (Arg + Orn)92 1.00,
Glu 0.92, 1Ile 1.08, Thr 0.67, Ser 0.63. The low values
found for serine and threonine are presumably due to

destruction of these amino acids during hydrolysis in the

(- G
presence of N -nitroarginine .
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PART E

Preparation and Purification of the Pentachlorophenyl

Active Esters of the Protected Hexapeptides

The pentachlorophenyl active esters of the protected
peptides were formed by the "crystalline complex" method of
Kovacs et g£.42 This method uses a 3:1 complex of penta-
chlorophenol (PCP) and dicyclohexylcarbodiimide (DCC), and is
claimed to give the PCP esters of peptide esters without

causing racemisation of the C-terminal amino acid.

"Materials and Methods

The crystalline PCP:DCC complex was prepared by the

42

method of Kovacs @ il and recrystallised from ether/hexane.

In a typical procedure, [ Asp®] ACP 1-6 (5 mg, 5 umol) was
dissolved in ethyl acetate (1 ml) and the PCP-DCC complex
(5 mg, 5 umol) was added. The reaction was allowed to
procced in darkness for 16 hours at room temperature, and then
quenched by the addition of an excess (20 pl) of acetic acid.
The ethyl acetate solution of the product was extracted with
water, 0.1 M IiCl, water, saturated sodium bicarbonate, and
finally water, énd dried over anhydrous magnesium sulphate.
The solvent was evaporated in a stream of air, and the solid
product w?s extracted with fresh ethyl acetate. The ethyl
acetate was evaporated under reduced pressure, and the
product was obtained as an oil (6.1 mg, 89%). The product
was homogeneous on TLC (silica, ethyl acetate, visualised
with I, vapour: Rf 0.65) and on analytical HPLC (u-Bondapak

Fatty Acid Analysis column, 50% methanol/l1% acetic acid,

1.5ml/min: tR 3.0 min) .
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Deprotection of the Protected Peptide Active Esters

In order to establiéh the optimal conditions for removal
by hydrogenation of the NG—nitroarginine protecting group
without destruction of the active ester, the hydrogenation
of the model compounds pentachlorophenol (PCP) and t-
butyloxycarbonyl-NG—nitroarginine pegtachlorophenyl ester
(t-Boc Arg(NO,) PCP) was investigated. The latter compound

was synthesised by the method of Kovacs et al.42b The

compound could not be obtained in analytically pure form
even after silica column chromatography and repeated
crystallisation. This was thought to be due to the presence
of the lactam or other decomposition products, as mentioned
by Kovacs et al. 1In spite of the impurities present in this

model compound, hydfogenation studies were proceeded with,

and some useful information was obtained.

Materials and Methods

Hydrogenations were performed in a Parr pressure
hydrogenator at 50 psi of hydrogen pressure. The catalysf,
10% palladium on charcoal, was supplied by Fluka.

t-Boc Arg(NO2)PCP was prepared by the method of Kovacs

42b
14

e Gyl . and partially purified by silica column chroma-

1
tography using diethyl cether as the eluant. Even after
repeated crystallisation from carbon tetrachloride-~hexane,
the compound was found to be impure, as judged by melting

point range, TILC (silica, chloroform : acetone 9:1) and

clemental analysis.
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The hydrogenation of pentachlorophenol was followed
spectrophotometrically by removing samples at varying times
and plotting their U.V. spectra in the region 280-320 nm.
The solvents used in the hydrogenation were:

(1) methanol containing 1 mole HC1l per mole PCP,

(2) methanol/acetic acid 10:1,

(3) methanol/acetic acid 10:1 containing 1 mole HC1l per
mole PCP,

(4) methanol/acectic acid 10:1'containing 5 moles HCl per
mole PCP.

In each case the U.V. maximum at 305 nm gradually moved
to a small maximum at 295 nm, and then disappeared completely
(see Figure 26). The time for this reaction to be completed
was approximately 24 hours under these conditions, but even
after three hours the reaction had procecded appreciably.
Mass spectral analysis of the reaction mixture at this point
showed the presence of tetra- and trichlorophenols in
addition to pentachlorophenol. It was obvious that chlorine
was being reduced from the phenol ring as hydrogen chloride.

Kovacs et §l42a had also observed this phenomenon, but
had stated that the addition of 1 mole of dry HC1 had
prevented it entirely. However, their hydrogenations were
performed at atmospheric preésure and for a much shorter
time (15:minutes), as they merely wished to remove the
benzyloxycarbonyl group. It is probhable that the removal
of chlorine was still proceeding under their conditions of
hydrogenation, but at the much slower rate observed here.

In order to maintain the rcactivity of the pPCP active

ester, it was therefore necessary to limit hydrogenations to
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three hours under these conditions. HCl was concluded to
have no advantagelover acetic acid for the protection of PCP
esters, and was omitted from the hydrogenation rcactions of
the peptide active esters.

The hydrogenation of crude t-Boc Arg(NO,)PCP was
monitored by its U.V. absorption at 275 nm. In all of the
above solvent systems containing methanol, acetic acid and
HCl, the hydrogenation was complete within 30 minutes, the
shortest time interval examined.

The hydroxylamine assay of Lipmann and Tuttle95
revealed that the active ester was still intact at 56%
hours, although by this time it contained a significant
amount of tetra- and trichlorophenyl esters as shown by mass
spectral aﬁalysis.

The conditions chosen for hydrogenation of the
protected peptide pentachlorophenyl esters were: methanol/
acetic acid (20:1), egual weights of 10% palladium on
charcoal and the protected peptide, 50 psi hydrogen in é
Parr hydrogenation apparatus for three hours. In all cases,
. this was sufficient completely to reduce the absorbance of
the solution at 275 nm to zero.

At the conclusion of the hydrogenation, the catalyst
was washed three times with 1% aqueous acetic acid. The
solutioné were pooled, stripped, and taken up in 1% acetic
acid. This solution was then extracted three times with
ethyl acetate, and the aqueous phase was lyophilised and
stored at 0°C until required for coupling to the native
7-77 peptide. The yield of deprotected peptide active
ester was Eypically 80%, based on the weight of purified

protected peptide acid used to form the active ecster.
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SECTION 3

ISOLATION OF NATIVE 7-77 PEPTIDE, SEMISYNTHETIC COUPLING,

AND ASSAY OF PRODUCTS

Acyl carrier protein was prepared from frozen E. coli
strain B paste, by the method of Majerus, Alberts and
Vagelos,29 with a few minor modifications.

Approximately 5 kg of E. coli strain B cell paste

was grown in a "Fermacell" fermenter on a continuous-flow
basis. A minimal medium containing only glucose and salts
were used, in order to limit the costs involved.. An E. coli
auxotroph deficient in B-alanine synthesis was also grown on
a medium supplemented with ('"C)-B-alanine. Alberts and
Vage10596 have shown that most of the labelled f-alanine
under these conditions is incorporated into the prosthetic
group of ACP. In this way a small amount of '“C-labelled
ACP was obtained for vse in monitoring the purification of

- larger quantities of unlabelled ACP.

Acetylation and tryptic cleavage of ACP were carried
out bytﬂuamethéd of Majerus,34 except that slightly more
vigorous conditions were employed for the acetylation to
ensure that all lysine residues were completely blocked. The

'
acetylated protein was treated with neutral hydroxylamine to
remove acetyl groups from the active-site thiol group as
well as from the tyrosine and histidine residues. The
acetylation was carried out using (°H) acetic anhydride, to

facilitate the location of the product during later
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chromatographic procedures. The active-site thiol group was
converted to the DTNB derivative41 to prevent its oxidation
during the coupling reaction.

The native acetylatéd 7-77 peptide and the synthetic
1-6 peptide active ester were coupled in a variety of
solvents, and the products were examined for activity in the

'%*C0o, exchange assay.zg’97

The only product with measurable
activity was obtained by coupling a crude hexapeptide mixture
with the 7-77 peptide, and purifying the resulting semi-
synthetic ACP by gel filtration and ion exchange chromato-
graphy. When purified peptides were coupled, however, no
activity could be detected in the products, even after
purification of the semisynthetic proteins by similar
procedures.

Amino acid analysis of the various purified semisynthetic
products revealed that the coupling rcaction was most )
successful when performed in mixed organic/aqucous solvents.
The use of dimethylsulphoxide alone, while giving good
solubility to the reactants, resulted in low coupling yields
(as determined by the amount of arginine incorporated into
the semisynthetic protein). It was also felt that the
oxidising propérties of this solvent98 were a disadvantage.
Similarly the use of aqueous sodium bicarbonate (0.1 M,
pH 8.15)?9 gave a low yield of semisynthetic product.

The most successful coupling reactions werelperformed
in a mixed solvent containing 50% N-methylpyrrolidone and
20 mM potassium phosphate buffer pH 7.0. The usc of N-
methylpyrrolidone alone féiled to give adeguate solubility

to the 7-77 peptide. The mixed solvent, however, gave good
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yields of coupling of the 7-77 peptide to either of two
pentapeptides purified from crude hexapeptide mixtures, the
[des Glu®] and [Gln"des Glu®] ACP 1-6 hexapeptides. Neither
of the resulting analogués had any measurable activity in
the '%CO, exchange assay.

In view of the observation that less than one mole of
arginine was incorporated per mole of 7-77 peptide coupled,
it was felt to be necessary to verify that unrcacted 7-77
peptide would not inhibit the assay.- It was found that a
75-fold excess of 7-77 peptide over ACP did not significantly
inhibit the assay reaction. Consequently the assay was felt
to be capable of detecting active semisynthetic products
even when they were present as less than 5% of the amount of
unrcacted 7-77 peptide remaining.

The fact that the N-terminal amino acid of the 7-77
peptide was valine probably contributed to the failure of
the coupling reactions to go to completion even in the most
successful case. The bulky side-chain of the valine residue
would be cxpected to Llow peptide bond formation by steric

hindrance.

Materials and Methods

All medium constituents were reagent grade. ('“C)B8-
alanine was obtained from International Chemical and Nuclear
Ltd. Silicone Antifoam A Concentrate was obtained from
Sigma. "Dextrostix" glucose estimation papers were supplied
by Ames. Ammonium sulphate (specially low in heavy metals )
was obtained frcom BDH. Dialysis tubing was cobtained from

Union Carbide, and prepared by the method of Vanaman et al.loU

Streptomycin sulphate was supplied by Glaxo Laboratories,
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Palmerston North.

Caproic anhydride was prepared by the method of Gerard

and Thrush,lol and caproyl pantctheine was prepared by the

22E Malonyl pantetheine was

prepared by the method of Trams and Brady.lo3 Acid anhydrides

method of Simon and Shemin.

and acyl thioesters were assayed by conversion to the

L= Radioactivity was deter-

mined using Bray's scintillation solvent104 in a Packard

corresponding hydroxamic acids.

2002 scintillation counter.

Sodium ('"C) bicarbonate was obtained from New England
Nuélear, and (%H) acetic anhydride was purchased from the
Radiochemical Centre, Amersham. Trypsin (DCC treated) and
trypsin inhibitor (soybean type II) were obtained from Sigma.
1 M neutral hydroxylamine was prepared by mixing equal
volumes of 4 M hydroxylamine hydrochloride and 3.5 M NaOl
immediately before use, and diluting with an equal volume of
distilled water.

Samples for amino acid analysis were hydrolysed in 6 M

HCl for 16 hours at 110°C in sealed tubes.

Organisms

E. coli strain B was provided by the Department of

Microbiology and Genetics, Massey University. E. coli strain

M-99, a P-alanine auxotroph, was the gift of Dr W. Nulty,

1

Washington University, St. Louis, Mo.
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Mcdia

(1) Starter Medium

KH, PO, 0.1% MgSO, . 7H,0 0.07%
K,HPO, 0.1% Nascitrate 0.05%
NaCl 0.1% glucose 0.5%
(NHy) 280y 0.4%

(2) Maintaining Medium
Ko,HPO,, 0.5% (NHy) 2SO, 0.2%
NaH, PO, 0.2% MgSO, . 7H,0 0.07%
NaCl 0.1% glucose 0.5%

Media were autoclaved in 1 1 flasks or 50 1 aluminium
vesscls for one hour at 15 psi. 1In all cases the glucose

solution was autoclaved separately.



D9.

PART A

Growth of E. coli Strain B and Strain M-99

One-litre flasks of the starter medium were innoculated
from the initial agar culture, and incubated with agitation
on a gyratory shaker at 30°C until the absorbance at 420 nm
of the cell suspensension reached 2.0. These flasks were
then used to innoculate the fe;menter culture.

The "Fermacell" fermenter was operated at a constant
volume of 20 1 and at 25°C. A 20 1 batch of'the starter
medium was autoclaved and innocﬁlated with the above 1 1 cell
suspension. Agitation and aeration of the fermenter wecre
commenced, and continued for approximately 8 hours until the
absorbance at 420 nm of the cell suspension became constant
at about 4.0. From this time the maintaining medium was
pumped into the fermenter at 7-8 1/hr to maintain the Ay
of the culture at its maximum value. The cell suspension was
harvested at the same rate by the use of a level probe and
associated controls, and a pump, to maintain the fermenter
"volume constant at 20 1. The absorbance of the cell culture
was monitored by a Hitachi spectrophotometer, and the pH by a

Radiometer pH meter, both equipped with simple flow-through
cells. The residual glucose inlthe harvested culture was
estimateéeby "Dextrostix'" glucose estimation papers.

The cells were harvested in a Sharples continuous-flow
cetrifuge at 30,000 rpm and a flow rate of 20 1/hr, and the
cell paste was collected and frozen in polythene bottles.

The yield was found to be approximately 850 g/day.

Where necessary, foaming of the "Fermacell" culture was

MASSEY ! IMIVERSITY,
L RARY
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eliminated by automatic addition of silicone antifoam,
controlled by a conduction foam probe in the fermenter. With
the minimal medium which was employed, however, foaming was
not found to be a serioué problemn.

Cells of E. coli strain M-99 were grown in flasks

containing 3 1 of the starter medium with 0.5% glucose as
carbon source. This medium was supplemented with 0.75 uM
(}“C)-p-alanine (8 uCi/pmole). The flasks were incubated

at 30° with shaking in a gyratory shaker, and the cells were
harvested by centrifugation at 8,000 rpm for 25 minutes.

The yield was found to be approximately 1 g/1, which is
appreciably lower than that for E. coli strain B under

similar conditions.
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PART B

Isolation and Purification of Acyl Carrier Protein

All steps in the isolation procedure were performed at

40

C. 1In a typical procedure, 200 g of cell paste was thawed
at 0°C and suspended in an equal volume of 10 mM triethanol-
amine-HCl buffér pH 7.5 containing 10 mM fB-mercaptoecthanol
and 1 mM EDTA using a glass homogeniser. The cells were
then ruptured by two passes through a French pressure cell
at 8000 psi. The extract was diluted to a volume of 1.2 1
using the above triethanolamine-HCl buffer, and subjected

to centrifugation at 12,000 g for 30 minutes.

The protein concentration of the supernatant was

105 and 10 ml of a 10%

determined by the biuret method,
solution of streptomycin sulphate was added per gram of
protein. (Typically there was approximately 20 g of pgotein
at this stage.) The precipitate was removed by centri-
fugation at 12,000 g for 10 minutes. Solid ammonium sulphate
(47.6 g per 100 ml) was then added to the superﬁatant, and
fhe solution was stirred at 0°C for 15 minutes. The
precipitate was removed by centrifugation at 12,000 g for
10 minutes. Trichloroacetic. acid was added to the super-
natant to a final concentration of 10% w/v, and the solution
was stirfed at room temperature for 20 minutes.

The precipitate of ACP was harvested by centrifugation
at 12,000 g for 10 minutes, and resuspended in 50 mM
imidazole-HC1l buffer pH %.0 containing 10 mM B-mercapto-
ethanol and. 1 mM EDTA. Thé pi of the solution was adjusted

to 7.0 with 3.5 M NaOH, and- -the solution was homogenised
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thoroughly in a glass homogeniser. The insoluble material
was removed by centrifugation at 34,000 g for 10 minutes.
Trichloroacetic acid was again added to the supernatant to a
final concentration of 10% w/v, and the solution was stirred
at room temperature for 20 minutes. The precipitate of ACP
was collected in a bench centrifuge, and taken up in 50
mM imidazole-HC1l buffer pH 7.0 containing 10 mM f-mercapto-
ethanol and 1 mM EDTA. The pH was adjusted to 6.2 with 3.5
M NaOE, and the conductivity was adjusted by dilution with
distilled water to be less than 6 mmho at 4°C. A small
amount of ACP, isotopically labelled with (!%“C)-B-alanine
in the prosthetic group (1.2 x 10° dpm) was added at this
point to facilitate the identification of ACP during subse-
quent chromatographic procedures.

The solution of ACP was loaded on a 110 x 6 mm column
. of Whatman DE52 DEAE-cellulose, previously equilibrated with
10 mM potassium phosphate buffer pH 6.2 containing 10 mM
B-mercaptocthanol and 1 mM EDTA. The column was then eluted
with 10 column volumes of this buffer in a linear gradient
of LiCl (0.2-0.5 M). ACP was eluted at a éonductivity of
21 mmho, which corresponds to an LiCl concentration of 0.36
M in this buffér. The eluate was collected in fractions of
100 drops eéch, and small aliquots (100 pl) were assayed for
radioactivity using Bray's scintillation solvent in a
Packard 2002 scintillation counter: A typical chromatogram
is shown in Figure 27.

The appropriate tubes were pooled, diluted to a
conductivity of 6 mmho at:4oC, and the pH was adjusted to

7.0 with 1 M NaOH. The solutionr was loaded onto a 105 x 16

mm
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column of DEAE-Sephadex A25, which had been previously
equilibrated with 10 mM potassium phosphate pH 7.0

containing 10 mM B-mercaptoethanol and 1 mM EDTA. The column
was eluted with 10 column volumes of this buffer in a linear
gradient of LiCl (0.30-0.55 M). ACP was eluted at a
conductivity of 28 mmho, which corresponds to an LiCl
concentration of 0.47 M in this buffer. Aliquots were
assayed for radioactivity as for the DEAE-cellulose column.

A typical chromatogram is showﬁ in Figure 27.

The appropriate fractions werce pooled and dialysed
overnight against a single 2.5 i charge of 5 mM B-mercapto-
ethanol. The dialysed solution was concentrated by lyophil-
isation, and the ACP was precipitated by the addition of
solid trichloroacetic acid to a final concentration of 5%
w/v. The precipitate was washed with 5% TCA, and dissolved
in 10 ml of 0.1 M Tris-HC1l buffer pH 6.2 containing 10 mM
B-mercaptoethanol and 1 mM EDTA. The pH of the solution
was adjusted to 6.2 with 1 M NaOH, and the solution was
stored frozen at -20°C. The yield of protgin from 200 g of
-E. coli paste was measured by the method of Lowry106 to be
21 mg.
| The ACP obtained from this procedure was found to be
homogeneous by SDS-polyacrylamide electrophoresis. The
amino ac&d composition, determined after hydrolysis in
6 M HCI1, agreea well with the values determined by Vanaman

ct al.
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PART C

Acetylation and Tryptic Cleavage

In a typical reaction, ACP (32 mg, 3.2 umoles) was
dissolved in 0.1 M Tris-HCl buffer pH 8.0 (10 ml). (°H)
acetic anhydride (15 mg, 150 pmoles, 80 wWCi/mmol) was added,
and the reaction mixture was stirred at room femperature
for 25 minutes. At this time a further 10 mg (100 umoles)
of acetic anhydride was added, and the reaction was allowed
to.proceed for 10 minutes. The pH was maintained at 8.0
throughout the reaction by the addition of 1 M NaOH.

The reaction was terminated by the addition of solid
trichloroacetic acid to a final concentration of 5% w/v. The
precipitate of acetyl ACP was collected in a bench centrifuge,
and washed with 5% TCA. The precipitate was then dissolved
in 1 M neutral hydroxylamine (6 ml) and the solution
incubated at 30°C for 30 minutes. The acetyl ACP was
precipitated with TCA, and washed with 5% TCA solution.

The acetylated ACP was taken up in 0.1 M Tris-HEC1l buffer
bH 8.0 containing 10 mM B-mercaptoethanol, and the pH was
adjusted-to 8.0 with 1 M NaOH. Trypsin (0.6 mg, 2% by weight
Of the amount of ACP to be digested) was added, and the
solutionlwas stirred at room temperature for 1 hour. Trypsin
inhibitor (0.7 mg) was added to terminate the reaction, and
the solution was loaded onto a Sephadex G25 column and
eluted with 20 mM ammonium acetate pH 6.9. Fractions were
collected and assaved for radioactivity as shown in Figure 28.
The appropriate fractions containing the (°H)-acetylatcd ACP

7-77 peptide were pooled, the pH of the solution was adjusted

-
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to 6.2, and the solution was loaded onto a 110 x 16 mm column
of Whatman DE52 DEAE-cellulose which had previously been
equilibrated with 10 mM potassium phosphate buffer pH 6.2
containing 10 mM B-mercaptoethanol and 1 mM EDTA. The

column was eluted with 10 columns of the same buffer with a
linear gradient of LiCl (0.2-0.5 M). The (3*H)-acetyl ACP
7-77 peptide was eluted at a conductivity of 21 mmho, which
corresponds to an LiCl concentration of 0.36 M in this buffer.
A typical chromatogram is shown in Figure 28.

The appropriate fractions were located by their radio-
activity, pooled, and dialysed for nine hours against two
changes of 10 mM B-mercaptoethanol. The solution was then
lyophilised to dryness, and the product taken up in 0.1 M
potassium phosphate pH 8.0. A ten-fold excess of dithio-
threitol was added, and the solution allowed to stand at room
. temperature for 30 minutes to ensure complete reduction ‘of
the active-site thiol group. A three-fold excess of 5,5'-
dithiobis(2-nitrobenzoic acid) over the total number of thiol
groups in solution was added, and the resulting intensely
vyellow solution was chromatographed immediately on a
Sephadex G25 column with 20 mM ammonium acetate pH 6.9 as the
eluant.

The product was located by its rédioactivity and by its
absorbanée at 280 and 254 nm. The appropriate fractions
were pooled and lyophilised to yield 23 mg (70%) of DTNB-
(3H)-acetyl ACP 7-77 as a fluffy white powder.

An aliguot was hydrolysed in 6 M HCl at 110°C for 16
hours and submitted for amino acid analysis. The results

are shown in Figure 29, and are in reasonably close agreement

’



Lys Bl (1) Phe 3.5 (2)
His 0.76(1) Tyr 0.81(1)
Arg 0.1 (0) Leu 4.1 (5)
Asp 8.7 (2 Ile 5.6 (6)
Thr 4.5 (5) Met 1.2 (1)
Ser 2.5 (2) Val 6.1 (7)
Glu 1515 KNG} Ala 6.5 (7)
Pro I8 6 ) Gly 3.6 (4)
FIGURE 29 Amino acid composition of the ACP 7-77

peptide.

I The figures in parentheses are
the theoretical values, calculated from

the data of Vanaman et 3&107

108k
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with the data of Vanaman et §£.107 The high value obtained

for phenylalanine is possibly due to interference from
unresolved components of the 4'-phosphopantetheine prosthetic
group, such as 8~alanine'and 2~mercaptoethylamine.108
N-terminal analysis by the dansyl methodlo9 revealed that
valine was the sole amino-terminal residue, and that all
lysine €-amino groups were acetylated. The purified ACP
7-77 peptide was found to have less than 2% of the activity
of native ACP in the 1“Cozexchange.assay as performed by the
methods given in the next section.

The conditions employed for acetylation of ACP were
more vigorous than those of Majerus.34 These conditions were
felt to be necessary in view of the fact that Majerus was
obliged to use ion-exchange chromatography to remove from
the desired 7-77 peptide a variety of smaller peptides,
presumably resulting from tryptic cleavage at un-acctylated
lysine residues. Even with the more vigorous acetylatién
used here, however, traces of thcse smaller peptides
comprising up to 10% of the bound (%H) acetyl groups, were

produced and removed by the DEAE-cellulose column step.
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PARTY D

Semisynthetic Coupling

In a typical coupling reaction, the DTNB derivative of
the (°’H) acetylated ACP 7-77 peptide (1 mg, 0.1 umoles, 0.03
MCi) and the ACP 1-6 hexapeptide analogue PCP active ester
(0.3 mg, 0.3 umoles) were suspended in N-methylpyrrolidone
(500 p1) in a screw-capped reaction vial. Nitrogen gas was
bubbled through the suspension, and 25 mM potassium phosphate
buffer pH 7.0 (500 ul) was addeq. The reaction mixture was
allowed to stand at room temperature for 16 hours, by which
time it was completely homogeneous.

At that time, 0.1 M potassium phosphate buffer pH 8.0
(500 pl) and 1 M dithiothreitol (10 ul) were added in order
to remove the DTNB protecting group. The resulting yellow
"solution was chromatographed on a Sephadex G25 column with
20 mM ammonium acetate pH 6.9 as the eluant. The product
was located by its radioactivity. The appropriate fractions
were pooled, the pH was adjusted to 6.2 with 1 M phosphoric
-acid, and the solution was loaded onto a 110 x 16 mm column
of Whatman DE52- DEAE-cellulose which had previously been
equilibrated with 10 mM pctassium phosphate buffer pH 6.2
containing 10 mM B-mercaptoethanol and 1 mM EDTA. The
column was eluted with 10 column volumes of the same buffer
in a linear gradient of LiCl (0.2-0.5 M). The product was
eluted at a conductivity of 21 mmho, which corresponds to
an LiCl concentration of 0.36 M in this buffer.

The product was located by its radioactivity, and the

appropriate fractions were pooled and dialysed for nine hours
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against two changes of 10 mM B-mercaptoethanol. The solution
was concentrated by lyophilisation, and reloaded onto the
Sephadex G25 column in 25 mM ammonium acetate pH 6.9.

The product was locéted by its radioactivity, and the
appropriate fractions were pooled and lyophilised to dryness
twice to give the product (0.6 mg, 60%) as a white powder.

A sample was hydrolysed and submitted for amino acid analysis,
and the results are shown in Figure 30.

Using the above methods for coupling and purification
of semisynthetic ACP analogues, the use of several different
solvents was investigated in the coupling reaction. The
amount of arginine incorporéted into the product was taken
as a measure of the coupling efficiency, as a chromatographic
technique could not be found to separate ACP and the ACP
7-77 peptide. The results of these investigations are shown
in Table IV. It can be seen that the most effective of these
solvent mixtures is 50% N-methylpyrrolidone/20 mM potassium
phosphate pH 7.0. The fact that the highest yield obtained
was 0.60 is an indication that the coupling coaditions have
not yet been fully optimised. The N-terminal residue of
£he 7-77 peptide is valine, which is expected to slow the
coupling reactién due to the steric hindrance of its bulky

side-chain.

.

4
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FIGURE 30

Amino acid composition of semisynthetic ACP

The values in parentheses are the theoretical

values, from Vanaman et all07
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TABLE IV Semisynthetic Coupling Yields Using Different
Solvents
Solvent Yield*
0.1 M NaHCO; pH 8.15 0.20
DMSO + 1 mole Et3N 0.34
N-methylpyrrolidone + 1 mole Et;N 0.53

N-methylpyrrolidone/25 mM potassiuﬁ )
phosphate buffer pH 7.0 (1:1) 0.60

* Moles of arginine incorporated into the final product
as purified by gel filtration and ion exchange
chromatography. Coupling reactions carried out for

16 hours at room temperaturec.

In an earlier experiment, a crude synthetic preparation
of the ACP 1-6 hexapeptide was coupled to the native 7-77
peptide in DMSO as solvent, and the product purified by the
above procedure. The amount of product isolated was
insufficient for amino acid analysis by the available
procedures, but the '"CO, assay was performed on this sample

as detailed in the next section.
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PART E

The !'*CO, Exchange Assay

Samples were assayed for ACP activity by the method of
Alberts, Goldman and Vagelos.zg’97

Synthesis of Caproic Anhydride101

Caproic acid (10 g, 86 mmol) and pyridine (6.8 g, 86 mmol)
were dissolved in dry ether (30 ml{ and cooled to -10°c.
Thionyl chloride (5.1 g, 43 mmol in 5 ml dry ether) was
added dropwise. The solid precipitate was filtered off, and
the ether solution was dried over anhydrous magnesium
sulphate. The solvent-was evaporated under reduced pressure,
and the product was distilled under oil-pump vacuum (b.pt.
73° at 0.05 nm Hg) to yield 7.02 g (76%) of caproic anhydride.
This compound was 99% pure as determined by conversion to
the hydroxamic acid.95 IR spectra showed the expected

anhydride bands (1759, 1812 cm™!) and demonstrated that the

product was essentiélly frece of caproic acid (1709 cm™!).

Synthesis of Caproyl Pantetheinelo2

Pantethine (100 mg, 180 uymoles) was reduced with sodium
borohydride (150 mg, 3 mmoles) in 1 M Tris-HCl buffer pH
9.0 at 0°c. ‘Nitrogen gas was bubpled through the reaction
mixture %or 60 minutes. The pH was then lowered to 6.0 with
1 M HCl. The amount of free thiol groups was assayed with
Ellman's reagent41 (230 pmoles, 63% of theoretical yield).

The pH of the solution was raised to 8.0 with saturated
sodium bicarborate solution, caproic anhydride (0.21 g,

1 mmol) was added, and the recaction mixture was stirred at
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0° overnight. The pH of the solution was then lowered to

6.0, and the solution was extracted three times with ether.
The ether was evaporated under reduced pressure, and the
residue was taken up in water (10 ml). The aqueous layer

was extracted with hexane, and stored at il (E . Assay by
conversion to the corresponding hydroxamic acid showed that
the concentration of caproyl pantetheine was 12 mM. The total

yield was 120 umoles (53%).

Synthesis of Malonyl Pantetheinelo3

Malonyl pantetheine was synthesised from malonic acid
monothiophenyl ester, which was prepared by the DCC method

of Khorana et al.llO

Malonic acid (0.2 g, 2 mmol) and thiophenol (0.2 g,
2 mmol) were dissolved in DMF (5 ml) and stirred at 0° C.
DCC (1 g, 5 mmol) in DMI' (5 ml)lwas added over a period of
one hour, and the mixture was stirred for a further threce
hours at 0°C. After the addition of 10 ml of water, the
stirring was continued for a further 10 minutes. The
precipitate of dicyclohexylurea was filtered off and washed
witﬁ'water. The aqueous solutions were pooled and
acidified to pﬁ 3.0, and extracted with three volumes of
ether. The ‘ether phase was washed wi£h 0.01 M HC1 (3 x), and
water (3:x) and dried over anhydrous magnesium sulphate.

This ether solution contained 830 umole (42%) of
malonic acid monothiophenyl ester, as determined by the
absorbance of the solution at 237 nm.

Pantethine (200 mg, 360 ymoles) was dissolved in 1 M

Tris-HC1l buffer pH 9.0 at OOC, and nitrogen gas was bubbled
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through the mixture. Sodium borohydride (260 mg, 6 mmoles)
was added, and the reaction was allowed to proceed at 37°C
for 20 minutes. The pH was then lowered to 7.0 with conc.
HC1l, and the precipitate of sodium borate was removed by
centrifugation. Malonic acid monothiophenyl ester (830
mmoles) was added, and the pH was raised to 8.0 with 1 M
potassium carbonate. Nitrogen gas was bubbled through the
mixture, and the reaction was allowed to proceed at 0°C for
six hours. The pH was then lowered to 2.0 with Dowex 50W-X2
resin. The resin was removed by decantation, and washed five
timés with water. The aqueous washes were pooled, and washed
with ether.

Assay by conversion to the corresponding hydroxamic |
acid showed that the concentration of malonyl pantetheine
was 50 mM. The total yield was 500 pmol (25% yield based

on the initial malonic acid).

Preparation of Fraction A

Fraction A, a crude preparation from E. coli containing
the enzymes of fatty acid synthesis, was prepared by the

& All operations were performed

metﬁod of Majerus et al.
at 4°c.

"E. coli paste (strain B, 25‘g) was thawed at 4°C in
10 M triethanolamine-HCl buffer pi 7.5 containing 10 mM
B-mercaptoethanol (25 ml), and then suspended with the aid
of a glass homogeniser. The cells were ruptured by two
passes through a French pressure cell, and the suspension

was diluted to 100 ml with'the same buffer.

This suspension was centrifuged at 37,000 g for 30
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minutes, and the precipitate was discarded. The supernatant
protein concentration was assayed by the biuret method and
found to be 25 mg/ml, and the supernatant was diluted with
the above buffer until the protein concentratibn was 16 mg/ml.
Streptomycin sulphate (2.5 g in 25 ml water) was added with
stirring, and the precipitate formed was removed by centri-
fucation at 37,000 g for 10 minutes.

Solid ammonium sulphate (22.6.g per 100 ml) was added
to the supernatant, the pH being maintained at 7.5 with 1 M
NaOH. The solution was centrifuged at 37,060 g for 10
minutes. Solid ammonium sulphate (18.2 g per 100 ml) was
added to the supernatant, and the solution was stirred at
4°C for 15 minutes. The precipitate was collected by
centrifugation at 37,000 g for 30 minutes, and redissolved
in 10 mM triethanolamine-lCl buffer pH 7.5 containing 10 mM
B-mercaptoethanol (100 ml).

Solid ammonium sulphate (43.6 g per 100 ml) was added,
and the solution stirred at 4°C for 15 minutes. The
precipitate was collected by centrifugation at 37,000 g for
10 minutes, and redissolved in 30 ml of 50 mM triethanol-
amine-HC1l buffer pH 7.5 containing 10 mM B-mercaptoethanol.
This solution was stored in 3 ml aliquots at -80°C in a
cryogenic ffeezer. Before assay, an aliquot was desalted on
a 14 x 350 mm column of Sephadex G25, which was eluted with
10 mM potassiumn phosphate buffer pH 7.0 containing 10 mM
R-mercaptoethanol and 1 mM EDTA. The protein concentration
of this solution of Fracticn A was determined by the biuret
method to pc typically & ma/ml, and 60 ul (approximately

500 pg) was used for each assay.
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Assay of ACP Solutions

Assay mixtures contained the following reagents:

0.125 M imidazole-HCl pH 6.2 150 pl 18.7 ymoles

1 M f-mercaptoethanol 10 pl 10 ymoles
12 mM caproyl pantetheine 4 nl 48 nmoles
50 mM malonyl pantetheine 4 pyl 200 nmoles
Fraction A 60 pl - -
0.25 M sodium ('"C) bicarbonate

(0.2 pCi.umole) 35 pl 6.25 umoles
ACP Orexl—' 015 Nig .

These reagents were mixed in a 30 x 6 mm Durham tube.
Incubation was carried out at 30°C for 40 minutes. The
reaction was stopped by the addition of 25 pl of 10%
perchloric acid, and the reaction mixture was transferred,
with two water washes of 100 pl, to a scintillation vial.
Bray's solution (5 ml) was added, and the vial was counted
in a Packard 2002 scintillation counter.

A typical standard curve obtained with purified ACP is
shown in Figure 31. For derivatives of ACP, the following
results were obtained (reclative to ACP as 100%): acetyl ACP,
50%; acetyl ACP 7-77 peptide, 0% (for quantities up to
25 ug); ACP 'in the presence of 25 pg of acetyl ACP 7-77
peptide,:lOO%. (See Figure 32).

The semisynthetic product obtained by coupling a crude
synthetic ACP 1-6 hexapeptide with the native acetylated
ACP 7-77 peptide, and purifying the resulting protein by the
methods of.Part IV of this section, gave a positive result

in the '"C0, assay equivalent to 41% of the activity of
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native ACP (see Figure 33). The assay was inhibited by an
excess of this protein, however, at a much lower level than
is usual with native ACP preparations.

The inhibition was thought to be due to the presence
of inactive forms of ACP which had not been removed by the
purification procedures which were used. The combination
of ion-exchange chromatography and gel filtration, while
removing impurities differing greatly from ACP in size or
charge, did not remove for exémple the unreacted 7-77 peptide.
While the 7-77 peptide was shown not to inhibit the assay,
it is possible that other inactive derivatives might do so.

Some damaged forms of the protein could conceivably
arise from the oxidising properties of the dimethyl-
sulphoxide coupling solvent which was used in this coupling
reaction.98 For example, the DTNB group was found to be
completely removed from the active-site thiol group during
coupling rcactions performed in DMSO. It is possible that
this thiol group was also partially and irreversibly
oxidised during the coupling to give an inactive derivative
which also inhibited the assay recaction.

In.contrast to the results obtained with the crude
hexapeptide, however, no activity could be obtained by
coupling either of two purified pentapeptides, the
[ des Glu%] ani [Gln"des Glu®’] ACP 1-6 hexapeptides, to
the native 7-77 peptide. Purification of the resulting
semisynthetic proteins by the procedures used for the product
of the crude hexapeptide coupling failed to produce a

sample with measurable activity in the '"CO, assay.
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CONCLUSION

The coupling of a crude hexapeptide to the native 7-77
peptide yielded a product which, after extensive purification,
gave some activity in the '*CO, assay. This implies that
the crude peptide contained a significant proportion of the
desired protected hexapeptide. Amino acid analysis of the
crude peptide also supports this sﬁégestion. The insolubility
conferred by the p-nitrobenzyl protecting group, however,
presumably caused the target peptide to be selectively lost
during the purification scheme, in favour of deprotected
peptides and deletion peptides with fewer p-nitrobenzyl
groups and hence greater solubility.

The pentapeptides which were purified and coupled to
the native 7-77 peptide gave products which were inactive
in @lle ™co:; assay. This result ds interesting, in thét
it suggests that both Glu" and Glu® are essential to the
interaction between the 1-6 and 7-77 peptides which maintains
the active conformation of ACP. However, these data must
be treated as tentative until an active ACP satisfying
analytical criteria is prepared by this method. The
prospects for a successful éemisynthesis of ACP, using a
modification of the methods empléyed in this study, appear
to be good. New acid-stable protecting groups for carboxyl

functions, however, are clearly required if this approach

to semisynthesis is to become generally useful.



124.

REFERENCES

(a) Stammer, C.H. ‘in "Amino Acids and Peptides"
(MTP International Reviews of Science: Organic
Chem. Ser. 1), (1973), Vol. 6, p.135.

(b) Meienhofer, J., in "Hormonal Proteins and Peptides
I1". (Li, C.H. ed.) Academic Press, New York,
(1973), p.45.

(a) Means, G.E. and Feeney, R.E. "Chemical Modification
of Proteins". Holden-Day Inc., San Fransisco
(1971). .

(b) Spande, T.F., Witkop, B., Degani, Y. and Patchornik,
A. Advances in Protein Chem. 24, 97, (1970).

(c) Stark, G.R., ibid. p.261.

Gutte, B. and Merrifield, R.B. J. Biol. Chem. 246 (6),
1922 (1971).

Hancock, W.S., Prescott, D.J., Marshall, G.R. and
Vagelos, P.R. J. Biol. Chem. 247 (19), 6224 (1972).

(a) Schroder, E. and Lubke, K. "The Peptides". Academic
Press, New York, (1965), Vol. I & II.

(b) Offord, R.E. Nature (London) 221, 37 (1969).

(a) Levit, S. and Berger, A. J. Biol. Chem. 251 (5),
1333 (1976).

(b) wvan Batenburg, 0.D., Raap, J., Kerling, K.E.T. and
Havinga, E. J. Roy. Netherlands Chem. Soc.
95 (1198, 278 (1 976Mh.

"(c) Obermeier R. and Geiger, R. Hoppe-Seyler's Z. fur
Physiol. Chem. 357, 759 (1976).

(d) Kowlaski, D. and Laskowski, M. (Jr), Biochem. 15,
1300 (1976).

(e): Lode, E.T., Murray, C.L.) Sweeney, W.V. and
- Rabinowitz, J.C. Proc. Nat. Acad. Sci., USA,
71 (4), 1361 (1974).

(f) Corradin, G. and Harbury, H.A. Biochem. Biophys.
Res. Comm. 61 (4), 1400 (1974).

(g) Neer, E.J. J. Biol. Chem. 248 (6), 1897 (1973).

(h) Burton, J. and Lande, S. J. Amer. Chem. Soc. 92
2746 (1970).



125.

(i) Chaiken, I.M. J. Biol. Chem. 246, 2948 (1971).

Marshall, G.R. and Merrifield, R.B. in "Biochemical
Aspects of Reactions on Solid Supports" (G.R. Stark,
ed.). MAcademic Press, New York, (1971) p.1l1l1.

Gross, E., Noda, K. and Misula, B. Angew. Chem. Int.
Ed. Engl. 12, 664 (1973).

Southard, G.L., Brooke, G.S. and Pettee, J.M.
Tetrahedron 27, 2701 (1971).

Wang, S.S. and Merrifield R.B. 1Int. J. Pept. Protein
Res., 4, 309 (1972).

Marshall, D.L. and Liener, I.E." J. Org. Chem. 35, 867
(1970).

Flanigan, E. and Marshall, G.R. Tetrahedron Lett.
2403 (1970).

Kenner, G.W., McDermott, C. and Sheppard, R.C. J.C.S.
Chem. Commun. 636 (1971). ‘

Birr, C., Flor, F., Fleckenstein, P. Lochinger, W. and
Wieland, T. in "Peptides 1971" (H. Nesvadba, ed.).
North-Holland Publishing Co., Amsterdam, (1972)
PrEiyS.

Wang, S.S. and Merrifield R.B. J. Amer. Chem. Soc. 91
6488, (1%69).

Anfinsen, C.B., Ontjes, D., Ohno, M., Corley, and
Eastlake, A. Proc. Nat. Acad. Sci. USA, 58, 1806
(1967) .

Weygand, F. in "Peptides 1968" (E. Bricas, ed.) North-
Holland Publishing Co., Amsterdam, (1968), p.183.

..Savoie, K.Y. and Barton, M.A. Can. J. Chem. 52, 2832
(1974) .

(a) Pereira, W., Close, V., Jellum, E., Patton, W.
- and Halpern, B. - Aust. J. Chem. 22, 1337 (1969).

(b), Beyerman, H.C., Hindriks, H., Hirt, J. and de Heer,
E.W.B. J.C.S. Chem. Commun., 1668 (1968).

Ohno, M. and Anfinsen, C.B. J. Amer. Chem. Soc. 92,
4908 (1970).

Rich, D.H. and Gurwara, S.K. J. Amer. Chem. Soc. 97,
1575 (1975).

Hancock, W.$%. and Marshall, G.R. J. Amer. Chem. Soc.
97, 7488 (1975).



126.
23. Prestidge, R.L., Harding, D.R.K., Battersby, J.E. and
Hancock, W.S. J. Org. Chem. 40, 3287 (1975).

24, (a) Schwyzer, R. and Sieber, P. Helv. Chim. Acta 42,
972 (1959)..

(b) Schwarz, H. and Arakawa, K. J. Amer. Chem. Soc.
81, 5691 (1959).

(c) Katsoyannis, P.G. J. Amer. Chem. Soc., 83, 4053
(1961).

(d) Young, J.D., Benjamini, E., Stewart, J.M. and
Leung, C.H. Biochem. 6 (5), 1455 (1967).

2:5v (a) Prescott, D.J. and Vagelos, P.R. in "Advances in
Enzymology" 36, (A. Meister, ed.), John Wiley
& Sons, New York (1972), pp.269, 277.

(b) Majerus, P.W. and Vagelos, P.R. Adv. Lipid Res.
5, 1 (1967).

26. Prescott, D.J. and Vagelos, P.R. in "Advances in
Enzymology" 36, (A. Meister, ed.), John Wiley & ‘
Sons, New York (1972), p.275.

27. Lynen, F., Fed. Proc. 20, 941, (1961).

28. (a) Alberts, W.A., Vagelos, P.R. and CGoldman, P.
J. Biol. Chem. 238, 557 (1963).

(b) Goldman, P., Alberts, A.W. and Vagclos, P.R.
J. Biol. Chem. 238, 3579 (1963).

(c) Goldman, P., Alberts, A.W. and Vagelos, P.R.
J. Biol. Chem. 238, 1255 (1963).

29. Majerus, P.W., Alberts, A.W. and Vagelos, P.R.,
Biochem. Preps. 12, 56 (1968).

30. (a) Simoni, R.D., Criddle, R.S. and Stumpf, P.K.,
J. Biol. Chem. 242, 573, (1967). -

(b) Dimroth, P., Dittmar, W., Walther, G. and Eggerer,
H. Fur. J. Biochem. 37, 305 (1973).

(c) ° Matsumura, S., Brindley, D.N. and Bloch, K.
Biochem. Biophys. Res. Comm. 38 (3), 369 (1970).

(d) WwWillecke, K., Ritter, E. and Lynen, F. Eur. J.
Biochem. 8, 503 (1969).

(e) Di Nello, R.K. and Ernst-Fonberg, M.L. J. Riol.
Chem. 248 (5), 1707 (1973).

(£) Ailhaud, G.P., Vagelos, P.R. and Goldfine, H.
‘ J. Biol. Chem. 242 (19), 4459 (1967).



81 .

32.

33.
34.

35.

56 .

S/

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

257,

(g) Roncari, D.A.K. J. Biol. Chem. 249 (21), 7035
(1974).

(h) Qureshi, A.A., Lornitzo, F.A. and Porter, J;W.
Biochem. Biophys. Res. Comm. 60 (1), 158 (1974).

Vanaman, T.C., Wakil, S.J. and Hill, R.L. J. Biol.
Chem. 243 (24), 6420 (1968).

Majerus, P.W., Alberts, A.W. and Vagelos, P.R. Proc.
Nat. Acad.Sci. U.S. 53, 410 (1965).

Majerus, P.W., J. Biol. Chem. 242 (10), 2325 (1967).
Majerus, P.W., Science 159, 428 (1968).

Abita, J.P., Lazdunski, M. and Ailhaud, G. Eur. J.
-Biochem. 23 (3), 412 (1971).

Schultz, H. Biochem. Biophys. Res. Comm. 46 (3),
1446 (1972).

Schultz, H. J. Biol. Chem. 250 (6), 2299 (1975).

Hancock, W.S., Marshall, G.R., Vagelos, P.R., J. Biol.
Chem. 248 (7), 2424 (1973).

Prescott, D.J., Anderson S. and Dellivigne, P.,
personal communication. :

Takagi, T. and Tanford, C. J. Biol. Chem. 243, 6432
(1968).

Ellman, G.L. Arch. Biochem. Biophys. 82, 70 (1959).

(a) Kovacs, J., Kisfaludy, L. and Ceprini, M.Q. J.
Amer. Chem. Soc. 89, 183 (1967).

(b) Kovacs, J. and Ceprini, M.Q. Chem. & Ind. (London)

2100 (1965).

Schroder, E. and Lubke, K. "The Peptides" Vol. I,
Academic Press, New York (1966) p.56.

Greenstein, J.P. and Winitz, M. "Chemistry of the Amino
Acids" Vol. II, Wiley, New York, (1961) pp.1189,
1243.

Erickson, B.W. and Merrifield, R.B., J. Amer. Chem. Soc.
95, 3750 (1973).

Nitecki, D.E. and Goodman, J.W. in "Peptides: Chemistry
and Biochemistry" (B. Weinstein & S. Lande, eds.).
Marcel Dekker, New York (1970), pp.435-150.

Karlsson, S., Lindeberg, G., Porath, J. and Ragnarsson,
U., Acta Chem. Scand. 24 1010 (1970).



48.

49.

10

oI,

52.

53.

54.

531,

56.

32
'—.I

63.

64.

65.

66.

6 7%

128.

Anderson, E.W. and McGrecgor, A.C., J. Amer. Chem. Soc.
79, 6180 (1957).

IUPAC-IUM Commission on Biological Nomenclature,
J. Biol. Chem. 241, 2491, (1966); 242, 55 (1967).

Gutte, R. and Merrifield R.B. J. Biol. Chem. 246,
1912)20 (1971 .

Omenn, G. and Anfinsen, C.B. J. Amer. Chem. Soc. 90,
6571 (1968).

Sakakibara, S., Kishida, Y., Sakai, R. and Kakachi, K.
Bull. Chem. Soc. Jpn. 41, 1273 (1968).

Yajima, H., Kawatani, H. and Watanabe, H. Chem. Pharm.
Bull. 48 1333 (1970}

Wunsch, E. Angew. Chem. Int. Ed. Engl. 10, 786 (1971).

Prestidge, R.L., Harding, D.R.K. and Hancock, W.S.
J. Org. Chem. 41, 2579 (1976).

Erickson, B.W. and Merrifield, R.B. J. Amer. Chem. Soc.
95, 3757 ULoTe).

Yamashiro, D., Noble, R.L. and Li, C.H. "Chemistry
and Biology of Peptides" (J. Meienhofer, ed.).
Ann Arbor Science Publishers, Ann Arbor, Mich.,
UsA, (1972) p.197.

Yamashiro, D., Noble, R.L. and Li, C.H. J. Org. Chem.
38, 3561 (1973).

Wells, P.R., Chem. Rev. 63, 182 (1964).

Hancock, W.S. and Marshall, G.R., unpublished observations.
It was found that larger peptides (e.g. fragments
of ACP) were often incompletely cleaved by
transesterification.

Sheppard, R.C., personal communication.

Shields, J.E., McGregor, W.H. and Carpenter, F.H.
J. Amer. Chem. Soc. 86, 1491 (1964).

McLaren, J.A., Savige, W.E. aﬁd Swan, J.M. Aust. J.
Chem. 11, 345 (1958).

Ledger, R. and Stewart, R.H.C., Aust. J. Chem. 18, 1477
(1965).

Noguchi, J. Chem. Abstr. 59, 10238 (1963) .

Loucheu::, M.lII. and Parrod, M.J. C.R. Acad. Sci. Ser.
C, 267, 614 (1968).

Greenstein, J.P. and Winitz, M. "Chemistry of the 2Amino
Acids". Vol. II, Wiley, New York (1961), p.929.



68.
69.
7O

e

U2 c

31,

74.
13.

76.
7.

TS,

79.
80.
él.
85.
83.
84.

85.

86.

n29.

Hashimoto, M. and Aritimi, J. Bull. Chem. Soc. Jpn.
39. 2707 (1966).

Terashima, S., Wagatsuma, M. and Yamada, S. Tetrahedron
230, A48T, 140% (1973). :

Nakon, R., Rechani,.P.R. and NAngelici, R.J. J. Amer.
Chem. Soc., 96, 2117 (1974).

Stewart J.M. and Young, J.D. "Solid Phase Peptide
Synthesis". W.H. Freeman, San Fransisco, Calif.,
(1969), p.30.

(a) Ragnarsson, U., Karlsson, S.M. and Sandberg, B.E.
Acta Chem. Scand. 26 (6), 2550 (1972).

(b) Ragnarsson, S.M., Karlsson, B.E., Sandberg, B.E.
and Larsson, L.E. Org. Synth. 53, 25 (1973).

Carpino, L.A., Giza, C.A. and Carpino, B.A. J. Amer.
Chem. Soc. 81, 955 (1959).

Feyen, P. Angs Cham, 89 (2), 129 (1977).
Mawrglif, Bs4d Ing. J. Protein Res. @, 47 (1972}).

Hancock, W.S., Prescott, D.J., Marshall, G.R. and
Vagelos, P.R. J. Biol. Chem. 247, 6224 (1972).

Hancock, W.S., Battersby, J.E. and Harding, D.R.K.
Analyt. Biochem. 69, 497 (1975).

Leclercq, A. and Desidero, D.M. bAnal. Lett 4, 305 (1971).

Kisfaludy, L. and Low, M. Acta Chem. Acad. Sci. thg.
44, (1-2), 33 (1965).

Galpin, I.J., Handa, B.K. Kenner, G.W., Moore, S. and
Ramage, R. J. Chromat. 123, 237 (1976).

Gabriel, T.F., Michalewsky, J., Meienhofer, J. J. Chromat.
129, 287-293 (1976).

Frei, R.W., Michel, L. and Santi, W. J. Chromat. 126,
665 (1976).

Buréus, R. and Rivier, J. in "Peptides 1976".
(proceedings of the 14th European Peptide
Symposium, Belgium, 1976). p.85.

Chang, S.H., Gooding, K.M. and Regnier, F.E. J. Chromat.
125, 103 (1976).

Hancock, ¥W.S. and Bishop, C.A. FEBS Letters 72 (1),

ck,
139 (1976).

Kikta, E.J. and Grushka, E. J. Chromat. 135, 367-376
C(1977).



87.
88.
8 9.
910..
91.

02

93.

94.

95.

g6 .

ol .

98.

99,

100.

101.

102.

103.

130.

Gisin, B.F. Helv. Chim. Acta 56 (5), 1476 (1973).
Niall, Hugh, personal communication.

Buckingham, D., personal communication.

Stewart, J.M. and Young, J.D. "Solid Phase Peptide
Synthesis". W.H. Freeman, San Fransisco, Calif.
(1969) p.32.

Ryden, H.N. and Smith, P.W.G., Nature (London), 169,
922 (1952).

Moritz, P. and Wade, R. Anal. Biochem. 41, 446-454
(1971) .

(a) Yamashiro, D. Nature 201, 76-77 (1964).
(b) Yamashiro, D., Gillessen, D. and du Vigneaud V.
J. Amer. Chem. Soc:. 88 (6), 1310 (1966).

Snyder, L.R. and Kirkland, J.J. "Introduction to Modern
Liquid Chromatography". John Wiley & Sons, New
York (1974) p.189.

(a) Lipman, F. and Tuttle, L.C. J. Biol. Chem. 159
21 [(1504'5) .

(b) Stadtman, E.R. in "Methods in Enzymology". Vol. III
(S.P. Colowick and N.O. Kaplan, eds.), Academic
Press, New York (1957), p.931. ’

Alberts, A.W. and Vagelos, P.R. J. Biol. Chem. 24
(22), 5201 (1966).

Alberts, W.A., Goldman, P. and Vagelos, P.R. J. Biol.
Chem. 238, 557 (1963). .

(a) Lowe, O0.G. J. Org. Chem. 41, 2061-2064 (1970).

(b) Snow, J.T., Finley, J.W. and Friedman, M. Biochem.
Biophys. Res. Comm. 64, 441-447 (1975).

Anderson, G.W., Zimmerman, J.E. and Callahan, F.M.
J. Amer. Chem. Soc. 86, 1839-1842 (1964).

1

Vanaman, T.C., Wakil, S.J. and Hill, R.L. J. Biol.
Chem. 243 (24) 6409 (1968).

Gerard,; W. and Thrush, A.M. J. Chem. Soc., 741 (1952).

Simon, E.J. and Shemin, D. J. Amer. Chem. Soc. 75,
2520 (1953).

Trams, E.G. and Brady, R.O0. J. Amer. Chem. Soc., 82
2972 (1960).



104.

105 .

106.

107.

108.

109.

110.

TEur,

Bray, G.A. Anal. Biochem. 1 279 (1960).
Gornall, A.G. J. Biol. Chem. 175, 751 (1949).

Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall,
R.J. J. Biol. Chem. 193, 265 (1951).

Vanaman, T.C., Wakil, S.J. and Hill, R.J., J. Biol.
Chem., 243 (24), 6420 (1968).

Sauver, F., Pugh, E.L., Wakil, S.J., Delaney, R. and
Hill, R.L. Proc. Nat. Acad. Sci. USA 52, 1360
(1964) .

(a) Weber, G., Biochem. J. El,.lSS (1952).

(b) Gray, W.R. and Hartley, B.S., Biochem. J. 89, 59p
(1963) .

Khorana, H.G., Razzell, W.E., Gilham, P.T., Tener, G.M.
and Pol, E.H. J. Amer. Chem. Soc. 7%, 1003 (1957).



	20001
	20002
	20003
	20004
	20005
	20006
	20007
	20008
	20009
	20010
	20011
	20012
	20013
	20014
	20015
	20016
	20017
	20018
	20019
	20020
	20021
	20022
	20023
	20024
	20025
	20026
	20027
	20028
	20029
	20030
	20031
	20032
	20033
	20034
	20035
	20036
	20037
	20038
	20039
	20040
	20041
	20042
	20043
	20044
	20045
	20046
	20047
	20048
	20049
	20050
	20051
	20052
	20053
	20054
	20055
	20056
	20057
	20058
	20059
	20060
	20061
	20062
	20063
	20064
	20065
	20066
	20067
	20068
	20069
	20070
	20071
	20072
	20073
	20074
	20075
	20076
	20077
	20078
	20079
	20080
	20081
	20082
	20083
	20084
	20085
	20086
	20087
	20088
	20089
	20090
	20091
	20092
	20093
	20094
	20095
	20096
	20097
	20098
	20099
	20100
	20101
	20102
	20103
	20104
	20105
	20106
	20107
	20108
	20109
	20110
	20111
	20112
	20113
	20114
	20115
	20116
	20117
	20118
	20119
	20120
	20121
	20122
	20123
	20124
	20125
	20126
	20127
	20128
	20129
	20130
	20131
	20132
	20133
	20134
	20135
	20136
	20137
	20138
	20139
	20140
	20141



