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INTRODUCTION
1.1 C y t o c h r o m e с

1.1.1 Function of cytochrome o.
Eukaryotic cytochrome с ia an electron-carrier protein
found between the outer and inner membranes of the mitochon
dria. It forme a part of the reapiratory chain (fig.l) in
which reducing equivalents are transferred through a series
of carrier proteins from N/LDH and succinate, produced by catabolic processes, to oxygen, leading to the formation of
water. The energy that is released during this process is
used for the synthesis of ATP, the main source of chemical
energy for living systems. Since the ATP-producing cycles are
located in complexes in the inner membrane, carriers are re
quired to transfer the electrons from one complex to the next.
Cytochrome с serves this purpose in the transfer of electrons
from the cytochrome reductase (complex III) to the cytochrome
oxidase (complex IV).
1.1.2 Properties of cytochrome c.
Ever since Keilin's pioneering work (1925,1926,1930), cy
tochrome о has been studied intensively because it is easily
isolated and purified, and is very stable under a wide range
of reaction conditions.
Eukaryotic cytochrome с is a monoheme protein of Just
over 100 residues with the heme prosthetic group (fig.2)
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covalently attached to the polypeptide chain by tvo thioether bridges to cysteine residues. It has a redoxpotential
of 260 mV.
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The amino acid sequences of over 80 eukaryotic cytochrome
с are known to date (Dickereon,1975, Ferguson-Miller,1979)·
Comparison of these sequences reveals the presence of 23
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completely Invariant residuee and a number of highly conser
ved ones. The sequence for the horse heart cytochrome c, stu
died In this vork, le given In figure 3·
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The protein has a basic character due to the presence of nine
teen lysyl and two arginyl residues, compared to only nine
glutamic, three aspartic and two heme propionic acid residues.
The UT and visible spectrum of horse heart cytochrome с
(fig.'») shows the characteristic three bands in the reduced
state, an 0£-band at 550 nm, a β-band at 521 nm and a Soret
(Y-)band at 415 nm. In the oxidized form the Soret peak is
shifted to 409 nm and a weak absorption band at 695 nm can be
detected.
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absorption spectra of oxidized and reduced

horse heart cytochrome c.
1.1.3 Three-dimensional structure of cytochrome

с

The three-dimensional structures of a number of cytochro
mes c, both eukaryotic.and prekaryotic, have been derived from
X-ray studies. Among these are the structure of horse heart
e
ferricytochrome с at 2.8 A resolution (Dickerson,1971), the
о
structures of the oxidized (2.8 A resolution) and reduced
о
(2.3 A resolution) forms of bonito cytochrome с (Ashida,1973)
о
Tanaka,1975l Matsuura,1979) and of tuna ferri-(l.8 A resolu
tion) and ferro-(1.5 A resolution) cytochrome с (Takano,1980,
1981a,b). All these structures show a striking similarity in
overall folding pattern of the polypeptide chain, schematical
ly represented in figure 5· The protein envelops the porphyrin
in such a vay that the only parts of it at the surface of the
molecule are the outer edges of pyrrole rings II and III.
The heme group is held in place by two covalent thioether
bonds from the vinyl side chains of pyrrole rings I and II to
the cysteine residues 14 and 17 and by two axial U g a n d a , the
12

Imidazole ring of hiatidlne-lS from the right and the sul
fur of methionine-SO from the left side. The protein moie
ty contains four Oj-helical segments, tvo large perpendicu
lar helices (residues 1-12 and 89-IOI) and two smaller ones
(residues 50-55 Bud 60-68). The overall structure is such,
that the N-termlnal half of the polypeptide covers the back
and the right side of the heme, and the C-terminal half co
vers more of the back and the left side. Most of the hydro
phobic side chains are in the interior of the molecule,
while the hydrophillc ones are mostly on the surface. This
presents a very hydrophobic environment for the heme group
which appears to be evolutionary conserved, because a number
of the invariant hydrophobic residues is located here.
Fig.5 Schematic re
presentation of the
folding of the pro
tein chain around
the heme group in
eukaryotic cytochro
me с | the numbers
in pr.: cntheses in
dicate approximate
sequence numbers
(Timkovich,1979).

(46)
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The purpose of the hydrophobic mantle around the heme group
is to obtain a redoxpotential of about + 260 mV (Kassner,
1972,1973)· Hydrogen bonde provided by internally located
no

invariant or highly conserved hydrophilic residues ( Arg ,
Asn
and Thr
, and the heme propionic acids) may help to
ensure that the heme crevice remains closed for solvents,
thus maintaining a high redoxpotential (Stellwagen,1978;
Schlauder,I979)· This is acceptable since model heme complex
es equipped with physiological ligands, but exposed to water,
operate at a potential of -5 mV (Timkovich,1979)· However,
the structural integrity of the inner part of the heme cre
vice and the degree of dissociation of one of the heme propi
onic

acids, located in that region, appear to be important

too in governing the redox potential (Myer,1979| Moore,1980|
Boon,1981).
Another highly conserved part of the structure is formed
by a ring of lysyl residues (residues 8,13,27,72,73,86 and
8 7 ) , centered around the exposed heme edge and the invariant
phenylalanine residue 82. Its function is discussed in sec
tion 1.1.«l.
Phe

A number of aromatic side chains occurs in clusters, viz.
10
97
and Tyr^' at the upper right side of the molecule (the

so-called

'right channel' ), T y r 7 , T r p ^ and Туг

left side (the 'left channel' ), and Phe

7

and Tyr

at the
at the

bottom of the molecule. The aromatic pair provided by the
invariant Phe

and the highly conserved Тут*

residue

might serve as an anchor for the correct positioning of the
N-terminal and C-terminal tf-helices with regard to one
another (Eley,1982). The role of the other aromatic clus
ters is unclear.
The refined

X-ray analysis of tuna cytochrome с reveals

the presence of several water molecules within the Interior
of the molecule (Такало,1980,1981a,b). Particularly interes
ting is the water molecule located at the left side of the
heme group and held in position by hydrogen bonds extending
from the above mentioned Asn
Ík

, Tyr

and Thr

residue. The

reason ie, that the only structural feature that dietingishes

the reduced cytochrome с from the oxidized form, apart

from the fact that the reduced state is somewhat more compact,
is a shift in the position of this water molecule and the
67
42
side chains of Tyr
and Asn
in the two redox states with
respect to the heme moiety.
1.1.'» Electron transfer by cytochrome c,
The structural homologies between different cytochromes с
have resulted in several proposals of a unified mechanism
of electron transfer. Two early proposals, the DickersonVlnfield mechanism
mechanism

(Takano,1973| Dickerson,197k)

and the

proposed by Salemme (1973a,b), assumed the invol

vement of specific amino acid residues in the electron trans
fer process. Both mechanisms

were, however, abandoned, be

cause the crucial amino acids did not appear to be invariant
(Dickerson,1976).
Since then, extensive chemical modification studies
(Ferguson-Miller,19791 Boon 1979b,1981| Rieder,I98O) revealed,
that a number of lysyl residues surrounding the exposed heme
81
62
edge and the lie

and Phe

residues (positions 13,27,72,86

and 8 7 ) , is important for the binding of the cytochrome с to
its varions redox partners. Hypothetical complexes construc
ted of cytochrome с and cytochrome b_ (Salemme,1976,1977) and
of cytochrome с and cytochrome с peroxidase (Poulos,I98O)
revealed the presence of negatively charged residues com
plementary to the above mentioned lysyl residues of cyto
chrome c, and surrounding the exposed heme edges of the
compiexing proteins. Experimental support for these hypothe
tical complexes is presented by cross-linking studies of
cytochrome с with cytochrome с oxidase (Millett,1982|
Biseon,1982) and with cytochrome с peroxidase (Bissen,I98I|
Valdmeyer,I982). These investigations point towards binding
sites for cytochrome с on the oxidase and peroxidase in
areas involving the aspartic acid residues predicted by the
hypothetical models. Modification of these aspartates on
15

the cytochrome с peroxidase aleo shovs their importance in
binding the cytochrome с molecule (Waldmeyer, 1982).
Since all these data substantiate the involvement of
charged residues surrounding the heme crevices of cytochrome
с and its redox partners in their interaction, and hypotheti
cal complexation of these charges leads to a nearly parallel
position of the exposed heme edges in a manner that no gaps
exist at the interface of the molecules, an electron transfer
process via these heme edges is now generally accepted. In
addition, in the complex with the peroxidase, lie 8 1, whose
side chain is exposed on the surface of cytochrome c, was
82
found to be in the contact area, whilst Phe
of cytochrome
180
с and His
of the peroxidase were found to line up along
the path between the hemes. This led Poulos and Kraut (1980)
81
to the suggestion that lie
might serve as a hydrophobic
anchor in the complex formation, while the η-orbitale of
82
both hemes with additional contributions of the Phe - and
180
His
-side chains might form a supramolecular conduction or
bital through which the electron transfer may proceed.

1.2 Semisynthesis.
1.2.1 Introduction.
The knowledge about the mode of action of peptides and
proteins has greatly increased by the study of structurefunction relationships, which depends on the availability
of well-defined analogues. These analogues are usually ob
tained by total synthesis, in particular if the involved se
quences are not too complex, e.g. the solution-phase synthesis
of porcine ACTH (Schwyzer, I9661 Riniker,1972), ostrich ACTH
(Yasumura,I982), human calcitonin (Sieber,I970), and human big
gastrin (Choudhury,1976» Wünsch,1977), the synthesis of human insulin (Sieber,1971»,I977) and RNA-se A(Yajiraa,1980|
Fujii,I98I)being exceptions. In the solid phase synthesis the
16

preparation of RNA-ae A (Gutte and Merrifield,I969, 1971 ) .
bovin· pancreatic trypsin inhibitor (Tan t 1976), and ovine
B-lipoprotein (Yemiehiro,1978) vere the great achievements.
When, however, the studied peptide or protein is large,
total synthesis is not very appealing for the preparation of
analogues, considering the possible side reactions, racemization and insolubility of protected intermediates. In such
cases a semisynthetic approach involving the use of fragments
of the naturally occurring proteins as ready-made intermedi
ates, could conceivably offer much less laborious synthetic
routes, requiring usually, only the protection of side chain
amino groups. Ideally, this involves the scission of the pro
tein at only a few peptide bonds and thus only a few recom
bination steps. This is especially attractive since the re
taining of the tertiary structure by large fragments may sim
plify the reconstitution to form the desired semisynthetic
products.
Two possibilities for the final recombination may be disc e m e d | one involves the formation of a non-covalent complex
of the individual components and the other the formation of a
covalent bond between them. Examples

of non-covalent semi syn

theses involving the preparation of stable complexes of
fragments from natural origin with those that are the result
of total or partial synthesis, are provided by studies on ribonuclease (Hoee,1980, Komoriya,I982), glucagon (Flanders,
1982) and on cytochrome с (Harris,1977; Westerhuis,I98I,1982»
see section 1.2.2). Covalent semisyntheses are mostly limited
to the introduction of N-terminal amino acid residues, remo
ved earlier by Edman degradation, e.g. in many studies on in
sulin (Geiger,I9781 Stoev,1982). When larger fragments are to
be coupled, the selective activation of the C-terminal carboxyl
group becomes a major obstacle in the design of a semisynthe
tic strategy. This problem has been solved in special cases,
e.g. when proteins are cleaved at methionyl residues by cya
nogen bromide, leading to fragments with C-terminal homoserine lactones. These can undergo spontaneous and specific aminolysia with a complementary fragment without protection
17

of any functional groups, e.g. in the case of bovine pancrea
tic trypsin inhibitor (Dyckes,1978), cytochrome с (Corradin,
19741 Boon,1979a,b,I98I1 see section 1.2.2) and RNase A
(Hoogerhout,1982). The specificity of these aminolyses is de
rived from the formation of tight complexes from the indivi
dual fragments in vhich only the desired amino function is in
the vicinity of the lactone. This type of condensation, which
is rendered possible by formation of a favourable comformation of the complexing parts vili be referred to as a conforma
tion-directed coupling.
Another possibility for the selective activation of Cterminal carboxyl groups is based on the reverse action of
proteases. Ideally, this method can be used without protec
tion of side chain functionalities. An example is given by
several enzymatic semisyntheses of insulin

(Morihara,1979t

Jonczyk,I98I1 Tager,1980). Enzymes can also be employed for
semisynthetic purposes in an indirect manner, e.g. when they
are used for the selective preparation of protected hydrazides
that can be coupled with amino components after conversion in
to azides (Yagisawa,1981 ; Canova-Davis,I98I). For reviews about the use of enzymes in peptide synthesis see Glass (198I)
and Chaiken (1982). More information about protein
seaisynthesie is provided in the proceedings of an interna
tional meeting on this subject (Offord and DiBello,1978), a
textbook by Offord (198O), and reviews by Sheppard (I98O) and
Tesser and Boon (198O).
1.2.2 Semisynthesis of cytochrome c.
Cytochrome с has been the subject of both covalent and
non-covalent semisynthetic studies. All the covalent semisyn
theses employ a similar strategy involving cyanogen bromide
cleavage of the protein at the methionyl residues 65 and 80
leading to three fragments (fig.6). Extension of the partial
ly protected C-terminal fragment (81-104) with a methionyl
residue and coupling with a synthetic (66-79) fragment yields
the partially protected semisynthetic (66-104) sequence.
18
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from three fragments.
After deprotection of this fragment a covalent recombination
is possible with the N-terminal fragment (1-65) containing
a homoserine lactone C-terminally as a result of a CNBr-degradation of cytochrome c. For the condensation, a non-covalent
complex of the tvo components must form first, and the hene
iron must be in the reduced state. With these conditions, aminolysis of the lactone ring by the ot-amino function of the
(66-10^) sequence will occur leading to a cytochrome с ana
logue in which Met

is substituted by homoserine (Corradin

and Harbury,197't| Boon,1979a,1981)· This Hse '-cytochrome с
has the same structure and biological properties as the nati
ve material (Boon,1979a,1981j Boswell,1981), indicating that
the presence of the Hse-residue in the analogues prepared by
this method does not affect their properties.
The described strategy has been successfully employed for
the semisynthesie of cytochrome с analogues with substitutions
in the (66-79) portion of the molecule, e.g. analogues in
which the lyayl residues 72,73 and 79 or a combination there
of were acetylated (Boon,1979b| cf. section 1.1.4), Two analo
gues in which the highly conserved tyrosyl residues 67 and jU
were substituted by leucine have also been synthesized (Boon,
67
198l). The Leu -analogue is of particular interest since it
indicates that even the substitution of internally located
residues is permitted without rendering the conformation19

directed recombination of the fragmenta (I-65) and (66-101*)
67
impossible. The introduction of the Leu -residue resulted in
a drop in the redoxpotential (200 mV ve 260 for cytochrome c)
and a higher rate for the reaction with cytochrome с oxidase.
The synthesis of a Leu' -, Phe

-, and Phe(4F)

-analogue pu

blished by Koul (1979) employed a similar strategy. Their re
sults concerning biological activities of the products are,
however, a little suspect, since the products were contamina
ted (up to 60$) with the heme bearing fragment (I-65) which
is known to have an inhibitory effect on the biological acti
vity of cytochrome с (Chessa,1980). In addition, the lack of
67
activity of the Phe(4F) -analogue may be attributed to the
low redox potential of this material, which lies below that
of the cytochrome reductase, the natural electron donor for
the cytochrome с in the chosen biological assay (cytochrome
с depleted mitochondria).
The possibilities of the outlined strategy (fig.6) may be
extended by the application of Edman degradation steps to the
fragment (81-104). This enables the synthesis of analogues
with substitutions in this region of the cytochrome с
(Wallace,1979).
Few exemples of cytochrome с analogues prepared by nonco val ent semisynthesis are available. The most extensive study
is by Vesterhuis (1981,1982). It involves complexes of the
tryptic fragment (1-38) with semisynthetic (59-104) sequences.
The latter are obtained by cleavage of ubiquitously protected
cytochrome с (Msc-functions) at the only tryptophan residue
at position 591 using hydrogen bromide and dimethylsulfoxide
(Savige,1977), extention of the partially protected (60-104)
sequence with a tryptophan residue, deprotection, and, finally,
reduction of the methionine oxides. The complex arising from
these fragments functioned as an electron transferring agent,
although the segment (39-58) was omitted. The reaction rate was
low, as was the affinity for the oxidase, compared to results
obtained with native cytochrome c. Introduction of a benzofuryl alanine in position 59 led to the interesting observation
that even the absence of a 695 nm band in the product and the
20

absence of hydrogen bonds of this residue with the inner propionic acid function of the heme group did not abolish electron transfer activity, as vas noted when position 59 remained unoccupied (Vesterhuis,I98I).
Â different non-covalent semisyntheeis of cytochrome с
is described by Harris (1979)· He prepared a complex of the
fragments (l-37) and (38-104), which vere obtained by tryptic digestion of acetimidylated cytochrome с (in which the
lysyl residues are rendered unsusceptible to tryptic attack,
although positively charged), removal of the C-terminal arginyl residue (38) and acylation of the N-terminal lysyl re
sidue (39) with arginine. The product was shown to be more
stable and to possess a higher biological activity than the
complex (1-38).(39-104) (Harris,19771 Vesterhuis,1979).

1.3 Aim of the investigations.
The semisyntheaes of cytochrome о described in the pre
vious section are all limited to either the preparation of
analogues with modifications in the CNBr-fragment (66-8О) or
to alterations in the structure around cleavage sites. The
possibility to prepare analogues with substitutions in the
N-terminal region of the molecule might also be of interest.
This would involve the use of different cleavage methods,
possibly in combination with the already known procedures.
The results of some new fragmentation studies of cytochrome с
are presented in chapter 2.
Cytochrome с analogues with substitutions in the C-termi
nal CNBr-fragment (81-104) can.be realized by the total syn
thesis of this fragment and the use of the synthetic pathway
developed by Boon (1979a, fig.6). In fact, this implies the
total synthesis of fragment (66-104). Residues of interest
82
in the C-terminal fragment are the invariant Phe
and the
97
highly conserved Т у г " | the former because of the implicated
role of its aromatic side chain in the electron transfer pro
cess (Poulos,1980), the latter because of the possibly
21

structural necessity of an aromatic residue in this position.
Both residues vere substituted by leucine, thus retaining
the hydrophobic nature, but eliminating the aromaticity at
these points. Chapter 3 deals with the syntheses of the par
tially protected (81-loO fragments and chapter 4 vith their
extention to the (66-104) sequences.
The semisynthesis of tvo other analogues of fragment
(66-104) with substitutions in the segment (66-79) is also
described in chapter 4. The substitutions are at position 67
(4-fluorophenylalanine for tyrosine) and position 78 (valine
for threonine). The cytochrome с analogues prepared from them
elucidate the role of the water molecule occurring between,
among others, the hydroxyl groups of Tyr

and Thr'

(Takano,

19θ0( if section 1.1.4). The hydrogen bonds present in the
native molecule were eliminated stepwise by these substituti67
ons. The Phe(4F) -analogue should also provide more detailed
information about the cause of the drop in redox potential of
67
the Leu -analogue. This drop could be due either to the ab
sence of one of the hydrogen bonds or the eliminated aroma67
ticity or a combination of both effects. The Phe(4F) '-ana
logue should distinguish between the possibilities.
Chapter 5 deals with the recombination of the (semi-)syn
thetic (66-104) fragments with fragment (I-65) and the proper
ties of the synthesized cytochrome с analogues.

22

C H A P T E R

2

INVESTIGATION INTO FRAGMENTATION PROCEDURES FOR CYTOCHROME C.

2.1 Introduction.
Protein aemiayntheeie dependa on the availability of large,
suitably protected fragmenta, derived from chemical or enzymatic
degradation. This requires cleavages at amino acid residues,
that occur infrequently in the protein to be studied. In the
case of cytochrome с these residues are arginlne-Зв,
tryptophan-59 and methionine-65 and -80. The cleavages are
realized by trypsin hydrolysis (Harris,1977 f Vesterhuis,1979)·
dimethylsulfoxide-hydrogen bromide treatment (Savige,1977)
with concomitant oxidation of methionines to their sulfoxides
(Savige,1978) and cyanogen bromide degradation (Corradin,1970),
respectively (fig.l).
It has been shovn, as described in chapter 1, that a com
bination of tryptic hydrolysis and dimethylsulfoxide-hydrogen
bromide treatment (Yesterhuis,1982), opens a route to com
plexes of cytochrome о fragments vith substitution of the
tryptophan-59 residue, and that cyanogen bromide degradation,
vhich leads to three fragments, can be applied for the syn
thesis of analogues vith substitutions in the middle fragment
(66-79) (Boon,1979).
Preparation of all these complexes and analogues requires
reversible protection of the side chain amino groups of lysyl
residues to allow selective acylation at the N-termlnal amino
function of appropriate fragments.
23
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The procedure via the cyanogen bromide degradation can be
ueed to synthesize analogues with substitutions in segment
(66-79), but also to obtain analogues with modifications in
the C-terminal fragment (81-104), provided that a synthetic
fragment (81-104) with the desired substitutions is available.
In effect, this means the total synthesis of fragment (66-104),
because the sequence (66-80), isolated from the cyanogen bro
mide degradation cannot be used for recombination of the entire
molecule, since the functionally necessary methionine-80 resi
due is no longer present in unmodified form.
Preparation of analogues with modifications in the N-terminal
part of the cytochrome с molecule requires a new degradation,
preferably of a fragment that is obtained through one of the
other, known degradation methods. This limits the number of
cleavage sites and thus the number of fragments to be separated.
For this purpose proteolysis of the tryptic fragment (l-38) by
staphylococcal protease was investigated. This procedure should
lead to fragments (1-4), (5-2l) and (22-38). Then, a threefragment complex comprising the sequences (5-2l), (22-38) and
(39-104) ( the last-mentioned obtained by tryptic hydrolysis),
or a two-fragment complex composed of the sequences (5-21) and
(¿2-104) ( the latter being the result of a recombination of
(22-38) and (39-104) ) might be prepared for biological and
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phyaicochemical atudiee.
In this chapter the above mentioned fragmentation proce
dures are discussed as veil as their scope vith respect to
yield and applicability of the resulting fragments for semisyn
thetic purposes.

2.2 Fragmentation methods.
2.2.1 Trypsin.
Trypsin is a vell-knovn serine protease vith a high select
ivity for cleavage of bonds at the carboxyl group of lysyl and
arginyl residues. Residues followed by proline or flanked by
negative charges are not cleaved (Needleman,1970).
Hydrolysis can be restricted to arginyl residues by pro
tecting the side chains of the lysyl residues. For this purpo
se reversible protection vith the methylsulfonylethyloxycarbonyl group has been used successfully (Vesterhuis,1979)·
2.2.2 Cyanogen bromide.
Treatment of peptides and proteins vith cyanogen bromide
in an acidic medium constitutes a chemical cleavage method,
specific for methionyl residues (Groe·,1967| Needleman,1970).
Fig.2
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The procedure occurs with transformation of the methionine
residues into homoserine lactones (fig.2).
The method can be used in combination with Msc-protection of
amino-groups (Boon,1979)·
2.2.3 Staphylococcal protease.
Staphylococcal protease is an endopeptidase that exhibits
a specificity for cleavage at the carboxyl groups of aspartyl
and glutamyl residues (Drapeau,1972,1977). Its action can be
restricted to glutamyl bonds by carrying out the digestion
in an ammonium bicarbonate or ammonium acetate buffer instead
of a phosphate buffer (Houmard,1972), although there are some
exceptions where hydrolysis at aspartyl bonds still occurs,
e.g. cleavage of an Asp-Gly linkage in California gray whale
myoglobin (Bogardt,1976) and the cleavage at Asp-121 in ribonucleasea (Welling,1975).
On the other hand, digestions in an ammonium bicarbonate buffer
show a limited cleavage at glutamyl residues that are followed
by an acidic residue or by threonine (Wootton,1975)· It has
been suggested, that the buffer dependent specificity of the
enzyme might be the result of an enhanced activity in phos
phate buffers what accelerates the scission at aspartyl residues
which otherwise hydrolyze slowly. However, in view of the cited
exceptions one can conclude, that the configuration around the
cleavage site is also an important factor (Austin,1976).

2.3 Experimental
2.3.1 Materials and general procedures.
Horse heart cytochrome с was obtained from Sigma Chemical
Co. (Type III and V i ) , trypsin from Boehringer Mannheim and
staphylococcal protease from Miles Laboratories. Sephadex gels
were from Pharmacia and ion exchange celluloses (DE-52 and
CM-52) from Whatman.
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Column eluates vere nonitored with an LKB Uvicord type III
or S instrument. Amino acid analyses were performed on a modi
fied Jeol JLC - 6AH analyzer after hydrolysis in 5.7 И hydroо
chloric acid (Merck, auprapur) for 2k hours at 105 С in sealed,
evacuated tubes. Dinitrophenylation reactions of 1 mg protein
were performed in 2 ml NaHCO, solution (4 mg/ml) by addition of
0.5 ml 5% FDNB in ethanol for k hours at roomtemperature with
occasional stirring. The ШР-products vere isolated by acidifi
cation vith 1 N HCL to pH 1 and centrifugation, followed by
washing vith vater, ethanol and ether. Spectroscopic measure
ments were made vith a Gary 118 instrument at ambient tempera
ture.
2.3.2 Protection and deprotection of side chain amino groups.
A solution of cytochrome с (500 mg, О.040 moral) in 10 ml
H-0 and 5 "1 DHF was adjusted to pH 9.5 by the addition of
DIPEA (IO96 v/v In IMF) and Mac-OHSu (4l4 mg, I.56 mmoles,
2 equivalents per lysyl residue) in ПНР (5 sil) was added In
portions, while the pH was maintained between 8.5 and 9.0 by
addition of the base. The mlmture vas kept at pH 8.5 for 30
minutes, diluted with 1 volume of phosphate buffer (0.02 M,
pH 6.9) and applied to a aephadex G-25 column (4 ζ kO cm) in
the same phosphate buffer. The coloured fraction was lyophilized.
Deprotection of Mac-protected derivatives was performed by
dissolving the samples in a 3:1 mixture of SMSO and methanol
(IO-25 mg in 0.8 ml), and a 30 second treatment with 1 N sodium
hydroxide (0.2 ml) under vigorous stirring. After neutralization
with excess acetic acid the products were recovered by precipi
tation and subsequent washing vith ether or by gel filtration
on sephadex G-25 in 6% acetic acid and lyophilization.
2.3.3 Tryptic digestion.
The tryptic digestion of Msc-cytochrome с and the isolation
of the protected fragments ( 1-38) and (39-104) were carried out
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as described by Westerhuis (1979): Msc-cytochrome с (20 mg/ml)
was treated with trypsin (1$ in I O - 3 M HCL, 20 mg/ml substrate
о

solution) for 2 hours at 37 С and then lyophilized. Conditions
for separation and purification of the fragments (l-38) and
(39-10^) are given with figures 3 and k,

respectively. The

products were desalted by gel filtration on sephadex G-25 in
0.02 M ammonium acetate (pH 6.5) and lyophilized.
Fig.3 Gel filtration
of a tryptic digest
of Msc-protected cy
tochrome с (225 mg)
on sephadex G-50
(3.5 x 130 cm) in 705t
aqueous formic acid;
flow rate 30 ml/hr.

500

700
elution volume in ml

2.3.Ί Cyanogen bromide degradation.
Both Msc-protected and native cytochrome с were treated
with 30 and 3 equivalents of cyanogen bromide, respectively,
in 70$ (v/v) aqueous formic acid for 24 hours at room tempera
ture and in the dark, producing, among others, the desired
sequences (8l-104)Mec_ and (I-65) in good yields.
The fragments were seperated and purified as described by Boon
(1979). The conditions are given with figures 5,6,7 and 8. If
necessary, protected fragments were desalted on sephadex G-25
in water and unprotected fragments on sephadex G-25 in *>#
acetic acid. The products were recovered by lyophilization.
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Fig.il Chromatography of fragments (l-38)Msc^ (450 mg,β) and
(39-10'»)Msc12 CtOO ing.b) on DE-Cellulose.
Conditions for a: column 1.8 χ 25 cm; linear sodium phosphate
gradient, 0.005 - 0.050 M, pH 6.8; flow rate
50 ml/hr; fraction volume 16.7 mil
b: column 1.2 χ 15 cm; linear sodium phosphate
gradient 0.005 - 0.1 K, pll 6.8; flov ratr
kO ml/hr; fraction volume 10 ml.

Fig.5 Chromatography of cyano
gen bromide fragments from M a c —
cytochrome с (250 mg) on sephadex
G-50 (3.5 x 130 cm) in 50#
aqueous formic acid; flow rate

2? ml/hr.
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Fig.6 Gel filtration of the fragments from a limited CNBr
degradation of cytochrome с on different batches of sephadex
G-50: a, old batch; b and £, present batches. Conditions as
indicated.

30

Fig.7 Chromatography of
fragment

(8l-104)Mec,

(i 15 mg) on DË-cellulose
(1 χ 26 c m ) ; eluent linear
sodium phosphate gradient,
0.01 - 0.05 M, pH 6.8»

flow

rate 50 ml/hrj fraction
volume 12.5 ml.

Fig.8 Chromatography of

CIO ZBOnm

fragment (l-65) (35 mg) on
CM-cellulose (1.4 χ 28 c m ) |
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2.3*5 Staphylococcal protease digestion.
The digestions of the Msc-protected fragment (1-38) by
staphylococcal protease were carried out in either a 0.1 H
ammorium bicarbonate buffer (pH 8.0) or a 0.05 M phosphate
buffer (pH 7.8) at a substrate concentration of 10 mg/ml and
an enzyme-substrate ratio of 1:40 (w/w). The reactions were
stopped by freezing and lyophilization.
The reaction mixtures, derived from

100 mg (l-38)Msc

when using ammonium bicarbonate buffer and from 50 mg in the
case of the phosphate buffer, were subjected to gel filtration
on a sephadex G-50 column (3.5 χ 130 cm) in 7$ aqueous formic
acid (fig.9a) and a sephadex G-50 column (3.0 χ 130 сы) in 5C£
3'

aqueous formic acid (fig.9b), respectively.
Fig.9 Gel filtration
of the fragments from
staphylococcal protease digestion of fragment ( 1-38)Msc

in

ammonium bicarbonate
(100 mg,a) and sodium
phosphate (50 nig»b)
on sephadex G-50
(3-5 x 130 cm)1 eluents
7$ (a) and 50% (b)
aqueous formic acid)
flow rate 40 ml/hr (a)
and 27 ml/hr (b)¡
700
elulion volume m ml

1. fragment

(5-38)Msc^{

2. fragment

(5-21)MSCK

and (22-38)Msc .
The peaks numbered 2, containing both fragment (5-21)Msc. and
(22-38)Msc_, were lyophilized, if 50* aqueous formic acid was
used, following concentration to a small volume and dilution
with water.
The protected fragments (5-2l) and (22-38) were separated
by ion-exchange chromatography on CM-cellulose in 4 M urea at
pH 6.8j flow rate 20 ml/hr, fraction volume 5 ml (fig.10).
The samples were applied to the column (l χ I5 cm) in 0.001 M
phosphate, resulting in retention of (22-38)Wsc_ and immediate
elution of ( 5 - 2 1 ) M S C K . The non-heme fragment was eluted by
either a linear gradient consisting of 100 ml 0.001 M and 100 ml
0.02 M phosphate followed by isocratic elution with 0.02 M
phosphate for the product of the digestion in ammonium bicarbo
nate (fig.10a) or two consecutive phosphate gradients, 0.001 to
0.02 M, 2 χ 100 ml, and 0.02 to 0.1 M, 2 χ 50 ml, for the pro
duct obtained from digestion in phosphate (fig.10b).
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Fig.10 Elution pattern? of CM-Cellulose chromatography of a
mixture of Msc-protected fragments (5-2l) and (22-38) obtained
from staphylococcal protease digestion in:
a. ammonium bicarbonate,
b. sodium phosphate.

ЭЭ

The ( 2 2 - 3 8 ) M S C _

was freed from salts and urea by gel filtra

tion on sephadex G-25 in 0.02 M ammonium acetate and recovered
by lyophilization. The fractions containing the heme fragments
were applied to a column of DE-cellulose (l χ 15 c m ) , equili
brated with 0.001 M phosphate (pH 6.8) in 4 M urea; flow rate
20 ml/hr, fraction volume 5 ml. The products were eluted with
two consecutive phosphate gradients in k M urea at pH 6.8;
0.005 to 0.05 M, 2 χ 100 ml and 0.05 to 0.1 M, 2 χ 50 ml, if
the product arose from digestion in ammonium bicarbonate
(fig.11a), or a linear phosphate gradient in k M urea at pH 6.8,
0.05 to 0.1 M, 2 χ 100 ml, for the product of the reaction in
phosphate (fig.lib).
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ГгасПоп numbtr
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Fig.11 Chromatography on DE-cellulose of fragment

50

Irechon numter

(5-2і)Мэсг

obtained from staphylococcal protease digestion in;
a. ammonium bicarbonate,
b.

sodium phosphate.

Product fractions were processed as described for (22-38)Msc_.
The (5-2l)Msc. originating from digestion in ammonium bicarbo
nate was further purified, after deprotection, by ion exchange
chromatography on a column of CM-cellulose (0.8 χ 12 cm) using
a linear gradient consisting of 100 ml 0.005 M and 100 ml 0.2 M
phosphate, pH 6.8; flow rate 20 ml/hr, fraction volume 2.3 ml
(fig.12). The product was recovered by gel filtration on
sephadex G-25 in 6% acetic acid and lyophilization,

3^

F Í R . 1 2 Chromatoeraphy of
fragment (5-2l) on DE-cellulosr
(0.8 X 12 cm); eluent linear
phosphate gradient,
O.COS - 0.2 V., pH 6.8i

flow

rate 20 ml 'hrî fraction
volume 2.3 ml.
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2.3.6 Formation of a three fragment complex
(5-21).(22-38).(39-10Ί).
The fragments required for this investigation vere deprotected and isolated as described in section 2.3·2.
The formation of the three fragment complex wat monitored
by measuring changes in the absorption sprclrum rt 'ipS

Tm

J-n

the ferri form (fig.13a) and at the 550 nm and 52( пш Ъат.гі"
in the ferro form (fig.13b), both as a function of the

τη rio of

(22-38) versus an equimolar mixture of (5-21) and (39-lC'i) ι η
0.01 И NaCl. The concentration of the fragments (5-21) and
(39-ΙΟΌ was kept constant. Attempts to isolate the three frag
ment complex (5-21).(22-38).(39-104) by gel filtration on
sephadex G-50 in 0.02 M phosphate, pH 6.8, were unsuccessful.
Only non-equimolar mixtures of fragments could be isolated.

2.4 Results and discussion.
2.4.1 Preparation and isolation of the fragments.
The fragmentation of native and Use-protected cytochrome с
by means of cyanogen bromide and tryptic hydrolysis of the
latter has been described in the literature (Corradin,I97O;
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Boon,1979; Westerhuis,1979). The
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amino acid analysis, preceded by dinitrophenylation where
relevant. The results for products, used in this study, are
presented in table 2.1.
The proteolysis of the Msc-protected cytochrome c-(l-38)
appeared to depend on the buffer used, phosphate giving a
more complete degradation according to gel filtration of the
freeze-dried digests (fig e 9). Separation of (5-21)Мзс^ and
(22-38)Mec_ by gel filtration was impossible, but could be
effected by ion exchange chromatography on CM-cellulose in 4 M
urea) the heme fragment eluted immediately from the column,
while the non-heme fragment was detached only on increasing
the salt concentration (fig.10). This resulted in isolation
of pure Mec-protected

(22-38), as was shown by amino acid

analysis (table 2.2), in 28$ yield, based on (l-38)Msc 7 . Appli
cation of the gradient to the CM-cellulose column containing
the digestion mixture from the ammonium bicarbonate buffer,
resulted in several heme-contalning peaks preceding the desired
(22-38)Msc.. All of them appeared to have the amino acid compo
sition of fragment (5-21) (fig.10a). Since the ( 5 - 2 1 ) M S C K

has

a net-negative charge, the majority of this material is not
retained by the column; slower running byproducts mupl thus
stem from partial deprotection of the starting material or the
product during incubation.
Purification of the Msc-protected heme fragment (5-21) by
ion exchange chromatography on DE-cellulose was only successful
with material stemming from digestion in a phosphate buffer
(fig.lib). In that case, the yield of analytically pure material
(table 2.2) amounted to 58$, based on the starting (l-38)Mec 7 .
Elution of (5-2l)Mscr from digestion in ammonium bicarbonate by
application of a similar gradient resulted in an entirely diffe
rent profile (fig.11a) and an impure product. The reason for this
is unclear. This product could be purified, however, by deprotec
tion and rechromatography on CM-cellulose (fig.12, table 2.2)
in 20$ overall jrield.
Wote: This has been a major problem during these investigations,
since it impairs the recovery of unreacted synthetic or semisyn
thetic sequences (66-101*) from recombination experiments with the
sequence (1-65)-lactone (see chapter 5 ) .
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2.Ί.2 Applicability of the cytochrome с fragments for semisynthesis.
The application of the fragments derived from tryptic
digestion and cyanogen bromide degradation for preparation of
cytochrome с analogues has been described in the literature
(Vesterhuis,1979; Boon,1979) and has been shortly discussed
in chapter 1. The use of cyanogen bromide fragments will be
discussed more extensively in chapters k and 5·
Fragments (5-21 ) and (22-38) from staphylococcal protease
digestion might be used to prepare a three fragment complex in
combination with tryptic fragment (39-10'*), analogously to the
three fragment complexes (1-25).(28-38).(56-104) and (l-25).
(28-38).(39-104) described by Juillerat (198O and 1982). This
was investigated by measuring spectral changes caused by the
presence of increasing amounts of fragment (22-38) in an
equimolar mixture of (5-21) and (39-104).
As shown in figure 13a, a mixture of (5-21) and (39-104)
in the oxidized form does not exhibit an absorption maximum at
695 nra, implying that the sulfur atom of methionine-80 is not
or not properly ligated to the heme iron (Schejter,1967)· The
presence of the middle fragment (22-38) is reflected in the
development of a weak absorption at695 nm that reaches a
maximum when 0.8 equivalents of this compound has been added,
but disappears on further increase of the amount. In the
reduced state, obtained by treatment of the samples with sodium
dithionite, there is an increase of the absorption at 550 nm
until a maximum is reached when 1 equivalent of fragment
(22-38) compared to (5-21) and (39-104) has been added. In
this case an excess of the peptide (22-38) does not cause a
lowering of the peak (fig.13b)..
From these data it is concluded, that a complex (5-21)·
(22-38).(39-104) possessing a native-like structure can be
prepared, but it is very unstable. The presence of any excess
of (22-28) leads to disruption of this structure (disappearance
of 695 nm band). This disruption is not a complete decomposition
of the complex, however, but merely some transformation, since
38

the increased absorption at 550 nm in the reduced state
remains unaffected.
These results are in agreement with data of Juillerat (1982),
0
vho also found, that, above 15 C, addition of peptide (22-38)
to the three fragment complex (1-25).(28-38).(39-IOU) does not
lead to dissociation of all three fragments.
The essential role of fragment (22-38) to approach a more
or leas native-like structure can be explained by the assump
tion, that it limits the molecular motion of the other two
fragments by interatomic interactions and leads to the partial
coordination of the methionine-80 sulfur atom to the heme
iron. An excess of (22-38) probably leads to competition of
hietidine residues in this peptide with methionine-80 for
ligation to the iron atom, causing a loosening of the structure
since the 69? nm band disappears. This is supported by data of
Parr (1979), indicating that hiBtidine-33 can be a ligand for
the heme iron in fragment (l-38). Also, a control of the sen
sitivity of the much more pronounced 695 nm band in complex
(1-38).(39-104) towards Increasing amounts of imidazole shows,
that 25 equivalents of imidazole cause a complete disappearance
of this peak (fig.14).
The lability of the three fragment complex is further un
derlined by unsuccessful attempts towards its isolation: only
unidentifyable mixtures of fragments could be isolated.

2.5 Conclusions.
From this study it can be concluded that, compared to
tryptic digestion and cyanogen bromide degradation of cyto
chrome c, preparation of fragments from (і-38)Мвс_ by means
of staphylococcal protease proceeds in low yields. Besides, a
complex prepared from the resulting fragments (5-2l) and
(22-38) and the tryptic fragment (39-104) is very unstable and
cannot be isolated by gel filtration. Preparation of analogues
with substitutions in section (22-38) would therefore require
recombination of fragments (22-38) and (39-104) and subse39

quent formation of a probably more stable tvo fragment
complex (5-21).(22-104) (compare complex (1-25)·(23-10ÍI ) ,
Parr,I98O), but this would be hampered by the cumbersome
preparation of the heme peptide
In view

(5-21).

of this it was decided to focus the attention

on the preparation of analogues with substitutions in fragment (66-104)and combination with fragments derived from a
cyanogen bromide degradation.

Fig.ík Changes in the absorption at 695 пш of complex (I-38).
(39-104) in the ferri form
following the addition of
increasing amounts of imida
zole as indicated.

690
720
Wavelength (nm)
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Table 2.1 Amino acid analysis of some cytochrome с fragments .
Fragment
Residue

(39-104)

(1-38)
b

b,c

d

Asp

2.11

2.08

2.04

Thr

1.90
k.oB

1.88

1.93

4.11

4.15
O.9I
7.02

Glu
Pro

1.06

0.95

Oly

7.21

7.25
1.02

Ala

0.97

Val

2.83

Met
lie

—

2.9О
—

b

b.c

(81--104)
d

5.9O

2.07

7.02

6.84

I.96

2.12

6.97

7.99
3.05

8.08

Э.05
—

З.09
—

8.06e

2.9O

8.05
3.00

4.98

5.03
4.98

4.89
5.04

1.33

І.32

10.43

~
I.69

З.09
—
—

З.07
—
—

2.85

—
1.68

4.75
3.78

2.65

4.00

4.93
4.10

1.98
2.12

3.68

—

3.79
2.01

0.97
1.10

0.98

2.95
1.03
3.24

5.17
—

4.94

11.30

—

1.06

0.96

2.97
1.11

6.05
7.21

1.11
2.84

5.01

—

1.80
4.80

—

I.03

I.96
—

1.97
—

Phe

—
2.02

1.97

1.89

I.92

I.90

Lye

7.kO

7.11

6.92

12.30

12.14

His

2.9О

2.88

—

Arg

1.10

2.75
1.06

10.61
-_

C.95

0.99

0.97

d

2.18

О.96

Туг

b,c

6.01

0.91
1.68

Leu

b

(l-65)-lactone

1.02

—

1.91

—

5.02

1.87

2.91
—
2.06

a. Theoretical values correspond to the nearest integer) no corrections were made for lose
on hydrolysis! Trp and Cye were not determined.
b. Side chain amino functions are Msc-protected.
c. After dinitrophenylation..
d. Unprotected fragment.
e. Homoserine included.

T a b l e 2 . 2 Amino a c i d a n a l y s i s o f
of

SAP-fragments

cytochrome c-(1-Зв)Мас_.
Fragment

Residue

(5-21 )
b.d

(22-38)

b,c,d

e

b

b.c

e

0.99

1.08

1.02

0.97

—

—

Asp

—

~

~

1.06

Thr

1.30

1.22

0.95

І.ОЗ

Glu

3.15

3.08

3.07

—

Pro

—

—

—

1.00

1.00

O.9I

Gly

1.32

1.20

1.10

5.02

5.22

1.13

1.07

1.10

5.17
—

—

—

1.87

—

—

—

Ile

1.79
1.08

1.86
1.10

0.97

—

—

—

Leu

_

2.00

1.99

2.10

о.9Ь
4.08

_
О.96

—

Phe

1.01

0.99

0.89

3.12

3.94(0.16 е )

2.77

1.98

0.97
3.01(0.0

1.97
1.01

1.50

1.88

0.96

0.88

Ala
Val

Lys
Hie

1.05

О.З8

1.00

Arg

"-

—

--

a. Theoretical values correspond to the nearest integer) no
corrections were made for loss on hydrolysis; Cys was not
determined.
b. Side chain amino functions are Msc-protected.
c. After dinitrophenylation.
d. Fragment obtained from SAP-digestion in phosphate buffer.
e. Unprotected fragment.
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SYNTHESIS OF THE PAHTIALLY PROTECTED CYTOCHROME С SEQUENCE
82
97
(81-ΙΟΌ AND THE LEU -AND LEU -ANALOGUES*
3.1 Introduction.
Over the years a number of reports dealing with the syntheais of fragments or the entire chain of cytochrome с have
appeared in the literature. Sano and Kurihara (I969) reported
the solid phase synthesis of a horse heart apocytochrome с
bearing phenylalanine instead of tryptophan in position 59·
Attachment of the porphyrin moiety followed by insertion of
the iron atom resulted in an analogue with a biological acti
vity that was 2$ of that of native cytochrome с Their data,
however, are inconclusive about the purity of the material.
Volman and Klausner (l97l) published the synthesis of three
fragments comprising the C-terminal sequence (85-104) of horse
heart cytochrome c. In addition, the cytochrome c-(70-80)-11peptide was prepared by these authors (Volman,1972).
Later on the publication of Corradin and Harbury (1974)
concerning the reconstitution of Hse
-horse heart cytochrome
с from two cyanogen bromide fragments, vlz.(l-65) and (66-104)
(see chapter 1 and 2 ) , instigated investigations into the pre
paration of analogues with substitutions in the C-terminal
fragment. The latter can be obtained by total synthesis or by
semieynthesis if the native sequence (81-104) is recombined
with synthetic fragments comprising the sequence (66-80).
* The peptide-slze nomenclature proposed by Bodansky (1977)
has been used. Greek prefixes are retained only for di- to decapeptides. For peptides with more than 10 amino acid residues
arabic numerals have been used.
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A procedure for this semisynthetic approach was proposed by
Moroder et al (l975)· It involved the coupling of a protec
ted peptide (66-8O) (Moroder,1977) with the isolated sequence
(81-104) bearing trifluoroacetyl groups on the side chain
amino functions. No reports have appeared about the coupling
of these fragments, however.
The usefulness of the semisynthetic route towards the
fragment (66-104) is exemplified by the solid phase synthe
ses of the protected sequences (66-80) and (66-79) by Kirby
(1978) and Nix (1979), from which cytochrome с analogues have
been prepared. They were, however, highly contaminated with
cytochrome с fragments (Koul,1979l Wasserman,I980), what dimi
nishes the value of the results concerning their biological
activities. Much better results with this approach have been
obtained by Boon et al (1978| 1979a,bj 1981). These authors
synthesized partially protected sequences (66-79) that were
subsequently recombined with the isolated, Msc-protected se
quence (81-104) to form the desired fragments (66-104). After
deprotection they could be converted into pure cytochrome с
analogues by recombination with the native (1-65)-lactone.
The total synthesis of fragment (66-104) has also been
attempted in order to get analogues bearing substitutions in
the section (81-104). Thus, reports have appeared about the
solution phase synthesis of partially protected peptides
(66-76), (77-87) and (88-104) (Borin,1976j 1977a,b), but none
on their assemblage. The preparation of the unmodified fragment
(66-104) by a Merrifield solid phase procedure and its recom
bination with isolated (1-65)-lactone has also been published
(Barstow,I977)1 but no data have appeared concerning the in
tended syntheses of analogues. More recently, the synthesis
of the cytochrome c-(66-104) segment on a polyamide support
has been reported by Atherton et al (i980), but these authors
did not comment on any recombination experiments with the
fragment

(I-65).

It can be concluded from this synopsis of the literature,
that the syntheses of the fragment (81-104) and analogues, des
cribed in this chapter, may become of interest to gain informa
tion about the role of specific residues in the C-terminal part
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of the cytochrome с molecule·
In thle chapter the eyntheeia of the (81-104)Mec5 sequence
la described. In addition, the synthesis of two analogues is
described bearing leucine Instead of either phenylalanine-82
or tyrosine-97. The functional role of these residues has
been discussed in chapter 1, and will be elaborated in chapter

5.
3.2 Strategy, coupling methods and protective groups.
The principal reaction in the synthesis of peptides ia the
acylation of the amino group of one amino acid by the carbozyl
group of another amino acid with formation of an amide bond.
Since all coupling procedures involve the activation of the
relevant carboxylic acid, selective coupling requires the pro
tection of all amino groups present except the one to be acylated. Protection of carboxylic acid residues, not involved in
the acylation, is not always necessary, because the incorpora
tion of a latent activation of the relevant carboxyl group du
ring the synthesis is possible. This procedure is known as the
backing off method (see below).
The presence of functional groups in the side chain of a
number of amino acids necessitates the use of two sets of se
lectively cleavable protective groups for Ot— and U-functionalities, respectively. While the protection of the α-amino group
is temporary, because it has to be removed prior to the next
coupling step, the blocking of side chain functions is semiper
manent. This requires a good chemical stability of the protec
tive groups for the latter purpose. A combination of protective
groups that is ideal with respect to chemical selectivity is
formed by the benzyloxycarbonyl (Z-) group, introduced by
Zervas in 1932, and the tert-butyloxycarbonyl (Boc-) group,
developed by Carpino (1957)· The former is removed by catalytic
hydrogenolysis or strong acids, the latter by relatively mild
acidic conditions that leave the Z-group intact. The introduc
tion of the base-labile, but acid- Stable methyleulfonylethyloxycarbonyl (Nsc-) group by Tesser (1975) provides another
1*5

option: protection of Bide chain amino functions with Macgroups and a choice of either benzyl- or tert-butyltype protective groups for the other functionalities. In addition to
the above mentioned groups, there is a wide choice of other
groups

if cui enhanced stability or lability is required at

some stage of the synthesis (Wflnech, 1 9 7 ^ ) .
The number of coupling methods is very large, but only a
limited number is generally used (for reviews, seel Wünsch,
1974a| Katsoyannis,1977). The methods commonly used for syntheses in homogeneous solution involve the activation of the
carboxylic acid by conversion into a mixed anhydride, the activation of the acid by the addition of dicyclohexylcarbodiimide (mostly in the presence of additives like N-hydroxysuccinimide or N-hydroxybenzotriazole to suppress side reactions),
and the preparation of azides by nitrosation of hydrazides.
A review discussing techniques of solid phase peptide synthesis has been written by Erickson and Merrifield (1976). A
compilation of excellent reviews on major methods of peptide
synthesis is provided by Gross and Meienhofer (1979,1980,19818,
1981b) in The Peptides: Analysis, Synthesis, Biology.
Two general schemes for the synthesis of peptides can be
distinguished: a stepwise procedure and syntheeis by fragment
condensations. The former method involves stepwise elongation
of the peptide chain by sequential acylation and deprotection.
This method is mainly used for the synthesis of small peptides,
and employs fully protected amino acid derivatives to minimize
side reactions. The use of urethanetype protective groups reduces the risk of racemization to a negligible level. When larger peptides are prepared by this method, purification can become a serious problem due to the similarity in physical properties of starting material and product. In addition, the decreased solubility of protected peptides limits the choice of
purification methods.
Synthesis by fragment condensation is the method of choice
for the preparation of large peptides. The possibility of racemization is now a factor that needs consideration. Therefore,
a careful selection of coupling sites and methods has to be
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made. Vhen possible, glycine and proline are selected as
C-terminal residues in the fragments, because they cannot
racemize. Couplings can be achieved by carbodiimide in the
presence of either N-hydroxysucciniraide (VOnech,19661 Veygand,1966) or N-hydroxybenEotrlasole (KBnig and Geiger,1970,
1972), what prevents possible racemization; the latter additi
ve also increases the reaction rate in polar solvents.
The azide coupling is another widely used method, because
it normally proceeds without racemization. Racemiζed products
have been detected, however, when excess base is present in
the reaction mixture. The degree of racemization was shown to
depend on the type of base and on the solvent used, weak bases
and polar solvents causing less racemization (Benoiton,1982|
for a review, see Heienhofer,1979)·
Apart from the low risk of racemization, the azide method
is often selected for fragment condensations, because the pre
ceding hydrazidea can be incorporated in suitably protected
form in the C-terminal amino acid at the start of the synthe
sis. The conversion of esters of fragments into the corres
ponding hydrazides that can give rise to chain cleavage
(Honegger,1981) or removal of Msc-functions, can then be avoi
ded. In addition, protection of side chain carboxylic acids
during azide formation or coupling is usually not a prerequi
site in such a procedure.
In conclusion It can be said, that a combination of step
wise syntheses and fragment condensations,employing Msc-groups
on side chain amino functions and benzyl- and tert-butyl-type
protective groups for other functionalities, including hydra
zides, provides a high chemical selectivity during syntheses.
If required, this set of groups can be augmented by methyl or
ethyl esters, which are converted into hydrazides and azides
at preselected stages.
3.3 Strategy for the synthesis of the partially protected
fragment (Sl-lC») and its Leu - and Leu 9 7 - analogues.
Our strategy for the synthesis of the cytochrome c-(81-104)
sequence from composing fragments la depicted in scheme 1
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(for explanation of the compound numbers, see table 3·ΐ)· It
is governed mainly by the choice of the Mec-group for side
chain protection and the azide coupling method for fragment
condenaatione. The hydrazides are sometimea incorporated in
protected form at the onaet of the syntheaie of a fragment| in
these cases the Z-group is used for Ы-ашіпо protection. In most
cases, however, the fragments are prepared as esters, which are
converted into hydrazides in a final step) this allows the use
of the Вос-group for K-amino protection.
Scheme
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TABLE 3.1*.
19t

Boc-Ile-Phe-Ala-aiy-Ile-Lye(Mec)-Lye(Mec)Lye(Mec)-N2H3 (61-88)

¿JaiXsPh«
28aiX»Leu

Z-Ile-X-Ala-01y-Ile-Lye(Msc)-Lye(Mec)-N2H3.
TTA (61-87 )

42ajY=Tyr
43aiY.Leu

Z-Leu-Ile-Ala-Y-Leu-Lye(Mec)-Lye(Mec)-N2H .
TFA (9^-100)

46at

H-Ala-Thr-Aen-Glu(0Bnt)-0But (101-104)

k7 іТшТуг
¿8 lYmLeu

Z-Leu-Ile-Ala-Y-Leu-Ly8(MBc)-Lya(MBc)-Ala-ThrAan-Olu(0But)-0But (9^-104)

49 tYsTyr
Д0 tY-Leu

Boc-Aep(OBut)-Leu-Ile-Ala-Y-Leu-Lye(Mec)LyB(Meo)-Ala-Thr-Aen-01u-0H (93-104)

49a:Y-Trr
¿OaiY-Leu

H-Aep-Leu-Ile-Ala-Y-Leu-Lye(Mec)-Lye(Mec)-AlaThr-Aan-Glu-OH (93-104)

gl lY.Tyr
¿2 tY-Leu

H-Thr-Olu-Are-Glu-Aap-Leu-Ile-Ala-Y-Leu-Lya(Mac)Lye(Hec)-Ala-Thi-Afln-Glu-OH (89-104)

53 tY-Tyr
5k :Y»Leu

Boc-Lre(Mac)-Thr-eiii-Are-01u-Aap-Leu-Ile-AlaY-Leu-Lya(Mac)-Lya(Mac)-Ala-Thr-ABn-Glu-OH
(88-104)

53aiY-Туг
¿4a:Y-Leu

H-Lye(Mec)-Thr-Glu-Arg-Glu-Aep-Leu-Ile-Ala-Y-LeuLya(Mae)-Lya(MBo)-Ala-Thr-ABn-Glu-OH (88-104)

¿¿ iX-Phe, Y-Туг Н-І1а-Х-А1а-в1у-І1«-Ьуа(Мас)-Ьув(Мвс)-1ув(Мвс)¿6 tXaLeu, YaTyr Thr-eiu-Arg-Gln-ABp-Leu-Ile-Ala-Y-Leu-Lya(Mec)¿^ іХшРЬе, Y-Leu LyB(Mec)-Ala-Thr-Aan-Glu-OH (81-104)

ai The ••quencas involved are given in parentheaea.
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Azide coupling of peptides h2a. or 43a with 46a provided
the products ¡¡J_ and ¿ 8 . The tert-butyl estere and the Z-group
in ¿J and 48 were removed simultaneously by catalytic hydrogenolysis in trifluoroacetic acid. The sspartic acid residue at
position 93 was then coupled separately. Early introduction into a small fragment

which has to be subjected afterwards to

an azide coupling (e,g. in a fragment (89-93))» or in some fragment required to obtain the sequence (93-100), would introduce
the risk of aminosuccinyl formation during a necessary hydrazinolysis step, even in the presence of the generally base
stable tert-butyl ester function in the side chain of aspartic
acid (Wünsch,1974b| Weinstein, 1976). Peptides ¡±2 and ¿0 were
partially deblocked by acidolysis and the resulting free amines
49a and 50a were acylated by the azide of 22. ( а с 1 і е ш в 0

to pro

vide partially protected l6-peptides, which yielded ¿1_ and ¿2
after acid treatment and purification.
Next, the coupling with the azide of the N-terminal octapeptide Jj) (route A) was envisaged to prepare the desired, selectively protected fragment (81-104). As Indicated in scheme 1,
this attempt was unsuccessful. Therefore, the alternative route
В was followed, which involved the acylation of ¿1_ and ¿2 with
the lysyl residue at position 88 to provide the partially protected 17-peptides ¿ 2

an

^ ¿it· Acidolytic cleavage of the N-

terminal Boc-group and coupling with the azidee 27a or 28a resulted in the 24-reeidue peptides (81-104) bearing side chain
Msc-groups and an N-terminal Z-group. Removal of the Z-group
by treatment with TFA in the presence of thioanisole and methanesulfonic acid provided the desired

native Msc-protected

(81-104)-fragment and two analogues ¿ ¿ , ¿6 and ¿2, respectively.

3.4 Synthesis of the fragments.
3.4.1 Boc-Ile-Phe-Ala-Gly-Ile-Lye(Mec)-Lys(Mec)-Lys(Mec)-N

Η ,

19 (schemes 2 and 3 ) .
The syntheses of the fully protected (81-88)-octapeptide
82
Leu
-derivative IJ. were started with

16 and the analogous
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the preparation of the dipeptide derivatives ± and 2 from
Boc-Ile-OH and H-Phe-OMe-HCl or H-Leu-ОИе-НСІ by condensation
with the aid of DCC and HOBt (KOnig and Geiger,1970, scheme 2),
Scheme

2.

Boc-Ile-OH + H-X-OMe-HCl

I
I

Boc-Ala-OH + H-Cly-OBzl · TosOH

X=Phe
X=Lw

I
|

DCC/HOBt

DCC/HOBt

Boc-Ile-X-OMe
1 X=Phe
^Ht-HjO , 2 X=Leu
Boc-Ile-X-N2H3 —
3 X = Phe
U X = Leu

Boc-Ala-Oly-OBzl
I
5
I HCl/EtOAc
H

H-Ala-Dly-OBzlHCl

I

5a

Ν H Hfl
Boc-Ile-X-Ala-Gly-OBzl •1±-^—
Boc-Ile-X -Ala -01у-Н2Нз
6 X=Phe
7 X=Leu

β X=Phe
9 X-Leu

OCC/HOBt

Вое- I l e - OH + Η -X -Ala -Gly -OBzl · HCl
ι
X=Phe

J HCl/EtOAc
Boc-X-Ala-Gly-OBzl
10 X=Phe
11 X = Leu
Boc-X-OR
+
X=Phe,R = NSu

H-Ala-Gly-OBzl-HCl
Sa

X^Leu.R^H.DCC/HOBt

The producta ± and £ vere treated with hydrazine hydrate in
methanol to give the analytically pure hydrazides ¿ and k.
The protected dipeptide ¿ vas prepared by the method of
König and Geiger (1970) from Boc-Ala-OH and H-Gly-OBzl.TosOH
as described by Vilkerson (1979) in 8 5$ yield.
Condensation of ¿ with ¿a by the in altu procedure of
Honzl and Rudinger (I96I) resulted in the isolation of pure J.·
A similar condensation of ¿ and ¿a for the preparation of 6,
bearing the phenylalanine residue, gave a TLC-homogeous, but
analytically impure product.
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Subsequent conversion of б and £ into the corresponding hydrazidee by treatment vith hydrazine hydrate in methanol resulted again in analytically pure ¿, while 8 appeared to be
homogeneous on TLC, but did not give a correct elemental analysis. In viev of these results it vas decided to prepare 8 via
a different route, employing a stepwise synthesis. To this end
the fully protected tripeptide J_0 was prepared by acylation of
5a with Boc-Phe-ONSu. Deprotection of _!£ with HCl in ethyl acetate and subsequent condensation with Boc-Ile-OH using DCC/
HOBt provided the tetrapeptide derivative £ as an analytically
pure solid, which could be converted into the likewise pure
hydrazide

8.

The apparent contamination of 8,

obtained from fragment

condensation, was further indicated by the isolation of an impure octapeptide _1_6 after azide coupling with the tetrapeptide
15a (see scheme 3 ) . The stepwise prepared hydrazide 8,

however,

yielded _^6 in pure form.
The hydrazides 8 from both routes were therefore compared
by NMR and amino acid analysis. The NMR spectrum and amino
acid analysis of the stepwise prepared hydrazide 8 were in accordance with the expected composition. The NMR-spectrum of hydrazide 8 prepared by fragment condensation revealed a too low
integration for the combined phenylalanyl and glycyl OÉ-protons
(2.3 instead

ρf Э)· The phenylalanine content, determined by

amino acid analysis, was 0.61 instead of 1, whereas the other
residues were fully present. In addition, HPLC-analysis of both
preceding benzyl esters 6 revealed a contaminant in the product
obtained by fragment condensation (Fig.l).
The results indicated the occurrence of a side reaction du
ring the azide coupling of Д with ¿a, which causes the loss of
'•Ο-βΟΐ of the phenylalanine content. The most frequently occur
ring side reaction during azide coulings is the Curtius rear
rangement. This leads to the formation of an isocyanate, which
in turn can react with the amino component to yield a urea deri
vative (Klausner,1971«t Schnabel,1962,1963(

see fig.2).The rate

of this side reaction is suppressed by working at temperatures
β

о

of -5 С to -20 С (Inouye,1977). The conditions for limitation
of side reactions during azide couplings are usually met by the
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generally employed Honzl and Rudinger procedure (I96I)·
Flg.1 HPLC-comparison of tetra-

A 220 nm -

peptlde £ |
a: prepared by fragment condensation,
bt prepared by stepwise synthesis.
Column: 30x0.4 cm Lichrosorb
RP-I81 eluent MeOH-H 2 0 (9il)l
flow rate 1 ml/шіп. Arrow Indi
cates contaminant.

J
4

«

Γ ο

ι.

в

time (minutes)

Nevertheless, data provided by NMR, HPLC and amino acid ana
lysis indicate that in our case a Curtius rearrangement did
take place to some extent· Apparently, the resulting urea deri
vative possesses almost indentical physical properties to those
of the product

6.

The synthesis of the partially protected

(85-68)-tetrapep-

tide 15a ( scheme 3) vas started with the preparation of the ben
zyl ester of N -Mec-lysine _1£ as the hydrochloride salt via the
N-carboxy anhydride (Hirschmann,196?). Acylation of _!£ w i t h
Boo-Lye(Mec)-ONp (Van Niepen,1974) provided the protected dipeptide 22·
Fig.2.
fl-N-CH-NHNHz
H

NO'

'
^0
R-N-CH-C^-Θ e
1

|

Pi

MR,
Ι ι 1
-i—VR-N-CHT-C-NTR,

Curtius rtirrangement
u up

|

1

1

\
R-N-CD-N=C=0 - 2 -^»R-N-CH-N-C-N-R2
Η
Η
Η II Η
О
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Scheme

3.
Msc
H-Lys-OH

ncociz
'2)HCl/BzlOH
Msc
Msc
. I
. ι
Boc-Lys-ONp + H-Lys-OBzl-HCl

Msc Msc
Boc-Lys-Lys-OBzl

|TFA
Msc

13

Msc Msc

Boc-Lys-0Np+ H-Lys-Lys-OBzl -TFA

Msc Msc Msc
Boc-Lys-Lys-Lys-OBzl

К

iTFA
Msc Msc Msc
Boc-Ile-OH +

H-Lys-Lys-Lys-OBzl-TFA
mued anhydride
Msc Msc Msc

Boc- I l e - Lys -Lys-Lys -OBzl
| TFA

S

Msc Msc Msc
Boc-Ile-X-Ala-Gly-N2H3
e:X=Phe
9X=Leu

+

H-Ile-Lys-Lys-Lys-OBzl-TFA

I

15a
Msc Msc Msc

Boc- I l e - X - Ala- Gly -Ile -Lys -Lys -Lys -BBzl
!6:X = Phe
H2/PdC
17:X = Leu
Msc Msc Msc
Boc-Ile-X-Ala-Gly-Ile-Lys-Lys-Lys-OH
1BX=Phe
DCC/H0Bt,N2Ht-H20
Msc Msc Msc
Boc - I l e - X-Ala- Gly-Ite- Lys- Lys- Lys-NjHs
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19-X=Phe

Acidolytic removal of the Boc-group followed by acylation
with Boc-Lye(Mec)-ONp yielded the protected tripeptide ij*.
Deblocking of _14 with TFA and coupling with the mixed anhydride of Boc-Ile-OH provided pure _1¿ and, upon TFA treatment,
15a.
The aside couplings of (stepwise prepared) β and ¿ with
15a gave the pure octapeptide derivatives _1_6 and J^ i n 73$
and 80% yield, respectively, after chromatography on sephadex
LH-20 in DMF and precipitation with ether. Quantitative liberation of the carboxyl function of _і£ by catalytic hydrogénation in acetic acid, followed by lyophilization, provided 18.
Ibis acid was converted into the hydrazide JJ? in 87$ yield by
activation with DCC/HOBt In the presence of hydrazine hydrate
(Vang,1978). Since it· condensation with JH failed (scheme l ) ,
the same procedure has not been applied to 17«
3.4.2 Z-Ile-X-Ala-01y-Ile-Ly8(Mec)-Lye(Mec)-N2H3.TFA, 27a and
28a (scheme

h).

The title compounds 27a and 28a were derived from the fully
protected (81-87)-heptapeptides 2J_ and 28 by treatment with
Tfk, These heptapeptide derivatives were constituted by fragment condensations of the asides 2¿ and 26 and the partially
protected tripeptide 22a. The resulting products were isolated
from the reaction mixture by precipitation with ether, followed by washings with ethyl acetate, methanol and ether, and
vere obtained as analytically pure solids in approximately 855t
yield.
The intermediate tetrapeptide derivatives 2^ and 24 were
obtained by coupling of Z-Ile-OH with the tripeptide esters.
10a and 1 la. prepared as indicated in scheme 2 (section 3.4.1).
Reaction of the tetrapeptide esters £2 and 24 with hydrazine
hydrate in DMF gave the bydrazides 2¿ and 26 as analytically
pure solids in quantitative yield after concentration of the
reaction mixture and precipitation with ether.
The synthesis of the partially protected tripeptide 22a
was conenced by preparation of the protected lysyl hydrazide
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20 (an oil) by condensation of Z-Lys(Msc)-0H (Tesser,1975)
with tert-butylcarbazate using DCC in the presence of HOBt.
Hydrogenolysis of 20 was followed by coupling of the resulting amine and Z-Lys(Msc)-0H with DCC/HOBt. The pure dipeptide derivative 2^ w a s isolated in BUfi yield after filtration (DCU) of the reaction mixture, evaporation of the solvent and crystallization from isopropyl alcohol. Hydrogenolysis of 21
Scheme 4.

Msc
Z-Lys-NaMoc
20
1 H2/PdC
Msc
Msc
Z-Lys- l + H-Lys-^Boc
| DCC/HOBt
Msc Msc
Z_LyS_LyS_N2H2B0C

Boc-X-Ala-Gly-OBzl
ig.X=Phe
U X=Leu HCl/EtOAc

Hî/PdC
Msc Msc

Z- He- OH + И -X -Ala -Oly -OBzl · HCl
10a:X=Phe
OCC/HOBt
I I a . Х=Leu

Z-Ile -OH + H -Lys -Lys -N 2 H 2 Вое
I
i DCC/HOBt
Msc Msc

Z-Ile-X-Ala-Gly-OBzl
23.X=Phe
24 X=Leu NzHfHzO

Z-Ile-Lys-Lys-NjHjBoc

Z-Ile-X-Ala-Gly-N2H3

H-Ile-Lys-Lys-NzH2Boc

U

1
* H2/PdC
Msc Msc

25X = Phe

22a

26.X=Phe
Msc Msc
Z-Ile-X-Ala-Gly-Ile-Lys-Lys-N2H2Boc

Ώ X=Phe
28 X=Leu

TFA
Msc Msc

Z-Ile-X-Ala-Gly-Ile-lys-Lys-N2H3-TFA
27aX=Phe
ZBaX^Leu
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and coupling of the product with Z-Ile-OH by the method of
K6nig and Geiger (1970) provided the tripeptide derivative 22
in 95^ yield, using a ainilar isolation procedure as described
for ¡M. Removal of the Z-group from 22 by catalytic hydrogenolysis resulted in the free amine 22a, ready for further coupling.
3.4.3 Boc-Thr-Glu(0But)-Arg-Glu(0But)-N2H..HCl, 33 (scheme 5 ) .
The preparation of the partially protected tetrapeptide
hydrazide 22. w a s initiated with the condensation of Boc-Thr-OH
with H-Glu(OBut)-OMe.HCl (Marlborough,1972) by the DCC/HOBt
method. The resulting protected dipeptide 2¿ was isolated as
a chromatographically pure oil in 97$ yield, and was converted
into the solid hydraaide ¿0 in 78$ yield by the action of hydrasine hydrate in methanol!с solution.
Scheme

5.

OBut

OBut

Boc-Thr-OH + H-Clu-OMe-HCl

Z-Arg-OH + H-Glu-OMe · HCl

I DCC/HOBt

I OCC/HOBt

'

î OBut

OBut

Boc-Thr-Olu-OMe
-

Z-Arg-Glu-OMe · HOAc

Ι Ν2Ηι·Η2θ
*

-

I Нг/PdC

OBut

OBut

Boc-Thr-Glu-N 2 H3

h —

H-Arg-Glu-OMe · HOAc

30

31a
OBut

OBut

B o c - T h r - G l u - A r ç - G l u - O M e · HCl
I
|N2HtH20
OBut

32

OBut

B o c - T h r - G l u - A r g - G l u - H 2 H j -HCl
33

The dipeptide derivative ¿1_ was obtained by condensation
of Z-Arg-OH and H-Glu(OBut)-OMe.HCl with DCC/HOBt. The water
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solubility of the resulting product thwarted purification by
a simple extraction procedure. Therefore the product was sub
jected to countercurrent distribution. Removal of the organic
solvents from the product-containing fractions and lyophilization from water provided pure 22.

i n

^ ^ yield. Hydrogeno-

lysis in methanol gave the free amine 31a« which could be acylated by the azide of 30·
The resulting protected tetrapeptide required a cautious
isolation procedure, due to its water solubility. Thus, the
reaction mixture was concentrated in vacuo and the residue
partitioned between ethyl acetate and water. The product was
separated from the aqueous phase by several extractions with
ethyl acetate. The combined organic layers were evaporated to
dryness following two washings with a very small amount of
water. Lyophilization of ал aqueous solution of the residue
after washing with ether, provided the analytically pure pro
duct 22.

i n

8

3 £ yield.

The last step in the preparation of the title compound involved the hydrazinelysis of ¿ 2 . Although reports in the literature suggest that hydrazinolysis of arginine containing peptides may cause deguanidation (Paul,1961) Danko,1971|Honegger,
1981), no difficulties were encountered in our case. Even treatment with five equivalents of hydrazine hydrate for four to six
days instead of the recommended, short reaction time of several
minutes (Strachan, 1969) did not lead to the formation of side
products. The hydrazide 22.

wae

isolated as an analytically

pure solid in 97$ yield.

J.U.k

Z-Leu-Ile-Ala-Y-Leu-Lye(Msc)-Lys(Mec)-N 2 H
43a (scheme 6 ) .

.TPA, k2a

and

The strategy for the synthesis of the cytochrome c-(9^-100)
heptapeptide derivatives 42a and 43a was developed in such a way
that it allow· the incorporation of either a tyrosyl or a leucyl
residue at position 97 in one of the last steps. This was achieved by preparation of two tripeptide derivatives 4la and
36 and coupling of the Y-97 residue to the latter.
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Scheme

6.
Z-Ile-ONp + H-Ala-OMe

Z-Ile-Ala-OMe
_

H2/PdC

2-Leu-ONp + H-Ile-Ala-OMe
Msc Hsc
Z-Lys-Lys-H2H2Boc

Z-Leu-Пе-АІа-ОМе
35
Η2Η4·Η2θ

?1

Msc Msc
Z-lw-OHp + H-Lys-Lys-NjH^oc

Z-Leu-lie-Ala-MJHJ + H-Y-OMe
36
I
Y=Tyr(eut)
1
Y=Leu

I

Msc Msc
Z- Leu- Lys- Lys -M2H z Вое
43
I
.

Z- Leu - H e - Ala -Y -OMe
17:Y=Tyr[But)|

a:T.U.

IJ^™

UH 4 .H 2 0

Z-Leu-Ile-Ala-Y-M 2 H3
И Y=Tyr|But)
¿0:Y=Leu

I H2/PdC

+
|

H-Leu-LÌfs-Lys-N2H2Boc
Ma
Msc Msc

Z- Leu- H e - Ala- Y - Leu -Lys -Lys -M 2 H2 Вое
y:Y = Tyr|But)
|TFA
a

:

U

l

m

'

Msc Msc

Z-Leu-Ile-Ala-Y-liu-Lys-Lys-N 2 H3-TFA
42a:Y=Tyr
aa:Y=Leu

Subsequent fragment condensation of the suitably protected tri
and tetrapeptides yielded the desired products kz and kj.
The synthesis was commenced vith the preparation of the
fully protected dlpeptlde ¿j» by coupling of Z-Ile-ONp and
U-Ala-OMe (Hillmann,1946). In analytically pure product was
obtained by crystallization from ethyl acetate-diisopropyl ether. Hydrogenolytic removal of the Z-group from ¿4, folloved
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by acylation of the resulting free amine with Z-Leu-ONp gave
the fully protected tripeptide 35»
The hydrazinolysis of Д5 proved to be a cumbersome process:
о
heating to 40 С for 50 hours in methanol in the presence of
three equivalents of hydrazine hydrate appeared to be necessary.
The hydrazide ¿6 was obtained in 58$ yield after crystallization
from isopropyl alcohol. Acylation of both H-Tyr(But)-0Me and
H-Leu-OMe by the azide of 2§, resulted in the fully protected
tetrapeptides 21

and

Да· Crude products were obtained by pou

ring the reaction mixture into water and washings of the pre
cipitate with acid, base and water. Recrystallization from iso
propyl alcohol-water provided the analytically pure derivatives
37 and ¿8 in 75% and 78$ yield, respectively. Both protected tetrapeptide methyl esters were then converted into the corresponding hydrazides by the action of hydrazine hydrate in methanol.
The precipitated products 22.

and

—

г е

isolated by filtration

and recrystallized for final purification.
The tripeptide derivative 4_1_ was prepared by coupling of
Z-Leu-ONp with H-Lys(Msc)-Lys(Msc)-N H Boe (cf.scheme 1», secti
on 3.Ί.2). The pure product was obtained in 87$ yield after fil
tration of the reaction mixture (DCU) and concentration of the
filtrate, followed by crystallization from acetonitrile.
Reductive removal of the Z-group from 4_^ provided the free
amine fría, which was acylated with the azides prepared from both
39 and ¡tO by the Honzl-Budinger method. After four days at 4 C,
during which precipitation of the products commenced, the reaction mixtures were evaporated to dryness. Trituration of the residues with ethyl acetate, followed by filtration and washings
with acid, base and water provided the analytically pure
tected (9fr-100)-heptapeptides 42 and k¿.

pro-

Treatment of these com-

pounds with TFA and evaporation of the acid provided the hydrazides 42a and 43a as TFA salts.

3.4.5 H-Ala-Thr-Asn-01u(OBut)-OBut,frfia

(scheme 7 ) .

The synthesis of the partially protected

(101-104)-tetra-

peptide 46a was started with the coupling of Z-Asn-OH
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and

Η-Glu(OBut)-OBut using DCC. The reaction vae carried out in
the presence of HOBt in order to avoid both racemization and
dehydration of the side chain amide of the aspartyl residue
( cf. Κβηΐβ,I97O).
OBut
I

Scheme 7·

Z-Asn-OH + H-Glu-OBut

I
OBut
Z-Asn-Glu-OBut
+ Hz/PdC
OBut
Z-Thr-OH + H-Asn-Glu-OBut
OCC/HOBt
fBut
Z-Thr-Asn-Glu-OBut
H2/PdC ^
OBut
Z-Ala-OHSu + H-Thr-Asn-Glu-OBut
OBut
1

Z-Ala-Thr-Asn-Glu-OBut

ІНг/мс fâ
1
OBut
H-Ala-Thr-Asn-Glu-OBut
іба

This afforded the analytically pure dipeptide derivative 44
in a higher yield (76%) than vhen Z-Asn-ONp is used (62£,Borin,
1977b).
The protected tripeptlde 4¿ vas prepared by the DCC/HOBt
method from Z-Thr-OH and the free amine obtained after reductive removal of the Z-group from 44. Crystallization from isopropyl alcohol-diisopropyl ether afforded the analytically pure
product 4¿ in 95% yield.
Hydrogenolytio removal of the Z-group from 4¿ resulted in
the free amine, obtained as an oil. Acylation of this compound
vith Z-Ala-OH vas first attempted using a DCC/HOBt coupling
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procedure in DMF. The crude product, obtained by filtration
(оси) and concentration of the filtrate, was insoluble in
ethyl acetate. This hampered the complete removal of DCU and
HOBt, and the yield amounted to only 69^. Therefore it was
decided to use the N-hydroxysuccinimide ester of Z-Ala-OH for
the coupling.
Concentration of the reaction mixture and crystallization
from ethyl acetate afforded analytically pure ¿6, now in 91$
yield.
For further coupling the Z-group of 46 was removed by hydrogénation with palladium on charcoal in methanol to give the
free amine 46a as an oil.
3.4.6 Condensation of the fragments (scheme l ) .
The assemblage of the N -protected fragments (81-104) proceeded mostly via azide couplings of the partial sequences.
The purity of the compounds was determined in each case by amino acid analysis and,if possible, by TLC.
The first step involved the azide coupling of 42a and 43a.
respectively, with the (101-104)-eequence 46a. During the reactions, which were carried out in DMF, the product precipitated
partially. The precipitation was completed by the addition of
water. Successive washings with water, methanol and ether provided the chromatographically pure (94-104)-11-peptidee kj. and
48. In the case of the native sequence, 4^, bearing tyrosine in
position 97, the yield amounted to 67$| the analogue with leucine in position 97 was more soluble in methanol and the yield
was only 49$ in this case.
Hydrogenolysis of the Z-group from ¿ 2 and 48 could not be
performed in DMF or acetic acid due to insolubility of the peptides in these solvents; it was carried out in TFA. This resulted in simultaneous removal of tert-butyl esters from the glutamic acid-104 residue

as expected.

The next reaction, acylation of the partially protected
(94-104)-peptidee with Boc-Asp(0But)-0NSu (5 equivalents) went
very sluggishly unless HOBt (5 equivalents) was added. This
62

catalytic effect of N-hydroxybenzotriazole on the aminolysis
of an active ester in a polar solvent has been reported earlier and is attributed to the intermediate formation of
1-benzotriazole esters, which appear to catalyze reactions
of the current active esters (K8nig,1972 and 1973). An additional effect in this particular case may be, that the intermediate 1-benzotriazole ester is less polar than the N-hydroxysuccinimide ester and thus more easily gains access to the
apolar environment of the amino function of residue 94.
The crude products vere isolated by precipitation from the
reaction mixture with ether and washing with ethyl acetate.
Recrystallization from acetic acid-water afforded the chroraatographically pure, partially protected (93-10^)-12-peptidee k¿
and JSO in βθ£ yield.
Acidolysis of the tert-butyl type protective groups was
followed by acylation of the resulting partially protected
sequences 49a and 50a with the azide of 22. i 1 · 2 ? equivalents).
Crude products were isolated by the addition of ether to the
reaction mixture and washings with ethyl acetate and water.
Removal of the acid labile functions by neat TFA and chromato
graphy on a sephadex LH-20 column in DMT afforded the (89-104)l6-peptides ¿_)_ and ¿2 in quantitative yields on a 400 mg scale.
Azide coupling of the (89-104)-l6-peptides ¿1. and ¿2 with
the (8l-88)-octapeptide J¿ was planned as the final step in
the preparation of the desired (81-104)-sequence (route A ) .
The product of the reaction was isolated by gel filtration on
a sephadex G-50 column in 50$ aqueous formic acid (fig.3)| its
composition, determined by amino aoid analysis, fitted well into that of the sequence (81-104). However, chromatography of a
mixture of the product after liberation of the oí-amino group
and ¿¿ obtained via CNBr degradation of Msc-cytochrome с on
sephadex G-50 in 50$ aqueous formic acid showed a clear diffe
rence between the two components of the mixture (fig.4). PDNB
treatment of the product of the azide coupling, followed by
amino acid analysis (see table 3.2), showed the presence of
N-terminal threonine, pointing to the occurrence of unreacted
51. Apparently, the azide of 22 l l a d n o t reacted, whereas 22
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rig.3 Chromatography of
the reaction mixture from
coupling of 19 and ¿ ^

on

sephadex G-50 ( 1.2x125ciii)
in 50$ aqueous formic
acid) flow rate 10 ral/hr.

50

100

ISO
Hution volurTw(ml)

Fig·'* Chromatography of a mixture
of the first peak from figure 3
(2) and (8l-104)Msc

(l) from

natural origin on sephadex G-50
(l.2x125cm) in 50$ aqueous formic
acid; flow rate 10 ml/hr.

50

100
150
Flutton volume (ml)

and 51 were accidentally eluted at the same position during
gel filtration.
An attempt to achieve a coupling between ¿ 2

and

the

N

~

hydroxysuccinimide ester of the octapeptide _18, prepared by
pre-activation of the free acid with DCC and HONSu (Rees,1976)
also failed. Reports in the literature indicate, that such problems with a particular coupling can sometimes be overcome by
transfer of an amino acid residue from one fragment to the
other (Moroder,1973l Boon,1978,1979)· This approach is outlined in scheme 1 as route B.
The acylation of the (89-104)-l6-peptides ¿ 2 and ¿2 by the
p-nitrophenyl ester of Boc-Lys(Msc)-OH (5 equivalents) in the
presence of HOBt (Sequivalentsjcf König,1972) proceeded rather
slowly and required the addition of another 2.5 equivalents of
the active ester and HOBt to attain completion.
6!i

Th· (88-10O-17-peptide derivatives ¿2 BiJid Üt ν θ Γ β isolated
by precipitation from the reaction mixture with ether and
washings with ethyl acetate and isopropyl alcohol in 86-96$
yield. The formation of the products ¿2 B n d ¿it v a e confirmed
by amino acid analysis both before and after dinitrophenylation.
The synthesis of the desired, amino protected fragments
(81-104) were completed by coupling of the (88-104)-sequences with the partially protected (81-87)-heptapeptide azides.
In the first approach we employed an N-terminal Boc-group
and a Z-group for hydrazide protection on the (8I-87)-heptapeptides. This led not only to cumbersome purification procedures for the intermediates, but also rendered a clean removal of the Z-group virtually impossible· The isomeric derivatives in which the protective groups were switched, were obtained, however, in high yields, and could well be purified. Therefor« they were used for completion of the syntheses.
Coupling of the partially protected (81-87)-heptapeptide
hydrazides 27a and 28a with the (88-104)-17-peptidee 53a and
54a gave, after precipitation with ether and washing with ethylacetate, the desired Z-(8l-104)Msc_ peptide derivatives in
crude form.
Hydrogenolytic removal of the Z-group is usually not very
successful when applied to larger peptides. Therefore, such deprotections are usually performed by acidolytic solvolysis. For
this purpose HBr in acetic acid is commonly used (Ben-Ishai,
1952,1954)· The mechanism involves protonation of the carbonyl
oxygen followed by fission of the benzyl-oxygen bond (Homer,
196ЭІ 01ah,1970).
Another acidolytic cleavage method is based on results of
Brady (I977)i vho noticed a catalytic effect of dimethylsulfide on the removal of a Z-group with TFA. Later on, Kiso et al
(Ι97β,1980a) examined the cation oapture properties of sulfur
compounds and concluded, that the Z-group could be completely
cleaved from small peptides in 3 hours at room temperature with
TFA in the presence of thioanisole. The mechanism involves again
protonation of the carbonyl oxygen, now followed by nucleophilic
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attack of the sulfur atom on the electron deficient benzylic
carbon atom (fig.5J Kiso,1980b).
Fig.5.
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+

H
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-СНз
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C-N-R
H

I

C02 + H2N-R
This method has been employed successfully for the synthesis
of porcine vasoactive intestinal peptide (Такеуаша,198О) and
of a wasp venom, mastoperan (Yajima,1980). Recently it was
shown, that the addition of a strong acid like methane sulfo
nic acid (Van Niepen,198l) or trifluoromethane sulfonic acid
(Yasumura,1982| Funakoski, I982 a-c) has a beneficial effect on
the reaction rate.
Treatment of the crude 2-(81-104)Мвс, sequences with a mix
ture of trifluoroacetic acid-methane sulfonic acid-thioanisole
(10:111) for 16 hours resulted in complete removal of the carbobenzoxy group, as appeared from amino acid analyses following
dinitrophenylation of the purified Msc-protected sequences 55»
56 and ¿2. (table 3·2). The purifications were performed by gel
filtration on sephadex G-50 or biogel P-6 in 50$ aqueous formic
acid (figures 6,7 and 8 ) . The product (peak 2) was preceded by
a varying, but always considerable amount of products with higher

molecular weights (peak l ) . The weight of these byproducts

was usually close to that of the desired product

and explains

the low yields of the final step (usually 20-35$ after rechromatography on the same column).
The high molecular weight contaminants in the preparation
of ¿£ have been subjected to amino acid analysis (see table 3.2),
The results point to a composition corresponding to two 17-peptides and one 7~peptide. The formation of such a product may be
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caused by anhydride formation between the azide of the heptapeptide derivative 28a and 53a followed by attack of a
second molecule of 53a.
Reaction at the heptapeptlde-eide of the anhydride will then
lead to the desired product, but attack at the 17-peptide-side
leads to the byproduct.

002

800
dui ion volune (ma)

Tig.6 Isolation of ( S I - I O O M B C . (compound ¿¿) from a reaction
with 9*2 nmoles 17-peptide by chromatography on sephadex G-50
(2.вх1Э0ст) in SOIE aqueous formic acidi flow rate 23.5 ml/hr.
82
Fig.7 Isolation of Leu (8t-104)Mse_ (compound ¿6)
from a reaction with 4.6
йтоіев 17-peptide by chromato
graphy on biogel P-6 (1.5x115
cm) in 50% aqueous formic acidi
flow rate 15.3 ml/hr.
1l byproduct
2i 81-104
3« 88-104

kt 81-87
5« salts

м э

ISO
tlulion votum«(ml>
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200

«00

elution votum? (ml)

Fig.8 a: Isolation of Leu*' -(81-1θ4)Μβο1.(compound jjj) from a
reaction with 9.2

moles 17-peptide by chromatogra

phy on biogel P-6 (2.5x135cm) in 50$ aqueous formic
acid| flow rate 29.2 ml/hr.
bt Rechromatography of the product (peak 2) under the
conditions described vith a.
The side reaction may be ascribed to the difficult accessibili
ty of the M-amino group of the (88-104)-peptides, which however,
appears to have improved, as compared to the corresponding
(89-104)-peptides| the latter do not react at all with (81-88)peptide azides (see above). The same cause may be responsible
for the capriciousneas of the reactions. Among circa 40 experi
ments the coupling failed several times completely, but once a
685t yield was obtained (in the synthesis of 5 6 ) .
The correct composition of the products ¿¿,56 and 57 was
controlled by amino acid analysis (table 3.2). In the case of
the native sequence 55 the product was compared on HPLC with
the ваше sequence obtained from CNBr-degradation of Msc-cytochrome c, each after deprotection

(fig.9).

The resemblance of the synthetic (8l-104)-peptide ¿ ¿ to the
analogous natural compound excluded that variations had been
introduced during the synthesis. Consequently, the analogues
56, bearing leucine instead of phenylalanine in position 82,
and ¿J, bearing leucine instead of tyrosine in position 97,
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vere used without further purification in the synthesis of
the cytochrome c-(66-104) sequences described in chapter k.
Fig.91 HPLC-comparieon of syn
thetic (a) and natural (b)
peptides (81-104).
Column! 30x0.4 cm Lichrosorb
DIOL| eluent 0.2M phosphate
buffer pH 2.1| flov rate
0.5 ml/min.

i

e

(ime (mi nut «s)

H-Ile-I-Ala-Gly-Ile-Lye(M8c)-Ly«(MBc)-Lye(Mec)-Thr-Glu-Arg81
90
Glu-Asp-Leu-Ilβ-Ala-Y-Leu-Lyв(Msc)-Lys(Ms с)-Ala-Thr-Asn100
Olu-OH
104
55« X- Phe, Тш Туг
56t Хш Leu, Y« Туг
¿Jl Хш Phe, Y> Leu
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Table 3.2
product from

Residue

22 * SI

Amino acid analysis (ei-104)Mec_-eequences .

(81- 104)Mec_

2.00

Leu 97 -(81-10'«)Msc

SÉ.

SI

SI
b

Asp

Leu 2 - ( 8 Ι - Ι Ο ^ ) M S C

b

1.86

2.12

2.18

byproduct from

Sé.
b

b
2.12

2.22

2.11
2.I5
2.98

Thr

1.83

1.23

2.05

1.95

1.97

2.03

Glu

2.76

2.6I

3.07

2.98

3.02

3.01

Gly

1.24

1.37

O.92

1.10

I.I6

l.llt

Ala

З.05

З.С*

3.08

2.94

2.99

Э.01

Ile

3.O6

2.27

2.76

1.93

2.69

1.85

Leu

2.О9

2.32

2.17

2.18

2.84

3.12

Туг

0.92

—

0.97

—

0.79

с

2.Ο7

4.43

4.41

4

1.95

4.33

3.93

4

6.05
1.08

6.35

6

0.91
2.94

2.95
1.04

I.27

1

3.08
1.98

5.47
З.22

5

2.71
3.32

5.17
3.78

4

3.28

5.00

5.22

5

I.70

—

2

Ο.62

0.73

Phe
Lys

1.10
5.О9

I.I5
5.22

О.87
5.О9

0.79
4.87

5.09

4.71

5.I7

4.93

7.33

7.48

8

Arg

О.87

0.83

O.9O

I.09

1.02

I.06

1.06

0.96

2.09

2.16

2

a) theoretical values correspond to the nearest integeri no corrections were made for loss on
hydrolysis
b) after dinitrophenylation
c) expected values for a byproduct, supposed to be composed of 2 χ P.. + 1 χ Ρ , before dini
trophenylation.

3.5 Experimental.
Thin layer chromatography (TLC) waa performed on ailieagel-бО F254 platea (Merck). The following aolvent ayatema
were used to develop the platea 1
A. chloroform-methanol-acetic acid (95i20i3).
B. butanol-acetic acid-water (4: 111).
C. chloroform-aceton (iti).
D. chloroform-methanol (4:1).
E. butanol-pyridine-acetic acid-water (4i1i1i2).
F. chloroform-methanol (9>1).
The compounds were detected by fluorescence quenching (aromatic
groupa), the ninhydrin reagent (free amino groupa), the TDM
reagent (detection of NH-groupB| Von Агх,197б) or the Barton
reagent (detection of hydrazidea and tyrosine containing com
pounds).
Specific rotations were measured with a Perkin Ilmer 2k^
Polarimeter. Amino acid compositions were determined aa desirlbed in chapter 2.3.11 theoretical •aluee are given in paren
theses. NMR spectra were recorded on a Bruker VH-90 spectro
meter uaing tetramethylailane ae iatemal standard.
Column eluatea were monitored with an LEB Uvicord S instrument.
Sephadex LH-20 gel waa obtained from Pharmacia end Biogel P-6
from BioRad.
Hydrogénations were performed at room temperature and atmospheric pressure with palladium on charcoal(lOjt) aa the
catalyst.
Isolation of the product from a condensation according to
the uaual work-up procedure involved evaporation of the
β

solventa in vacuo at 30-40 C, followed by partitioning of the
residue between ethyl acetate or ether and water. The organic
layer was washed aucceaaively with 2 N KHSOr, water, 5% NaHCO.
or 100 Na 2 C0 3 , water and saturated NaCl and dried (Νβ250κ).
SCHEME 2.
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Boc-Ile-Phe-ОМе (jj·
A solution of Boc-Ile-OH (k.62g,
(^•31

20 minóles), H-Phe-OMe-HCl

β, 20 minóles), N-methylmorpholine (2.2 ml, 20 mmolее)

and HOBt (2.97 gf

22 mmoles) in ethyl acetate (25 ml) was

cooled In an Ice bath and treated with DCС (4.33 β. 21 mmoles).
The reaction mixture was kept at ч С overnight and filtered
to remove the precipitated DCU. The filtrate was processed in
the usual manner. Evaporation of the ethyl acetate provided
a solid that was recrystallized from ether-diisopropyl ether
to yield pure J (6.51* g, Sk^,) f mp 108-1 ll'cj [ и ] ^ 0 " - 30.9°
( c=0.9, ИеОН)| TLC: R f = 0.84 ( A ) J analysis)

C

2iH32N205

(392.48),
calcdt С 64.26$, Η 8.22$, Ν 7·ΐ4£,
foundt С 64.34$, Η 8.24$, Ν 7.00$.
Boc-Ile-Leu-OMe ( 2 ) .
Compound 2 was prepared from Boc-Ile-OH (2.31 β, 10 mmoles)
and H-Leu-OMe.HCl (1.82 g, 10 mmoles) by the method described
for _K Recrystallisation of the crude product from diisopropyl
ether provided 2 (3.16 g, 88$) ι mp 146-147*0}

[<*]^0« - 53.7*

( c=1, MeOH)» TLCi H f » 0.89 ( A ) | analysis: C ^ H , ^ Ο .

(358.47),

caled: С 6θ.30$, Η 9.56$, Ν 7.82$,
found: С 60.23$, Η 9.68$, Ν 7.83$.
Boc-Ile-Phe-N 2 H

(¿J.

Compound 2 (0.79 β. 2.0 mmoles) was dissolved in MeOH (5 ml)
and treated with N.H..Η 0 (0.5 ml, 10 mmoles). After 2 days at
room temperature the reaction mixture was concentrated and the
product precipitated by the addition of ether. Filtration and
washing with ether provided pure ¿ (0.75 βι 95$)t "Ρ 164-166 С
(dec.) ι

[«]ц 0 = - 38.6° ( csO.9, MeOH)| TLC) R f « 0.69

0.46 (F), analysis: C ^ H ^ N ^ . H j j O

(401.50),

calcdi С 59.83$, H 8.29$, N 13.95$,
found: С 59.69$, H 8.27$, Ν 13.88$.
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U h

Boc-Ile-Leu-N H (4).
Compound 2 (О.Эб g, 1 mmole) vas dissolved in MeOH (2 ml)
and treated with NgH^.HgO (0.25 ml, 5 mmolее). After 2 days
at room temperature the reaction mixture vas concentrated and
the product precipitated vith water. Filtration provided a crude
product that vas recrystallized from ether-petroleum ether to
yield k (0.32 g, 89*)l mp ІЗв-І^^Сі [oc]^0- - 59.5° (c-0.95,
MeOH) | TLC: H f - 0.72 (A)» analysis: С ^ ^ О ^ (Э5в.'»7),
caled: С 56.96$, Η 9·56^, Ν 15.63*.
found: с 56.8Ί£, Η 9.55*. Ν 15.37*.
Boc-Ala-Gly-OBzl (¿).
A solution of Boc-Ala-OH (3*78 β» 20 mmoles), H-Gly-OBzl.
TosOH (6.7k g, 20 mmoles), N-methylmorpholine (2.2 ml, 20
mmoles) and HOBt (3-37 g, 22 moles) in ethyl acetate (25 ml)
vas cooled in an ice hath and treated vith DCС (4.33 St 21
.

β

mmoles). The reaction mixture vas stirred at О С for 1 hour
and overnight at room temperature. After filtration the fil
trate vas processed In the usual manner. Evaporation of the
ethyl acetate provided an oil that solidified by trituration
vith hexane. Yield 5.72 g (85*)» mp 85-860C| [*]*0« -23.9°
( c* 1.1, CHClJ» TLC: R f - 0.82 ( A ) , 0.63 (C)| analysis:
C
17 H 24 N 2 0 5 (336.38).
caled: С 60.70*, H 7.19*. Ν 8.33*.
found: С 60.62*. Η 7.20*, Ν 8.30*.
H-Ala-Gly-OBzl. HCl (¿a).
Compound ¿a vas prepared from ¿ by treatment vith 4.0 N HCl
in ethylacetate. The reaction vas monitored by TLC. Evaporation
of the solvent provided an oil that vas used vithout further
purification. TLC: R f - 0.21 (c).
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Boc-Ile-Phe-Ala-Gly-OBzl (6).
a) from 2. a n d ¿£ ( azide coupling).
A solution of 2 (0*75 e> 1·9 mmoles) in DMF (7.5 ml) at
-15 С was treated vith 2.75 N HCl in ethyl acetate (1.9 ml,
5.2 minóles) and tert-butyl nitrite (0.26 ml, 2.3 mmol es).
о
After stirring for 20 minutes at -15 С the reaction mixture
was neutralized vith DIPEA (0.9I ml, 5*2 mmolee), and a solu
tion of ¿a in DMF (5 ml)« prepared from O.65 g (1.9 mmoles) 0 f
, о

5 and neutralized with DIPEA, was added. After 3 days at 4 С
the mixture was worked up according to the usual procedure. Eva
poration of the ethyl acetate and crystallization from etherdlisopropyl ether provided TLC-homogeneous, but analytically
impure 6. Yield Ο.β'» g (7'»1¿)l mp I63-I69 (dec.)i [<к]ц0= -I*».9°
( ев 1.0, DMF)ι TLCt R f 3 0.82 ( A ) , 0.87 (B)J analysis:
0

32 Η *4 Μ <ι 0 7 (596.70).
caled: С 64.4ΐ£, Η 7ЛЭ$, Ν 9.39ί.
found: С 63.56%, H 7.555É, Ν 10.80%.

b) from Boc-Ile-OH and deprotected J_0 (stepwise synthesis).
A solution of JO (0.78 g, 1.6 mmoles) in 3.6 N HCl in ethyl
acetate vas kept at room temperature for 45 minutes. The reac
tion mixture vas evaporated to dryness, and the residue vas dis
solved in THF (7·5 ml) and neutralized vith DIPEA. After the
addition of Boc-Ile-OH (0.44 g, 1.9 mmoles) and HOBt (0.29 g,
I.9 mmoles) the solution vas immersed in cm ice bath, treated
vith DCC (О.39 g, 1.9 mmoles) and kept at 4 С overnight. ECU
vas removed by filtration and the filtrate processed in the
usual manner. Evaporation of ethyl acetate and crystallization
о
from isopropyl alcohol gave pure 6 (0.52 g, 87%)j mp I96-I98 C.
[Oí]"» - 19.8е (с - 1.0, DMF) ι TLC: Rf= 0.85 ( A ) , 0.90 (β),
0.66 (С); analysis: С ^ Н ^ Н ^

(596,71).

caled: С 64.41%, Η 7.Ό%, Ν 9.39%,
found: С 64.22%, Η 7.Ί5%, Ν 9.29%.

7*

Boc-Ile-Leu-Ala-aiy-OBzl (j).
A solution of b (O.72 g, 2.0 mmolee) in DMT (l0 ml) at
-20 С vas treated vith 2.8 N HCl in ethyl acetate (2.1¿» ml,
о
6.0 inmoles). After 20 minutes at -15 С the reaction mixture
was neutralized with DIPEA (I.05 ml, 6 inmoles) and a solution
of ¿a in DMF (5 ml), prepared from O.67 g (2.0 mmolee of ¿
and neutralized with DIPEA, was added. After 3 days at 4 С the
product was isolated by the usual work-up procedure. Evapora
tion of the ethylacetate and crystallization of the residue
from iaopropyl alcohol provided pure J. Yield 0.83 g, (7Ή&);
mp l87-189eCj
[ОС ] p 0 = -30.8° ( c=1.0, DMP)| TLC: R f = O.76 (A)J
analysisj C ^ H ^ N ^ (562.69),
caled: С 61.90^, Η 8.21»$, Ν 9>9б£,
found: С 61.89$, Η 8.28$, Ν 10.01$.
Boc-Ile-Phe-Ala-Gly-N2H

(β).

A solution of 6 (O.52 g, 1·0 mmolee) in methanol (5ml) was
treated vith N-H. .H.O (O.I5 ml, 3.0 imnoles) for 48 hours.
Concentration of the reaction mixture and addition of ether
provided the TLC-homogeneoue product 8.
a) 6 from 6, prepared by azide coupling.
Yield 0.44 g (85$) | mp 19б-20ЭОС (dec);
[W ] p 0 a - 18.8°
( c=0.5, DMF)j TLC: H f » О.63 (в)| analysis: C25Hj,oH606
(520.62),
caled: С 57.67$, H 7.75$, Ν 16.14$,
found: С 58.20$, Η 7".77$, Ν 15.49$.
Amino acid analysis: Gly О.96 (l). Ala О.87 (i), Ile 1.17 (i),
Phe О.бі (1).
b) В from 6 prepared stepwise.
Yield 0.51 g (98$)J mp 2240C (dec.)|
[« J Jj0- - 20.9°
( c- 0.5, DMF)1 TLC: R f - 0.6I (в)| analysis: C 25 H 4o N 6 0 6'
i н 2 о (525.12),
caled: С 57.18$, H 7.77$, Ν 16.01$,
found: С 57.23$, Η 7.73$, Ν 15.86$.
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Amino acid analysis: Gly 1.10 (l), Ala 1.08 (l), Ile O.89 (l),
Phe 0.92 (l).
Boc-Ile-Leu-Ala-Gly-NjjH

(2).

A solution of 7 (O.66 g, L I ? mmolее) in DMF (5 ml) vas
treated with N-H^I^O (О.Э ml, 6.2 mmoles) for Zk hours.
Precipitation and washing with ether provided the pure pro
duct £ (0.53 g, 9Э#)і Щ> 221-222вС, [oc] ™= - 29.8° (c»0.5.
DMF)1 TLC: R f = 0.62 (в){ analysis: C22Hít2N606'^ H 2 0 С*? 5 · 62 )·
caled: С 53·32£, Η S.75Í>, Ν I6.965É,
found: С 53.36^, Η 8.7θ£, Ν Ι6.96ί6.
Boc-Phe-Ala-Gly-OBzl (jo).
A solution of ¿a (from 2.04 g, 6.1 mmoles ¿) in THF (l5 ml)
was neutralized with DIPEA, and Boc-Phe-ONSu (2.25 β> 6.2
mmoles) was added. The reaction mixture was kept at room tem
perature overnight. Work-up by the usual procedure and eva
poration of the ethyl acetate provided a solid that was tritu
rated with ether, collected by filtration and dried to yield JO
(2.56 g, SB%)i mp 1Э0-132вС» [^Jp0- - 20.0° (c= 1.0, MeOH)|
TLC: R f . 0.57 (C), analysis, C ^ H ^ O g (48355),
calcdi 64.58$, Η 6.88£, N 8.69^,
found: 64.575t, Η 6.87^, Ν β.755Ε.
Boc-Leu-Ala-Cly-OBzl (JJ^) .
A solution of ¿a (from 1 g,2.98 mmoles ¿) in BMF (15 ml)
was neutralized with DIPEA. Then Boc-Leu-OH (О.69 g, 3 mmoles),
HOBt (O.55 g, 3·6 mmoles) and, at О С, DCC (О.68 g, 3.3 mmoles)
were added. After stirring at О С for 2 hours and overnight at
room temperature DCU was removed by filtration, and the filtra
te processed in the usual manner. Evaporation of the ethyl ace
tate provided an oil that crystallized from diisopropyl etherpetroleum ether to yield analytically pure JJ^ (1.26 g, 94$) |

'φ,

шр 53-590C| [ « ] " - - '»б.б'с» 1.0, МеОН)| TLC: R ^ 0.75

Uh

analysisi C 2 3 H 3 5 N 3 0 6 ('•'•9.53).
caled: С 61.45Í, H 7.85^, Ν 9.35*.
found: С 61.10$, Η 7.9^. N 9.'*1#.
SCHEME 3.
H-Lye(Mec)-OBzl.HCl (l2).
H-Lys(Mec)-OH (5.0 g, 16.9 mmoles) vas suspended in THF
(5oo ml) and the suspension vas flushed vlth phosgene for 3
hours. The supernatant vas decanted and the mixture vas eva
porated to remove all the residual phosgene. To the resulting
oil 1.5 N HCl in benzyl alcohol (75 ml) vas added, and the
β
reaction mixture vas heated to 50 С for 1 hour. After 24 hours
at room temperature the precipitated product vas collected by
filtration, vashed vith benzyl alcohol and ethyl acetate to
provide pure ¿2 (5.6 g, 78$) j mp l6U-l66eC| [oc]^0= - 1.6
(c- 1.0, МеОН)| TLC: R f = 0.47 (b)» analysis:
(422.93).
caled: С 48.28$, H 6.44$, Ν 6.62$,
found: С 48.45$, Η 6.41$, Ν 6.59$.

C

H
17

27N206S

C 1

Boc-Lys(Msc)-Lys(Mec)-OBzl (13).
A solution of 12. (2.20 g, 5.2 mmoles) and N-methyl morpholine (О.55 ml, 5.0 mmoles) in DMF (10 ml) vas treated vith
Boc-Lys(Msc)-0Kp (2.59 g, 5.0 mmoles) at room temperature for
18 hours. Work-up of the reaction mixture in the usual manner
and evaporation of the ethyl acetate provided an oil that
solidified by trituration vith diisopropyl ether. Filtration
gave pure 22 (3.30 g, 86$)j mp 91-940C| [oc] * 0 = - 17.4°
(сш 1.0, Me0H)| TLC: R f = О.65 (A), 0.33 (C)j analysis:
C

32 H 52 N 4 0 13 S 2 (764.90),
caled: С 50.25$, H 6.85$, Ν 7-33$·
found: С 50.08$, Η 6.90$, Ν 7.21$.
77

Boc-Lys(Mec)-Lye(Msc)-Lye(Msc)-OBzl (ifr).
The protected dipeptide 22. (2·87 g. 3·75 minóles) was partially deblocked by treatment with TFA for 30 minutes at room
temperature. The acid was removed by evaporation in vacuo,
and the residue was evaporated once vith DMF. The resultine
oil was dissolved in DMF (15 ml), neutralized vith DIPEA,
and treated vith Boc-Lys(Mac)-OI%> (2.24 g, 4.35 inmoles) for
k days at room temperature. The reaction mixture vas worked
up in the usual manner and provided an oil after evaporation
of the ethyl acetate. Trituration of the oil vith ether proo

vided the product jj» as a solid (3.30 g , Bk%)t mp Θ0 С (dec.)t
[<Х]д0ш -20.9° (с« 0.9, MeOH)| TLC: Н ^ 0.71 ( A ) ; analysis:
C

42 H 70 N 6 0 18 S 3 <10,»3.22).
caled: С Ίβ.35£, Η 6.76$, Ν β.06£,
found: С 48.49$, Η 6.91$, Ν 7.66$.

Boc-Ile-Lys(Mec)-Lye(Msc)-Lys(Msc)-OBzl (15)·
A solution of Boc-Ile-OH (24.3 mg, O.IO5 inmoles) in DMF
о
(Ζ ml) at -20 С was treated with isobutyl chloroformate
(13.6 Ml, O.IO5 mmolее) and DIPEA (I8.3 Ml, 0.IO5 mmoles).
After stirring for 20 minutes at -20 С the mixture was added
to a solution of Η- ГЬу (Мвс)1 _-0Bzl (prepared from 104.3 mg,
0. 100 mmoles _lj* by deblocking with ITA as described above for
ІЗ) in DMF (l ml). After 20 hours at 4 С the product was iso
lated by the usual work-up procedure. Evaporation of the ethyl
acetate and trituration with ether provided analytically pure
i¿ (87 mg, 75$)» mp 127-130OCj [0C]^O= -ì6.6°
(с- 0.5, D M F ) 5
TLC: H f - 0.70 (A), 0.55 (B)| analysis: С 4 8 н 8 1 » 7 0 1 9 3 3 (i 156.38),
caled: С 49.85$, Η 7.06$, Ν 8.48$,
found: С 49.54$, Η 7-02$, Ν 8.48$.
H-lle-Lye(Mec)-Lys(Mec)-Lys(Msc)-OBzl (I5a).
Compound 2¿ w a e partially deprotected by treatment with
TFA for 30 minutes at room temperature. The product was
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isolated by evaporation of the acid
purification. TLC: R f * 0.20 ( A ) .

and used without further

Boc-He-Phe-Ala-Gly-Ile-Lys(Msc)-Lys(Msc)-Lys(Msc)-OBzl (l6).
A solution of the hydrazide β (260 mg, O.50 aunóles) in
DMT (2.5 ml) at -20 С was treated with 2.8 N HCl in ethyl
acetate (0,54 ml, 1.5'» nanoles) and tert-butyl nitrite (О.О72 ml,
о
0.60 inmoles). After stirring for 20 minutes at -20 С the re
action mixture was neutralized by the addition of DIPEA
(O.26 ml, I.50 inmoles) and added to a neutralized solution of
15a (prepared from 578 mg, 0.50 mmolee _1¿) in DMF (2 ml).
After 3 days at ч С the product was precipitated with water,
washed successively with water, isopropyl alcohol and ether,
and dried. The residue was dissolved in DMF (7.5 ml), applied
to a sephadex LH-20 column (2.5 x 130 cm), and eluted with
IMF. The fractions containing the product were concentrated
to a small volume and the pure octapeptide _1_6 was obtained as
a solid by dropwise addition of the solution to diisopropyl
ether, centrifugation, and washing of the deposit with аіічоpropyl ether. Tield 563 mg (73*)1 mp 220*0 (dec.)¡ [o¿]ρ0=-28.6β
( cm 0.5, H0Ac)| TLCJ R f « O.67 (A), 0.57 (B). Amino acid ana
lysis: Gly 1.11 (I), Ala 1.10 (l), H e 1.79 (2), Phe O.87 (l),
Lys 3.1U (3). Caled, mol. weight 1544.84.
Boc-Ile-Leu-Ala-Gly-Ile-Lye(HBc)-LyB(Mec)-Lye(Msc)-OBzl (jj)·
The octapeptide J¿ was prepared by a procedure analogous
to that described for j6. Yield 8l£| mp 224 С (dec.)} TLC:
R f - O.67 (A), O.69 (B). Amino acid analysis: Gly 1.00 (l),
Ala 1.00 (l). H e 2.02 (2), Leu 0.92 (l). Lys 3.O6 (3).
Caled, mol. weight I5IO.83.
Boc-Ile-Phe-Ala-Gly-Ile-Lye(Msc)-Lys(Msc)-Lys(Msc)-OH (18).
Compound _16 (100 mg, 64.8 Mmoles) in acetic acid (10 ml)
was hydrogenated in the presence of 10* palladium on charcoal.
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The catalyst was removed by filtration and the product was
recovered by lyophilization. Yield 92.8 mg (99$)I TLCl
R « 0.33 (A). Caled, mol. weight і45І».72.
Boc-Ile-Phe-Ala-Gly-Ile-Lys(Mec)-Lys(Msc)-Lye(Mec)-N Η

(_12).

A solution of the free acid J_8 ( 145.5 mg, 0.10 minóles)
in DMF (2 ml) was treated at О С with HOBt (30.6 mg, 0.20
mmoles), N 2 H^.H 0 (5.31» ^ 1 , O. 11 mmoles) and DCC (22.7 mg,
0.11 mmoles).After kB hours at k С the product was precipitated
with ether, washed with isopropyl alcohol and ether, and
dried. The residue was dissolved in DMF (10 m l ) , applied to
a sephadex LH-20 column (2.5 χ 130 c m ) , and eluted with DMF.
Concentration of the product-containing fractions and pre
cipitation with ether provided the TLC-homogeneous hydrazide
19 as evidenced by development with TDM and the Barton reagent.
Yield I27.5 mg (87#)j TLC: H f = 0.32 (B). Caled, mol. weight
Іі»68.7б.
SCHEME

k.

Z-Lye(Mec)N 2 H 2 Boc (20).
A solution of Z-Lys(Msc)-OH (6.46 g, 15.0 mmoles), tertbutyl carbazate (2.18 g, I6.5 mmoles) and HOBt (3.kk

g, 22.5

mmoles) in DMF (30 ml) was immersed in an ice bath and treated
with DCC (З.09 g, 15.O mmoles). The mixture was stirred for
о

1 hour at О and overnight at room temperature. After filtra
tion to remove DCU, the filtrate was processed in the usual
manner. Evaporation of the ethyl acetate provided the product
20 as a thick colourless oil, which still contained a trace
of DCU. Yield 7.28 g (89^)1 TLC: Rt=
weight
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5kk.(>2.

0.66 ( A ) . Caled, mol.

Z-Lys(Mec)-Lye(Mso)-N 2 H 2 Boc
Hydrogénation of 20

(^J).

(2.72 g,

5.0

штоіе ) in methanol gave

H-Lys(Msc)-N H 2 Boc (R f » 0.19 ( A ) ) after removal of the cata
lyst by filtration and evaporation of the solvent. The resi
due was dissolved

in DMF (10 m l ) , and Z-Lye(Msc)-OH (2.15 g>

5.0 mmoles) and HOBt (0.92 g, 6.0 mmoles) vere added. The
о
solution was cooled to О С and DCС (l.05 g, 5.1 mmoles) was
added. The reaction mixture was stirred in an ice bath for
1 hour and overnight at room temperature. The precipitated DCU
was removed by filtration and the filtrate evaporated to dry
ness in vacuo. Crystallization of the residue from isopropyl
alcohol and collection of the product by filtration gave pure
1 2 (Э.^5 g,

8i»#)j mp ІІв-ігГс; [00ц О = - 23.8° (с = 0.9, MeOH);

TLC! R f = 0.55 (A), 0.61

(B)| analysis: C ^ H ^ N g O ^ S . , (822.9^),

caled: С 48.16$, H 6.6l$, Ν 10.21$,
found: С 47.96$, Η 6.68$, Ν 10.02$.
Z-Ile-Lye(Msc)-Lye(Msc)-N 2 H 2 Boc

¡.22). .

The Z-group was removed from ¿ 2 (3· 2 9 β· 4.0 mmoles) by
hydrogenolysis in methanol in the presence of 10$ palladium
on charcoal. The catalyst was removed by filtration

and the

filtrate was evaporated to dryness in vacuo. The residue was
dissolved in DMF (15 ml) and Z-Ile-OH (1.11 g, 4.0 mmoles) and
HOBt (1.22 g, 8 mmoles) were added. The mixture was cooled in
an ice bath and treated with DCС (θ.91 g, 4.4 mmoles). After
о
stirring for 1 hour at 0 and overnight at room temperature,
the DCU was removed by filtration and the filtrate evaporated
to dryness. Crystallization from isopropyl alcohol provided
pure 22 (3.50 g, 95*) J шр Пв-Твз'с

(dec.)i [ « ] " * - 28.3°

( с = 1.0, H0Ac)j TLC! R f = 0.75 (A), 0.74 (в)| analysis!
C

3 9 H 6 5 N 7 0 5 S 2 ( 936.09).
calcdt С 50.04$, Η 7.00$, Ν 10.47$,
found) С 49.92$, Η 6.95*, Ν 10.45$.
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H-Ile-Lys(Msc)-Lye(MBc)-N2H2Boc

(22a)

Compound 22a vas prepared by hydrogenolysis of 2¿ in methanol in the presence of 10$ palladium on charcoal· The catalyst was removed by filtration and the filtrate was evaporated to dryness in vacuo to give TLC-homogeneous 22a in quantitative yield (Нг= 0.08 ( A ) . The free base vas used immedi
ately.
Z-Ile-Phe-Ala-Gly-OBzl (23).
A solution of the protected tripeptide _10 (1,i*5 βι 3.0
inmoles) vas stirred in 4.0 N HCl in ethyl acetate for 45 mi
nutes. The reaction mixture was concentrated in vacuo and
evaporated twice with ethyl acetate. The residue was dissolved
in DMP (15 ml) and neutralized with DIFEA ( 0.52 ml, 3.0 inmoles).
After addition of Z-Ile-OH (O.8O g, 3.0 mmolee) and HOBt
(O.55 6· 3.6 mmoles) the mixture was immersed in an ice bath
о

and treated with DCС (0.68 g, J.J inmoles), stirred at 0 for
1 hour and at room temperature for 48 hours. The precipitated
DCU was removed by filtration and the filtrate evaporated to
dryness. Recrystallization of the resulting solid from isopropyl alcohol, followed by filtration and washing of the pro
duct with isopropyl alcohol and ether provided pure ¿¿
(I.62 g, 86$)I mp 215-2l60Ct [0É]£ 2 = - 26.5° ( c=1.0, H0Ac)|
TLC» B f - 0.91 (A)| analysis: C ^ H ^ N ^ (630.72),
caled: С 66.65$, H 6.71$, N 8.88$,
found: С 66.55$, H 6.76$, Ν 9.02$.
Z-Ile-Leu-Ala-Gly-OBzl (24).
Compound 24 was prepared from Z-Ile-OH and 1 la by a similar
method as described for 2¿. The crude product was recrystallized, however, from ethyl acetate. The pure, protected tetrapeptide 24 was obtained in 82$ yield| mp 208-210 C|[ог]р0ж-46.9
( c«1.0, H0Ac)| TLCi Н г * 0.90 ( A ) , O.89 (в)| analysis:
C
32 H 44 N 4 0 7 (596.70),
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c a l e d : С 64.1*1^, H 7ЛЗІ>,
found:

Ν 9.39#,

С 64.43ί6, Η 7Λ0$,

Z-He-Phe-Ala-Gly-N 2 H

/

Ν 9. *3^.

( 2j>) .

2

Compound 2¿ ( Ч · ^ Kt 2.0 mraoles) was dissolved in DMF
(10 ml) and treated with N 2 H..H O (0.5 ml, 10.0 inmoles). The
reaction mixture was kept at room temperature for 48 hours
and worked up by partial evaporation of the solvent and pre
cipitation of the product with ether. Filtration and succes
sive washing with ether, water, isopropyl alcohol and ether
gave pure 2¿ (l.10 g, 99%) t mp Zbs'c

(dec.)| [°c]^2=

- 25.5°

( c=1.0, HOAc); TLC: R f M 0.52 and 0.80 ( A ) , 0.52 (в); ana
lysis: C 2 8 H 3 8 N 6 O 6

(554.63),

caled: С 60.63#, Η 6.915t, Ν 15.15^,
found: С 60.5б#, Η 6.935Í, Ν 15.10$.
Z-Ile-Leu-Ala-Gly-N 2 H

(2б).

Compound 26 was prepared from 2k according to the method
о
г·-. 2 0
described for 2¿. Yield 9&%i mp 225-226 C; [tfj* = - 50.5
u

( c=1.0, DMF)j TLC: R f = 0.47 and 0.80 ( A ) , 0.57 (в)( analysis:
C

2 5 H 4 0 N 6 0 6 (520.62),
caled: С 57.67$, Η 7.75$t N 1б.1б$,
found: С 57.60$, Η 7-78$, Ν 16.17$.

Zsrll e-Phe-Ala-Gly-Ile-Lys (MSC ) -Lys (Mec ) -N 2 H 2 Boc

(.2?)

A solution of the hydrazide 2¿ ( 277 mg, 0.5 mmoles) in
DMF (5 ml) at -15 С was treated with 4.0 N HCl in ethyl acetat
(О.Э75 ml, 1.5 mmoles) and tert-butyl nitrite (7.15 Ml, 0.6
.
о
'
mmoles). After stirring at -15 С for 20 minutes the reaction
mixture was neutralized with DIPEA (0.26 ml, 1.5 mmoles) and
a solution of 22a (0.5 mmoles) in DMF (2.5 ml) was added.
о

After 2 days at 4 С the product was precipitated with ether,
washed successively with ethyl acetate, methanol and

ether,

and dried to provide pure 2^ ( 545 mg, 82$)( mp 227 С (dec.)»
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0

β

[θί]ρ χ - 23.9 ( c-0.25, DOT)! TLC: H f « 0.58 ( A ) , О.бі* (в)|
analyeiei C 5 9 H 9 3 N 1 , 0 ^ ^ (1324.55).
calcdi С 53.50#, H 7.0β£, N 11.63^,
foundt С 53·'»β*, H 7.105É, N 11.73*.
Amino acid analyeisi Gly 1.00 (l). Ala 1.05 (i). H e 1.92 (2),
Phe 0.96 (l). Lys 2.07 (2).
Z-Ile-Leu-Ala-Gly-Ile-Lys(Mec)-Lys(Msc)-N2H2Boc (28).
Compound 28 wae prepared from 26 and 22a aa described for
27» Yield 80*| mp 220*0 (dec); [0¿JDO- - 22.1° ( c-0.25, DMF)|
TLCi R f - 0.}k (A), 0.70 (B)| analyeisi C 5 6 H 9 5 N 1 , 0 , ^ (1290.5^).
calcdl С 52. 11*,Η 7.1*2%, Ν 11.94*.
foundι С 52.14*.Η 7.48*. Ν 11.88*.
Z-Ile-X-Ala-Gly-Ile-Lye(Mec)-Lye(Mec)-N2H

.TFA X- Phe (27a),
X- Leu (2Ba).

Both heptapeptlde bydrazidee 27a and 28a vere obtained as
their TFA salts from the corresponding Boc-protected deriva
tives 2J and ¿8 by treatment with TFA for Ί5 minutes and remo
val of the acid under a stream of nitrogen. The resulting oils
vere dried in vacuo and used without further purification.
SCHEME 5.
Boc-Thr-Glu(OBut)-OMe (22) .
A solution of Boc-Thr-OH.DCHA (4.01 g, 10.0 inmoles),
H-Glu(0But)-0Me.HCl (2.54 g, 10.0 mmoles) and HOBt (I.68 g,
11.0 mmoles) in DMF (50 ml) was cooled in an ice bath and
treated vith DCС (2.17 g, 10.5 mmoles). The mixture was kept
. β

at 4 С overnight. Filtration and work-up by the usual proce
dure provided the product as an oil after evaporation of the
ether. Yield 4.05 β (97*)» TLC: Η_= 0.70 ( A ) .
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Boc-Thr-Glu(OBut)-N2H

(¿О).

Compound ¿2 (if,/*7 6t 10.7 mmolea) was dissolved in DMF
(20 ml) and treated with N-H. .H-O (2.1* ml, 50.0 mmoles) at
room temperature for k days. The mixture vae concentrated in
vacuo and the residue vas crystallized from isopropyl alcohol.
The hydrazide ¿0 was collected by filtration, washed with
isopropyl alcohol and ether and dried. Yield J.kJ g (78$);
mp 118-120CC| [θύ]^0~ - 5.1° ( c=1.0, DMF)| TLC« Н г = 0.48 (A)J
analysis: C ^ H ^ N ^ ( J | , 8 o 8 ) f
caled: С 51.66^, H 8.19$, Ν 13.39^,
found: С 51.85$, Η 8.25$, Ν 13.32$.
Z-Arg-Glu(OBut)-OMe.HOAc (¿ij.
Z-Arg-OH (2.31g, 7.5 mmoles) and H-Glu(0But)-0Me.HCl
(I.9I g> 7·5 mmoles) were dissolved in DMF (25 ml), and the
solution was cooled in an ice bath. HOBt (l.12 g, 8.25 mmoles)
and DCC (І.63 g, 7.9 mmoles) were added and the mixture was kep
. β

at ч С for 2 days. The precipitated DCU was removed by filtra
tion and the solvent evaporated in vacuo. The crude material
was subjected to counter-current distribution in the system
MeOH-CHCl.-CClK-buffer, 8:6:2:3 (buffer composition: 28.5 ml
HOAc and I9.25 g NHjOAc, made up to 1000 ml with water). After
80 transfers the tubes containing impurities were emptied and
refilled with pure upper and lower phase (25 ml of each per
tube). Tube 80 was then connected to tube 1 and another 80
transfers were performed. The chromatographically homogeneous
material, located in tubes 60-10, was collected and the sol
vents were evaporated. The residue was redissolved in water
0
and lyophilized to provide ¿¿ (2.96 g, 69$)I [oi ]ц = -33.b"
( cm0.5, MeOH)| TLCt R^K 0.49 (в)| analysis:
C

H

24 37W

HOAo

Η

0

· * 2 (576.64),

caled: С 54.15$. Η 7.3/»$ι Ν 12.15$,
found: С 53.89$, Η 7.19$, Ν 12.18$.
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H-Arg-Glu(OBut)-OMe.HOAc (31>).
Hydrogenolysis of ¿0 vas performed
presence of 10$ palladium on charcoal.
tored by TLC. The catalyst vas removed
filtrate concentrated. The residue was
DMF and used immediately for coupling.

in methanol in the
The reaction vas moniby filtration and the
evaporated once with
TLCt R-» 0.10 (в).

Bo c-Thr-Glu(OBut)-Arg-Glu(OBut)-OMe.HCl (¿2).
A solution of the hydrazide ¿0 (2.09 g· 9*0 mmoles) in
DMF (20 ml) at -15 С vas treated with 2.75 N HCl in ethyl
acetate (5 ml, 13.75 mmoles) and tert-butyl nitrite (0.68 ml,
6.0 mmoles) vith stirring. After 20 minutes at -15 С the
mixture vas neutralized vith DIPXA (Z.k ml, 13*75 mmoles), and
a solution of 31a (derived from 2.72 g, 5*0 mmoles ¿1_) in IMF
(10 ml) vas added. After 46 hours at 4 С the solvent was eva
porated and the residue vas partitioned betveen ethyl acetate
and water. The water layer was washed several times with ethyl
acetate and the combined organic layers were washed twice with
a small amount of water, dried (Na-SOr) and evaporated to
dryness. The crude product was dissolved in water, washed three
times with ether and lyophilized to provide pure ¿2 (Э.ЗЭ β»
8Э*)| M D 0 " - 3 2 · ' * β ( c-0«5. MeOH)| TLCt Hj.-0.29 ( А ) , О.Эб (В)|
analysis· C ^ H ^ i y ^ g . H C l . ! HgO (806.35),
calcdt С 50.6^, Η 8.00$, Ν 12.16$,
found] С $0.74$, Η 8.00$, Ν 12.17$.
Boc-Thr-Glu(0But)-Arg-Glu(0But)-N2H3.HCl (¿¿J.
Compound ¿2 (80б mg, 1.0 inmole ) was dissolved in methanol
(2 ml) and treated vith Ν^.Η,,Ο (0.25 ml, 5.0 mmoles) at room
temperature for 2 days. After concentration in vacuo the pro
duct 22. w a e precipitated vith ether and collected by filtration.
Yield 770 mg (97$) I mp 1240C (dec.)j [ού]^ 0 - - б о " ( c-0.5,
UHF) | TLCt R f = 0.32 ÍB)| analysist C . - H ^ N ^ 1 .HC1.2 HgO
(832.39),
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caled: С 1*7.61$, H 7.99^. Ν 15.15#.
found: С Ί7.6l#, H 7.71^· Ν 15.24^.
Amino acid analysis: Thr 0.99 (l), Glu 2.01 (2), Arg 1.00 (i).
SCHEME б.
Z-Ile-Ala-OMe (¿»).
Z-Ile-ONp (773 rag, 2.0 nunoles) and H-Ala-OMe (247 mg, 2.4
mmoles) were dissolved in DMF (2 ml). After 16 hours at room
temperature the reaction mixture was processed in the usual
manner. The crude product, obtained after evaporation of the
ethyl acetate, was recrystallized from ethyl acetate-diisopropyl ether. Filtration and drying gave pure ¿4 (526 mg, 75$)t
mp l68-170OCj [1*]D 0 = - 11.2° ( c=1.0, DMF), -44.9° ( c=1.0,
MeOHh TLC: Rf= O.78 ( A ) | analysis: 0 1 θ Η 2 6 Ν 2 Ο 5 ί350·'*1)·
caled: С 61.70#, Η 7.48#, N 7.99Í,
found: С 61.79#, Η 7.575Í, N 7.91^·
Z-Leu-Ile-Ala-OMe (¿^).
Compound ¿4 (8.9 g, 25*0 mmoles), dissolved in acetic acid
(90 ml), was hydrogenated in the presence of 10$ palladium on
charcoal. The catalyst was removed by filtration and the filtrate evaporated to dryness in vacuo. The residue was dissolved in DMF (25 ml) and Z-Leu-OHp (7·7 g, 20.0 mmoles) was added.
After 16 hours at room temperature the crude product was obtained by the usual work-up procedure and evaporation of the
ethyl acetate. Chromatography on a silicagel-60 (Merck) column in CHCl.-MeOH (8:2) and crystallization from isopropyl
alcohol-diisopropyl ether gave pure Э5 (4.93 g, 49^6)| mp
17б-178вС| [W]p 0 = - 6J.O0 ( c=1.2t MeOH)¡ TLC: Rf« 0.75 ( A ) |
analysis: C^H^NyDg (463.56),
caled: С 62.18¿, H 8.05$, N 9.0б$,
found: С 62.39%,

H 8.05$, Ν 9·05£.
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Z-Leu-Ile-Ala-NjH (¿6).
Compound ¿¿ (7.O g, 15.0 aunóles) was dieeolved in methanol (70 ml) and N.H. .H.O (2.19 ml, 45.0 mmoles) vas added.
After 50 hours at 40 С the product vas precipitated with water,
collected by filtration and recrystallized from isopropyl βί
ο
cohol to provide pure ¿6 (k.O g, 5Β%)| mp 191-195 C|
[0¿]pO* - 18.9° ( c«1.0, DMF)| TLC: Rf= 0.55 U h analysist
C

23 H 37 N 5 0 5 ( 4 6 3 · 5 7).
calcdi С 59·59£, Η β.05^, Ν 15.И*.
foundι С 59·22*, Η 6.07%, Ν ík.67%.

Z-Leu-Ile-Ala-Tyr(But)-OMe (¿j)·
A solution of ¿6 (2.78 g, 6.0 amóles) in DMT (60 ml) at
-15 С vas treated vith 2.75 N HCl in ethyl acetate (4.7 ml,
I6.5 moles) and tert-butyl nitrite (0.82 ml, 7.2 mmoles).
After 15 minutes at -15 С the mixture vas neutralized vith
triethylamine, and a solution in DMF of H-Tyr(But)-OHe, prepa
red by hydrogenolysis of Z-Tyr(But)-0M· (2.32 β, 6.0 mmoles)
in methanol and evaporation of the solvent, vas added. After
fc days at 4 С the mixture vas poured into vater. The precipi
tate vas collected by filtration, vashed vith saturated
NaHCO,,2 N KHSO. and vater. Recrystallizatlon from isopropyl
alcohol-water (ill) provided pure 37 (3.07 g, 75^)| mp 181-183 C|

f

4 20

β

^^

eiJD . - Эб.2 ( c-0.9, Me0H)| TLC« Rfi О.85 ( A ) , 0.88 (в)|
analysis ι C ^ H ^ N ^ O g (682.83),
calcdt С 65.08£, Η 7.97^, Ν 8.205Í,
foundt С 64.52*, Η В.ООІ, Ν 8.21*.
Z-Leu-Ile-Ala-Leu-OMe (38).
The protected tetrapeptide ¿8 was prepared from ¿6 (2.78 g,
6.0 mmoles) and H-Leu-OMe.HCl (I.IO g, 6.0 simóles) by the method
described for ¿J. Yield 3.60 g (78*)| mp 203-20ввС| [oí]£0—70.1*
( c-0.9, Me0H)| TLCi R f - 0.75 ( A ) , 0.86 (в)| analysis!
C

30 H 48 N 4 0 7 (576.71).
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c a l e d : С 62Л6%, H 8.Э9#. Ν 9 . 7 1 # ,
found: С 6 2 . 2 1 ^ , Η 8 . 3 5 # , Ν 9 . 8 2 ^ .
Z-Leu-Ile-Ala-Tyr(But)-N 2 H

(39).

Compound ¿J (Ζ.65 g, 4.0 mmoles) was dissolved in methanol
(30 ml) and Ν,,Η^.Η.,0 (l.l? ml, Zk mmoles) was added. After 7
days at room temperature the precipitated product was collec
ted by filtration and recrystallized from acetonitrile-isopropy]
alcohol (6:1) to provide pure 22 О«97 g. 7it#)I mp 237-240 C;
[Oí]"» - 44.1" ( c=0.9, MeOH), TLC: Hf= 0.57 U ) , 0.77 (в)|
analysis: C.gH ^NgO (682.84),
caled: С 63.32%, H 7.97%, Ν 12.31%,
found: С 63.22%, Η 8.14%, Ν 12.25%.
Z-Leu-Ile-Ala-Leu-N2R

(4θ).

A solution of ¿8 (2.30 g, 4.0 mmoles) in methanol (30 ml)
was treated with N.H..HO (l.l? ml, 24.0 mmoles) After several
days at room temperature the precipitated product was collected
by filtration and recrystallized from isopropyl alcohol to
provide 40. Yield 1.40 g (6l%)| шр ZJÏ-ZJj'ci
[Oi ] ^0a - 61.5°
( c-0.5, Me0H)| TLC: Rf= O.6I and 0.64 (A), 0.71 (в)l analysis:
C

29 H 48 N 6 0 6 (576.72),
caled: С 60.39%, H 8.39%, Ν 14.57%,
found: С 60.07%, Η 8.38%, Ν 14.40%.

Z-Leu-Lye(Mac)-Lys(MSC)-Ν Η Вое (¡П_) .
Compound 2J_ (5.4 g, 6.6 mmoles) in methanol (IOO ml) was
hydrogenated in the presence of 10% palladiun on charcoal.
Removal of the catalyst was followed by evaporation of the
solvent. The residue was dissolved in DMF (50 ml), and
Z-Leu-ONp (2.ЗІ g, 6.0 mmoles) was added. After 16 hours at
room temperature the solvent was evaporated and the residue
was recrystallized from acetonitrile to provide pure 4l (6.5 g,
β7%| mp 119-120вС| [ОС] * 0 « - 30.7" ( c=1.1, MeOH| TLC:Rf«0.6l (A,
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C

H

N

0

S

0.69 (Β)ι analyeis« 3 9 6 5 7 5 2 (936.09),
caled« С 50.Okt. Η 7.00^, Ν 10.1»7#,
found» С 1*9.73^, Η 7.26*. Ν 10.32*.
H-Leu-Lye(Mec)-Lye(Msc)-N2H2Boc (¿la)
Compound 4l was hydrogenated in methanol. Removal of the
catalyst by filtration and evaporation of the solvent provided
the amine 4la as a TLC-homogeneous oil in quantitative yield.
The product was used immediately for further coupling.
Z-Leu-Ile-Ala-Tyr(But)-Leu-Lys(MBc)-Lys(Msc)-N2H2Boc (42).
A solution of 22 ( Ю 7 в, 2.0 mmolee) in DMF at -Зо'с
was treated with 2.8 N HCl in ethyl acetate (1.96 ml, 5.5
moles) and tert-butyl nitrite (0.27 ml, 2.4 mmolee). After
stirring at -30 С for 15 minutes the reaction mixture was neu
tralised with SIPEA (0.96 ml, 5·5 mmolee) and a solution of
4la (I.92 g, 2.4 mmolee) in DMF was added. After 4 days at 4 С
(during which the product started to precipitate) the reaction
mixture was evaporated to dryness in vacuo. The residue was
triturated with ethyl acetate, filtered and washed successively
with NaHCO», 20$ citric acid and water. Recrystallization from
D
DMF-ether provided pure 42 (1.82 g, 62$)| mp 244-246 C|
0
0
[(Х]д - - 'Т.' ( O-0.9, DMF) ι TLCi Н г - 0.58 ( A ) , 0.6? (в)|
analysis. « ^ ^ „ О ^
( 1452.76),
calcdi С 55.39$, Η 7.56$, Ν 10.61$,
foundι С 55.71$, Η 7.60$, Ν 10.65$.
Amino acid analysis) Ala 1.02 (i), Ile 1.00 (i), Leu 2.09 (2),
Туг 0.86 (1), Lys 2.04 (2).
Z-Leu-Ilе-Ala-Leu-Leu-Lye(Mec)-Lys(Msc)-Ν H Вое(43).
Compound 4¿ ν ^8 prepared from 40 and 4la as described for
42. Yield 68$, mp 241-244*0 (dec.)| [oí] *0= - 28.1° ( c»0.9,
DMF), TLC> Rr· O.67 (B), 0.63 (D), analysis« C 6o H
N,,0 д 2
(1346.64),
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caled: С 53.5l£, H 7.71$, Ν Π . 4 4 # ,
foundt Ç 5Э.29#. H 7.7'»£. Ν 11.4656.
Amino acid analysia« Ala 1.0І» (ι), i i e ι.02 (i), Leu 3.09 (З),
Lys 1.85 (2).
Z-Leu-Ile-Ala-Y-Leu-Lys(Msc)-Lye(Mec)-N 2 H 3 .TFA,

Y« Туг (42a)
Y» Leu ('»За).

Both heptapeptide hydrazides 42a and 43a were obtained as their
TFA salts from the corresponding protected derivatives 4¿ and
43 by treatment with TFA for 45 minutes and removal of the
acid under a stream of nitrogen. The resulting oils were dried
in vacuo and used without further purification.

SCHEME 7.
Z-Asn-Glu(OBut)-OBut (44).
A solution of Z-Asn-OH (1.33 g,

5*0 inmoles), H-Glu(OBut)-

OBut (1.43 g, 5.5 mmoles) and HOBt (1.49 g, 9.7 ramoles) in
DMF (5 ml) was immersed in an ice bath and DCС (і.ОЗ g, 5.0
о
mmoles) was added. After 24 hours at 4 C,DCU was removed by
filtration and the filtrate vas worked up by the usual procedure
Evaporation of the ethyl acetate and recrystallization from
ethyl acetate-diisopropyl ether afforded a gel. Filtration and
washing with diisopropyl ether gave 44 as a solid. Yield 1.93 g»
(76*)I ШР 86-88 0 C| [0¿]p0= - 12.1° ( 0=1.0, DMF); TLC«
R f = O.74 (A), O.67 ( B ) | analysis: C ^ H

N Og (507.57),

caled: С 59.15£, H 7-3556, Ν 8.2856,
found: С 59.I656, Η 7.З256, Ν 8.2856.
Z-Thr-Asn-Glu(OBut)-OBut (45).
Compound 44 (7.ΙΟ g, 14.0 mmoles) was hydrogenated in me
thanol. The catalyst was removed by filtration and the filtra
te evaporated to dryness in vacuo. The residue was dissolved
in DMF (50ml) and Z-Thr-OH (3.55 g, 14.0 mmoles),
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о
1
2
HOBt (2.14 g. I *.O mmoles) and, at О С, DC С (2.89 β. I ».О
о
mmoles) were added. After 18 hours at 4 C, DCU was removed
by filtration and the filtrate processed in the usual manner.
Evaporation of the ethyl acetate and recrystallization of the
residue from ieopropyl alcohol-diisopropyl ether gave pure 4¿
(8.09 β. 95#)ί "Ρ 123-1260C| f « ] " » - 6.6° ( c=1.0, DMF),
TLCJ H f = 0.65 (A), O.76 (В), analysis: C ^ H ^ N ^ O ^ (608.64),
caled! С 57.22$, Η 7.28^, N 9.2l£,
foundt С 57.09^, Η 7.29#, Ν 9.2θ£.
Z-Ala-Thr-Aen-Glu(OBut)-OBut (46).
Compound 4¿ (6.09 gì 10.0 mmoles) was hydrogenated in
methanol and processed as usual. The residue was dissolved in
DMF (25 ml) and Z-Ala-ONSu (3.21 g, 10.0 mmoles) was added.
After .16 hours at room temperature the solvent was evaporated
aad the residue refluxed in ethyl acetate for 1 hour. After 1
, β

night at 4 С the product was collected by filtration and was
hed with ethyl acetate and petroleum ether to yield pure 46
( 6.20 g, 91#)l "Φ 161-1630C| [0ί]οΟ- - 4.3* ( col.O, DMF)!
TLC: H f - 0.58 (A), 0.75 (B)i analysis: C 3 2 H / t 9 N 5 O n (679.76),
caled: С 56.54*, Η 7.27*. Ν 10.30*.
found: С 56.53*, Η 7.34*. Ν 10.29*.
Amino acid analysis: Asp 1.00 (l), Thr O.96 (l), Glu 1.00 (i),
Ala 1.04 (1).
H-Ala-Thr-Asn-Olu(OBut)-OBut (46a).
Compound 46 was hydrogenated in methanol. The catalyst was
removed by filtration and the solvent evaporated to provide
the free amine 46a as a syrup. The product was used immediate
ly. TLC: Н^« 0.05 (A).
SCHEME 1.
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Z-Leu-Ile-Ala-Tyr-Leu-Lys(Msc)-Lys(Msc)-Ala-Thr-Asn-Glu(OBut)-

OBut (»7).
A solution of k2a. (from

291 mg, 0.20 mmolee 42) in DMF

(2.5 ml) at -20 С was treated with 2.9 N HCl in ethyl acetate
(0.2 ml, 0.58 mmoles) and tert-butyl nitrite (27.k Ml,
.
о
I

0.2k

mmoles). After 20 minutes at -20 С the reaction mixture was
neutralized with DIPEA and a solution of 46a (from 143 mg,
0.21 mmoles 46) in DMF (2.5 ml) was added. After 2 days at
β

Ч С, during which the product started to precipitate, the pre
cipitation was completed by the addition of water. Washings
with water, methanol and ether provided pure 4£ (240 mg, 6756)1
TLC: Rf=i 0.53 (В).
Amino acid analysis: Asp I.06 (l), Thr 1.14 (l). Glu 1.00 (i),
Ala 1.93 (2), Ile О.96 (l). Leu 2.00 (2), Tyr 0.93

(l). Lys

1.97 (2).
Caled, mol. weight 1810.11.
Z-Leu-Ile-Ala-Leu-Leu-Lys(Use)-Lys(Mec)-Ala-Thr-Aen-Glu(OBut)OBut (48).
Compound 48 was prepared from 43a and 46a as described
for ¿J. Yield 49#f TLC: R f = O.6O (в).
Amino acid analysis: Asp 1.01 (l), Thr О.93 (l), Glu 1.02 (i),
Ala 1.95 (2), H e
mol. weight

0.97

(l). Leu 3.06 (3), Lys 2.07 (2). Caled.

1703·99·

Boc-Asp(OBut)-Leu-Ile-Ala-Tyr-Leu-Lys(MSC)-Lys(Mac)-Ala-ThrAen-Glu-OH (49).
A solution of ¿J (466 mg, 0.25 mmoles) in TFA was hydrogenated in the presence of 10$ palladium on charcoal. The catalyst was removed by filtration and the filtrate was evaporated to dryness under a stream of nitrogen. The resulting
tially deprotected

par-

undecapeptide was dissolved in DMSO (4 ml)

and neutralized with DIPEA. Then Boc-Asp(0But)-0NSu

(483 mg,

I.25 mmoles) and HOBt (193 mg, 1.25 mmoles) were added.
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After 3 days at room temperature the crude product vas isolated by precipitation with ether and vashing with ethyl acetate. Recrystallization from acetic acid-water and washing
with water provided pure ¿2 (395 mg, 81#)| TLC: Hf=0.37 (β).
Amino acid analyaisi Asp 2.ík (2), Thr 0.95 (l)i Glu 0.99 (l)t
Ala 2.01 (2), lie 0.95 (l), Leu 2.03 (2), Туг 1.0O (l). Lye
U91*

(2).

Amino acid analysis after dinitrophenylationt Asp 2.09 (2),
Thr 0.92 (l), Glu 1.04 (1), Ala 1.91 (2), H e 0.99 0 ) . Leu
2.07 (2), Lys 1.99 (2). Caled, mol. weight 19^7.29.
Boc-Asp(OBut)-Leu-Ile-Ala-Leu-Leu-Lys(MBc)-Lys(Msc)-Ala-ThrΑβη-Glu-OH (¿О).
Compound ¿0 was prepared by the method described for 4_2,
from 48 and Boc-Asp(0But)-0NSu. Yield βθ£| TLC ι R f - 0.30 (в).
Amino acid analyaisi Asp 2.00 (2), Thr 0.99 (i). Glu 1.02 (i),
Ala 2.01 (2), Ile 0.98 (l), Leu 2.95 (З). Ъув 2.05 (2).
Amino acid analysis after dinitrophenylationt Asp 1.92 (2),
Thr 1.00 (l). Glu 0.97 (1), Ala 2.00 (2), Ile O.98 (l),
Leu 3.06 (3), Lys 2.07 (2). Caled, mol. weight 1897.28.
H-Aap-Leu-Ile-Ala-T-Leu-Lys(Mec)-Lys(Mac)-Ala-Thr-Asn-Glu-OH,
Τ - Туг (»9a)
Τ - Leu (50a).
Both protected 12-peptides ¿2 »"d ¿2 w « r e treated with ITA
at room temperature for Ό minutes, followed by evaporation of
the acid under a stream of nitrogen. Drying in vacuo provided
the producta 49a and 50a as oils that were used immediately for
further coupling.
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H-Thr-Glu-Arg-Glu-Asp-Leu-Ile-Ala-Tyr-Leu-Lys(Мзс)-Lys(Msc)Ala-Thr-Asn-Glu-OH (¿2).
A solution of 22

(99.5 mg» 0.125 oimolee) in DMF (l ml)

at -15 С was treated vith 4.0 N HCl in ethyl acetate (0.I5 ml,
O.6O mmoles) and tert-butyl nitrite (17·8 Hit O.15 mmol es).
After 20 minutes at -15 С the reaction mixture was neutra
lized with DIPEA and added to a neutralized ( D I P E A ) solution
of і»9а (from 195 mg, 0.100 mmoles ¡t¿) in DMSO (i m l ) . After
. о
3 days at Ч С,addition of ether to the reaction mixture af
forded a solid that was washed with ethyl acetate and water.
The acid labile protective groups were removed by treatment
with neat TFA for 45 minutes at room temperature. Evaporation
of the acid under a stream of nitrogen provided a crude pro
duct that was dissolved in DMF, applied to a sephadex LH-20
column (2.5 x ІЗО c m ) , and eluted with DMF. Concentration
of the fractions containing the product to a small volume
(not to dryness! this hampers re-dissolution) and dropwise
addition to diisopropyl ether resulted in a solid. Collection
by centrifugation and washing with ether yielded pure ¿ 2
(230 mg, 100#)j TLCî R f - 0.32 (в), 0.26 (E).
Amino acid analysis: Asp 2.11 (2), Thr 1.93 (2), Glu 3.I8 (3).
Ala I.91 (2), lie 0.94 (l). Leu 2.05 (2), Туг 0.76 (l),
Lys 2.07 (2), Arg I.09 (i).
Amino acid analysis after dinitrophenylation: Asp 2.02 (2),
Thr 1.39 (l). Glu 2.83 (З), Ala 1.93 (2), lie 0.92 (l),
Leu I.97 (2), Lye 2.00 (2), Arg О.96 (i). Calod.mol.weight
2230.86.
H-Thr-Glu-A^-Glu-Asp-Leu-Ile-Ala-Leu-Leu-Lys(Msc)-Lys(Msc)Ala-Thr-Asn-Glu-OH (¿2).
Compound 52 was prepared by the method described for JH
in 995t yield.
Amino acid analysis: Asp 2.11 (2), Thr 1.82 (2), Glu 2.86 (Э),
Ala 2.10 (2), Ile I.O8 (i), Leu 3.08 (З), Lys 2.06 (2),
Arg 0.89 (i).
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Amino acid analysis after dinitrophenylatiom Asp 2.13 (2),
Thr 1.27 (1), Glu 2.96 (3), Ala 2.14 (2), Ile 1.13 (l),
Leu 2.98 (3), Lys 2.17 (2), Arg 0.92 (i). Caled.mol. weight
2180.85.
Boc-Lye(Mee)-Thr-Glu-Arg-Glu-Aep-Leu-Ile-Ala-Tyr-Leu-Lys(Mee)Lye(Msc)-Ala-Thr-Asn-Glu-OH (¿j) .
Compound ¿2 С · 2 0 шВш 0.167 шшоіев) was dissolved in TFA
and the solvent was removed immediately under a stream of
nitrogen. The residue was dissolved in DMSO (3.8 ml) and the
solution was neutralized (DIPEA). Then HOBt (l43 mg, 0.935
inmoles) and Boc-Lye(Mec)-ONp (484 mg, 0.935 nmoles) were added.
After 24 hours at room temperature the pH was readjusted to
7*5 and another 2.5 equivalents of HOBt (71 mg, 0.467 mmoles)
and Boc-Lys(Msc)-ONp (242 mg, 0.467 mmoles) were added. After
2 days at room temperature the product was isolated by preci
pitation with ether, and successive washings with ethyl ace
tate, iaopropyl alcohol and ether to yield pure ¿2 (469 "g,
96*).
"'•
Amino acid analysis! Asp 2.07 (2), Thr 2.07 (2), Glu 3·θ4 (з),
Ala 1.98 (2), Ile 1.03 О ) . Leu 2.04 (2), Туг 0.80 (i),
Lys 3.03 (3). Arg 1.11 (1).
Amino acid analysis after dlnitrophenylation: Asp 2.29 (2),
Thr 1.85 (2), Glu 2.86 (э). Ala 2.16 (2), Ile 1.02 (l),
Leu 2.17 (2), Lys 2.83 (Э), Arg 0.99 (i). Caled.mol.weight
(HCl-salt) 26О9.ЗО.
Boc-Lya(Msc)-Thr-Glu-Arg-Glu-Asp-Leu-Ile-Ala-Leu-Leu-Lys(Msc)Lys(Msc)-Ala-Thr-Asn-Glu-OH (¿4).
Thr synthesis of ¿4 proceded via the route described for
53• from ¿2 and Boc-Lys(Msc)-ONp. Yield 8l£.
Amino acid analysis: Asp 2.03 (2), Thr 1.92 (2), Glu 3.O8 (3),
Ala 2.04 (2), lie 0.93 (l). Leu 3.02 (3), Lye 2.90 (3),
Arg О.98 (1).

96

Amino acid analysis after dinitrophenylationi
Thr 1.80 (2), Glu 2.91

(3). Ala 2.21

Asp 2.15 (2)·

(2), Ile 0.98 (l),

Leu 3.10 (3). Lys 3.02 (з), Arg 0.85 (i). Caled.mol.weight
(HCl-salt) 2559.20.
H-Ly8(Mec)-Thr-Glu-Arg-Glu-Asp-Leu-Ile-Ala-Y-Leu-Lys(Msc)Lye(Msc)-Ala-Thr-Asn-Glu-OH, Y = Туг (53a),

Y = Leu (¿*a).
The Boc-groups were removed from ¿ 2 and ¿4 by acidolysis
with TFA for k5 minutes at room temperature. The acid was evaporated under a stream of nitrogen and the residues were dried
in vacuo. The products (olla). 53a and ¿4a,were used without
further characterization.
H-Ile-X-Ala-Gly-Ile-Lys(Mec)-Lys(Mec)-Lys(Msc)-Thr-Glu-ArgGlu-Aep-Leu-Ile-Ala-Y-Leu-Lye(Msc)-Lye(Mec)-Ala-Thr-Aen-Glu-OH
X= Phe, Yx Туг (¿¿),
X= Leu, Y- Tyr (¿6),
X= Phe, Y» Leu (57).
Msc_
I 3
a) from Boc-(8l-88)-N 2 H

(¿¿j

MacI 2
and H-(89-104)-0H (¿l).

The hydrazide JJ) (9*5 mg, 6.5 ишоіеа) was dissolved in a
mixture of DMF (0.25 ml) and DMSO (0.05 ml) and treated with
4.05 N HCl in ethyl acetate (4.81 Ml, 19.5 umoles) and tertbutyl nitrite (4.65 JU of a 20% solution in DMF, 7.8 rtmolee)
at -20 С

After 20 minutes the mixture was neutralized with

DIPEA and added to a solution of the 16-peptide ¿ 2 ('''«З т в>
6.5ито1ев) in a mixture of DMSO (θ. 1 ml) and DMF (O.05 m l ) .
'

о

After 3 days at 4 C, during which the pH was occasionally read
justed to 7.5, the crude product was isolated by precipitation
with water. The precipitate was dissolved in 50% aqueous for
mic acid and applied to a sephadex G-50 column (1.2 χ 125 cm)
in the same solvent (fig.3). The first peak was expected to be
the product. This material was isolated by concentration in
vacuo, followed by dilution with water and lyophilization.
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Careful analyses (see section J.k.6)
revealed that no coupling
had occurred| the product appeared to be a mixture of the
starting peptides.
Mec 2
Mec 3
b) from Z-(8l-87)-N2H .TFA (27a,28a) and Η-(β8-1θΌ-ΟΗ
(53>. 5»а).
General S£ocedure.

A solution of the appropriate hydrazide (l4.1 Mmoles) in
DMT (O.5O ml for 27a. 0.25 ml for 28a) at -15 С vas treated
with 3.0 N HCl in ethyl acetate (IOO pi for 27a. 50 pi for
28a) and tert-butyl nitrite (IO.I Ml of a 2θ£ solution in
OMF, 17.1 umoles). After 20 minutes at -15 С the reaction
mixture vas neutralized vith DIPEA to pH 7*51 and added to a
solution of 53a or 5**а (9-2 ишоіев) in DMSO (О.25 ml). After
Э days at k С the crude product, vhich still had an N-terminal
Ζ-group, vas isolated by precipitation vith ether and succes
sive vashings vith ether, ethyl acetate and again ether. The
z
-group vas removed by overnight treatment vith a mixture of
TFA-methanesulfonic acid-thioanisole (l0l1t1| 1.2 ml). The
partially deprotected product vas isolated by precipitation
vith ether and vashings vith ether, ethylacetate and ether.
The residue vas dissolved in 1.5 •! 5°^ aqueous formic acid
and applied to either a sephadex G-50 or a Biogel P-6 column,
both in 505t aqueous formic acid. The elution profiles are
given in figures 6,7 and 8a. The product-containing fractions
vere pooled, concentrated in vacuo, and diluted vith vater.
Lyophilization provided the products 55,26 and £7. Occasionally
the products vere rechromatographed on the same column for
final purification (fig.8b). The yields amounted to 20-35$
(average of approximately kO experiments).
Amino acid analyses for the products ¿¿,¿6 and ¿J are given
in table 3.2.
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SYNTHESIS AND SEMISYNTHESIS OF FOUR CYTOCHROME C-( 66-104)
ANALOGUES.

4.1 Introduction.
In the preceding chapters the preparation of the cytochrome
c-(81-104)MSC_ fragment was described, both by cyanogen bromide
degradation of Mec-cytochrome с (chapter 2) and by total syn
thesis (chapter 3)· The next step in the preparation of cyto
chrome с analogues is the synthesis of (66-104)-sequences from
the above products via the procedure given by Boon (1979a).
This method, outlined in figure 1, involves the extention of
the ( 8 1 - 1 0 4 ) M S C _
due,

fragments with an N-protected methionyl resi

followed by deprotection with acid of the N-terminal ami

no function and coupling with an Msc-(66-79)Msc_-azide. The
resulting Msc-protected (66-104)-fragments yield the desired
products, H-(66-104)-OH, after treatment with base. The parti
ally protected (81-104)-fragments used in this method may be
of natural or synthetic origin, but the (66-79)~sequences are
in each route synthetic products. If a cytochrome с analogue
with a substitution in the C-terminal segment (81-104) is to
be prepared, the appropriate synthetic (61-104)-derivative is
used, whereas for the preparation of analogues only substituted
in the sequence (66-79), the use of a (81-104)Msс .-fragment
from natural origin will be preferred, because it is easier
obtained than the identical synthetic product.
82
Q7
Thus the 39-peptides Leu

?

- and Leu '-(66-104) were prepa

red by total synthesis from the (81-104)Msc_ derivatives bear
ing

a leucyl residue either in position 82 or in position 97
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(producta ¿6 mnd ¡J. from chapter З), whereas tvo other
(66-10'()-analoguee vere prepared by semieyntheaie, viz. one
in vhich tyroaine-67 is Bubetituted by 4-fluorophenylalanlne,
and the other in vhich threonine-78 is substituted by valine.
|M,c)6
HH

" β · 1 S*»t.ey

(MK|5

f o r

ai-nu hm l "- | W - | W | 1 . в х - п Л Н о н

HK-\

|Msc)5

66-78 ~|-»г"а + Η-| ao-m

I

the-i

Ρ«'·Ρ·'»-

tion of the sequen
ce (66-104).

ITFA
(Mttlj

t h e

hon

6 6 - W ~ | - Û H ^ 5 ^*- н н

66-іц "|-он

The functional role of the tyxoeine-67 and threonine-ye resi
dues, as veil as the phenylalanine-82 and tyrosine-97 residues
in the cytochrome c-aolecule and our reason for their substi
tution by, respectively, Ί-fluorophenylalanlne, valine, leucine,
and leucine has been discussed in chapter 1. The effects of
these substitutions on the properties vili be discussed in
chapter 5·
This chapter outlines the synthesis and the resolution of
b-tluorophenylalanlne (seetion 4.2), a slightly modified route
to the (66-79)-derivative vith the native sequence (cf.Boon,
67
76
1981) and the corresponding Phe(4F) '- and Val - analogues
(section 4.3), as veil as the preparation of the Phe(4F) '-,
78
2
97
Val -, Leu -, and Leu - (66-104) analogues (section 4.4).
4.2 Synthesis and resolution of 4-fluorophenylalanine (schemes
1 and 2 ) .
Several synthèses for the preparation of 4-fluorophenylalanine have been described in the literature (Schiemann,1932|
Bennett,I950). The method of Bennett(195°) employing condensation of 4-fluorobenzylehloride vith diethyl acetamidomalonate
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gives the beet result and provides racetnic ^-fluorophenylalanine in kerft yield based on 4-fluorotoluene. This route was
adopted) only 4-fluorobenzyl bromide was used instead of the
chloride.
The synthesis, depicted in scheme 1, started with the
bromination of '•-fluorotoluene by N-bromosuccinimide in the
presence of benzoyl peroxide

k-Tluoroben-

and provided the

zyl bromide ¿8 in 78$ yield. Condensation of ¿8 with the sodium salt of diethyl acetamidomalonate gave the diethyl
K-Ct-fluorobenzyl) —OC — acetamidomalonate ¿ 2

in

^ 5 ^ yield.

Acid hydrolysis of ¿ 2 followed by recrystallization of the
crude product from ethanol-water (l:l) afforded the DL-^-fluorophenylalanine 60 in 83^6 yield.
Scheme 1 .

'-©-

CH,

NBS, (ф-С-0)

ecu

• ' - © - CH-Br
5B
0
и
C-OEt

rs'lux
ihrs

I

H-C-NH-C-CHn
•

II

0
C-OEt
II

0

Ha/EtOHt

J

lèi

CH2
I
CHj-C-NH-C-C-OEt
J

II

I

0

| 0
C-OEt
π
0
5?

II

12N HCl-HOAc
Π 1)
,, reflux, 45 mm

СНг
H2N-CH-C00H-HCI
OL-li-fluorophenylalanine
60
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DL-^-fluorophenylalanine can be resolved enzymatically by
conversion of the acetyl-L-amino acid into the corresponding
phenylhydrazide with papain (Bennett,1950). Since the yield
of this process is rather low (31$)· and the ensuing hydroly
sis into the amino acid occurs in only 63%, it vas decided to
employ a different method, described by Rajh(19791 scheme 2 ) .
Scheme 2 .

,
Z-Gly-ONSu + DL-H-PheftFj-OH-HCl-^^Z-Gly-DL-Phe-^Fj-OH

Ю

ι

61

carboiypeptidase A
•
pH 80
|L)-H-Phe(CF)-OH + Z-Gly-OH
62
+ Z-Gly-D-Phe(tF)-OH

The racemate 60 vas converted into the dipeptide derivative
Z-eiy-DL-Phe('»F)-OH, 6±, by aeylation vith Z-Oly-ONSu in 80^
yield» Digestion of 6\_ vith carboicypeptidase A. resulted in
cleavage of only the L-lsomer, which precipitated from the
reaction mixture upon concentration and dilution vith ethanol·
The pure L-4-fluorophenylalanine 62, possessing a somewhat
higher specific rotation than was found by Bennett (1950),
was obtained in 63$ yield after recrystalllzation from 50$
ethanol.

k.3

Synthesis of the cytochrome c-(66-79)-1J»-peptide
derivatives.

4.3.1 Synthesis of Mec-(66-79)Mec,-N2H2Boc, éj (scheme 3 ) .
The 14-peptide derivative Mec-(66-79)Mec_-N2H2Boc (6χ) was
made up from the folioving intermediatesi Msc-Glu-Tyr-Leu-GluAsn-Pro-NgH .TFA (б^), Z-Lye(Mec)-LyB(Mec)-Tyr-Ile-Pro-OH (6k),
and Z-Gly-Thr-Lys(Hsc)-N2H2Boe (6¿). The synthesis of these
derivatives has been described in detail by Boon(l98l).
102

Scheme

3·
Msc
Z-Cly-Thr-Lys-N2H2Boc

jH2/Pd,C

Msc Msc

«

Msc

2-Lys-Lys-Туг-He-Pro-OH + H-Gly-Thr-Lys-NzH2Boc
БІІ

Msc Msc

|I DCC/HOBt
DCC/H
•

Msc

Z-Lys-Lys-Tyr-I[e-Pro-Gly-Thr-Lys-N2H2Boc
66
Msc Msc

I
•

.
u

Msc

Msc-Glu-Туг-Leu-Glu-Äsn-Pro-Н2Нз-ТРА+ H-Lys-Lys-Tyr-Ile-Pro-Gly-Thr-Lys-N 2 H 2 Boc
63
I
66a
Msc Msc
Msc
ι
Ι
ι
Msc-Glu-Tyr-Leu-Glu-Asn-Pro-Lys-Lys-Tyr-Ile-Pro-Gly-Thr-Lys-N2H?Boc
67

However, the order of coupling of the fragments used here de
viates from that used by this author for the preparation of
the (66-79)-derivative with the native sequence, and follows
his route for the synthesis of the Leu - and Leu - analogues.
The deviation involved (scheme 3) hydrogenolysis of the
(77-79)-tripeptide derivative (65) and coupling of the resulting
free amine with the (72-76)-pentapeptide derivative 64, media
ted by DCC and HOBt (cf. König,I970). The resulting crude
(72-79)-octapeptide derivative 66 was obtained in pure form in
70$ yield following filtration of the reaction mixture and
chromatography on sephadex LH-20.
Removal of the carbobenzoxy group from 66 by catalytic hydrogenolysis and coupling of the product with the azide prepared
from the (66-71)-hexapeptide derivative 6^ by the Honzl-Rudinger method (I96I) gave the desired l4-peptide derivative 67.
This compound was isolated by precipitation with ether. Countercurrent distribution of the crude product and precipitation of purified 62 from a methanolic solution with ether afforded the product in 93$ yield.
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4.3.2 Syntheaie of Phe(4F) - MSC-(66-79)MSC -Ν,,Η .TFA
71a (scheme 4 ) .
The title compound 2J. can be synthesized via the same route
as the derivative vith the native sequence 6j_, provided that a
(66-71)-hexapeptide derivative (70a) bearing a k-Tluorophenylalanine in position 67 is available (scheme k).
The synthesis of the desired hexapeptide derivative started
vith conversion of the 4-fluorophenylalanine 62 into the carbobenzoxyderivative 68 by the normal procedure in 51$ yield
Scheme 4.

H-Phe(l,F)-0H

OBut
Z-Leu-Glu-Asn-Pro-N2HzBoc

— I Z-Cl
\ H2/Pd,C
i
OBut
Z-Phe(4F)-0H + Н-1еи-С1и-Д$п-Рго-«гН2Вос
_

i DCC/HOBt
f But
Z-Phe (tF)-Uu-Glu-Ain-Pro-H2H2Boc
I Hj/Pd.C
«
fBut
* OBut
Msc-Gtu-OTcp + H-Phe(iF)-Lw-Glu-Asn-Pn)-N2H2Boc

i
T

OBut
OBut
Mtc-61u-Phe(tF)-Leu-Glu-A9n-Pro-N2H2Boc
JTFA

*

Mic-Glu-Phe (4F)-Leu-6lu-Asn-Pro-H2H3-TFA + 66а

Ш

Msc-Blu-Phe

ITFA
Msc-Glu-Phe
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I

Msc Msc
'
Msc
{tF)-Leu-Blu-Asn-Pro-Lyí-Lys-Tyr-Ile-Pro-6ly-Thr-LÍís-)l2H2Boc

Π

*
Msc Msc
Msc
HFl-Leu-Glu-Asn-Pro-Lb-Lys-Tyr-Ile-Pro-Gly-Thr-Lys-NjHjTFA
71a

(cf. Greenstein and Vinita, 196l). Although the Z-Phe('»F)-OH
68 contained some minor impurities (TLC), it could be used
without further purification in the next step, the coupling
vith H-Leu-Glu(OBut)-Asn-Pro-N H Boc (Boon,19^1) using the
method of KBnig and Geiger (1970). The pentapeptide derivative
69 vas obtained in 89$ yield following chromatography on a
silicagel-60 column in chloroform-methanol (ioti). Removal
of the carbobenzoxy group from 6^ by catalytic hydrogenolysis
and acylation of the resulting amine with Msc-Glu(OBut)-OTcp
67
(Boon,198l) afforded the desired protected Phe(l*F) -hexapeptide derivative 2 2

l n

e 2

^ yield.

The acid-labile functions were removed with 905ε TFA and
the liberated hydrazide was converted into the azide by the
Honzl-Rudinger method. Coupling of the azide with the octapeptide derivative 66a resulted in the partially protected
14-peptide. The crude product was isolated from the reaction
mixture by precipitation and subjected to countercurrent dis
tribution in the system n-butanol-acetic acid-water (9>1s10).
This left 2J.t unlike the analogous 6£, as an inhomogeneous
product. Therefore the Boc-group on the C-terminal hydrazide
was removed by treatment with 90$ TFA, and the resulting com
pound was again subjected to countercurrent distribution using
the system n-butanol-acetic acid-water (4:1:5). This gave 71a
as the trifluoroacetate in 5^$ yield and pure by thin layer
chromatography.
'»•З.З Synthesis of V a l 7 8 - Msc-(66-79)Mec - N ^ B o c

, JC

(scheme 5 ) .
78
The synthesis of the Val -(66-79) derivative was commen
ced with the condensation of Z-Gly-ONp with H-Val-OMe.HCl, and
gave the protected dipeptide J_2 as an oil in 87$ yield.
Treatment of ¿2 with hydrazine hydrate in methanolic solution
afforded the crystalline hydrazide ¿ 2 l n 70% yield. Conversion
of 2 2 into the azide by the Honzl-Rudinger method was followed
by coupling with H-Lys(Mec)-N 2 H 2 Boc, prepared by hydrogenolysis
of the corresponding carbobenzoxy derivative 20 (cf.chapter Э ) .
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To obtain an analytically pure sample,the resulting protected
tripeptide Jji, which was isolated in 50$ yield, required an
extensive purification by countercurrent distribution. The
bulk of the material was used, however, without purification
in the next step, the coupling with the pentapeptide derivative
6U. Following the same procedure as used for 66, the Val78 (72-79)-octapeptide derivative 2¿ was obtained in 88$ yield
as a chromatographically pure product.
Removal of the carbobenzoxy group from 6£ and coupling with
the hexapeptide derivative 6¿ a e described for 6j_ gave the
title compound ¿6 in 69$ yield.
Scheme 5 ·
Z-Gly-ONp +

H-Val-OMe

I

M sc
Z-Lys-N^Boc

Z-Gly-Val-OMe

72
Mi,·1-НгО
M

M I
J
I H2/Pd,C

Msc
Z-Gly-Val-N2H] + H-Lys-^Boc
• Msc
Z-Gly-Val-Lys-MjBoc

ІНг/Pd.c a .
61 +

* Msc
H-Gly-Val-Lys-l( 2 H z Boc

\ DCC/HOBt
Msc Msc
Msc
Z-Lys-Lys-Tyr-Ile-Pro-Gly-Val-Lys-N 2 H 2 Boc

I

H

,

"

T
Msc Msc
Msc
+ H-Lys-Lys-Tyr-Ile-Pro-Gly-Val-Lys-IMBoc

1

Msc Msc
Msc
Msc-Glu-Tyr-Leu-Hu-Asn-Pro-Lys-Lys-Tyr-Ile-Pro-Gly-Val-Lys-HjHzBoc
76
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k.k

Synthesis and semisynthesis of the PheCtF) ' -, Val
Leu82-, and Leu 97 - cytochrome c-(66-104) fragments.

For the synthesis of each (66-104) sequence the route
described by Boon(l98l) vas followed (cf. fig.l).
The first step was the extension of the Msc-protected frag62
mente (61-104) of natural origin (cf. chapter 2) and the Leu
07
and Leu -analogues (compounds ¿6 and ¿21· chapter j) vith the
methionine-SO residue. For this purpose the use of the pentafluorophenyl ester of Boc-methionine in DMSO-solution has
appeared to give the best result, probably because the apolar
character of this ester fits veil in the apolar environment
of the amino terminal to be acylated.
Prior to dissolution in DMSO the Mac-protected (81-104)sequences were dissolved in neat TFA, vhich vas then removed
in a stream of nitrogen and the residues vere dried over NaOH
in vacuo. This procedure was usually repeated once or twice,
and ensures rapid dissolution (circa 5 minutes) of the samples
in DMSO (approximately 20$ v/v). After neutralization of the
solutions vith DIPEA,five equivalents of Boc-Met-OPfp vere
added. The reaction mixtures vere left overnight. During this
time those containing the native sequence gelatinized as expected, while those containing the analogues remained freely flowing liquids. The products could be isolated by precipitation
vith ether and vashing vith 5$ acetic acid in ethyl acetate
and ether, and vere usually obtained in 90-100% yield. Completeness of the acylations vas checked by amino acid analysis,
both vith «aid vithout prior dinitrophenylation (table 4.1).
After acidolytic removal of the Boc-groups vith 90% TFA
the Ir^-deprotected (80-104) sequences vere acylated vith the
appropriate azides, prepared from the Msc-protected (66-79)peptide hydrazides by the Honzl-Rudinger method. Before isolation of the products the Msc-groups vere removed by treatment
vith a hard base, because it is known that chromatography of
the crude, Msc-protected compounds on sephadex G-50 in 50%
aqueous formic acid is hampered by gelatination of the product.
The crude, deprotected products, contaminated vith both the
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parent 25- and ΐΊ-peptide, vere chromatographed on sephadex
G-50 in 75t formic acid. Figure 2 gives conditions and elution
profiles for the respective products· Lyophilization of the
product-containing fractions resulted in the desired (66-104)sequences in 23-32^ yield. The results of amino acid analyses
of the products are given in table k.Z.
AB shovn in figure 2, the product-peaks were always prece
ded by one or more small peaks. In two cases, namely in the
82
67
syntheses of the Leu - and Fhe(kT)
-(66-104) sequences, these
high molecular weight compounds, that by weight accounted for
only a few percent of the yields, were isolated. Amino acid
analysis of the material revealed, that the peak eluting Just
before a desired product, is composed of two 25-peptidee and one
l4-peptide. The other byproducts are probably eluted as mixtures
of various compounds, containing one 1'»-peptide and more than
two 25-peptideef the exact ratios could not be determined.
The origin of euch byproducts can be explained by the
formation of an anhydride from the l4-peptide-azide and a sidechain carboxyl group of the 25-peptide. Subsequent aminolysis
of the anhydride at the 25-peptide side by another 25-peptide
can then result In the occurrence of t-glutamyl or ß-aspartyl
peptides, and thus of the above-mentioned byproducts.
A. similar side reaction was found during the synthesis of
the Mac-protected (81-104)-fragments (chapter 3)· There the
yield of the byproducts sometimes exceeded that of the desired
product. Apparently this side reaction, which can occur when
aminolysis of the azide is rather slow, is a disadvantage of the
us· of minimal side-chain protection but thitf strategy had to
be used to maintain sufficient solubility of reactants.
The four (66-104)-analogues were finally treated with mercaptoacetic acid in order to reduce any methionine sulfoxide,
that might have formed (Fontana,1972| Atherton,I98O,I98I|
Houghton,1979).
Fig. Ζ Isolation of the (66-104)-peptides by gel filtration on
sephadex G-50 (3.5 x 130 cm) in Tf> aqueous formic acid) flow
rates as indicated. Arrows indicate identified byproducts.
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Fig. 2.
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Table 4.1 Amino acid analyaia of fragment Вос-( 0-104)МвсІ.-0Н
5
82
97
a
and the Leu - and Leu -analogues.
Derivative
Residue
Asp
Thr
Glu
Gly
Ala
Met
He

Leu
Туг
Phe
Lys

Arg

native
2.02
1.98
3.01
1.07
3.04
0.79
2.58
2.01
0.99
0.97
4.77
0.97

b
2.T4
1.97
3.12
1.02
3.12
0.78
2.69
2.19
—
1.00
4.95
1.03

τLeu82
2.13
2.14
3.06
1.08

Э.оэ
0.91
2.62
2.99
0.86
—
5.25
1.03

b
2.29
1.96
3.15
1.16
3.09
0.87
2.57
2.99
—
—
5.13
1.01

Leu??
b
1.95
2.08

2.05
2.06

3.07
0.98
2.94
1.11
2.58
3.21
—
0.83
5.11
1.08

2.77
1.15

э.об
0.92
2.74
3.16
—
0.88
4.98
1.02

a· Theoretical values correspond to the nearest integer| no
corrections vere made for loss on hydrolysis ι the values
for Met include the sulfoxide.
b. After dinitrophenylation.
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Table k.Z Amino Acid analysis of the (66-104).analogues
and of two byproducts.
Analogue
Residue

Asp
Thr
Glu
Pro
Gly
Ala
Val
Met
lie
Leu
Туг
Phe
Phe(4F)
Lye
Arg

PheCtF)

3.09
2.93
4.88
n.d.
2.09
3.23
—
0.82
3.68
2.98
1.81
1.03
0.86
8.36
1.06

7

Val

7

3.14
2.20
4.78
1.59
2.17
3.29
0.88
1.09
3.73
3.12
2.63
0.99
~
8.07
1.10

Leu

2.98
2.77
4.70
1.57
2. Ok

3.04
—
0.97
4.20
4.13
2.97
—
~
8.17
1.04

Leu

97

2.73
2.78
4.91
1.69
2.21
2.70
—
0.92
4.03
4.19
1.63
1.04
—
8.36
1.18

byproduct byproduct
67
82
Phe(ltF)
Leu
5.25
5.36
7.94
n.d.
3.26
6.32
—
1.80
6.83
5.26
2.64
1.69
0.74
12.96
2.28

5.07
5.10
7.70
n.d.
3.21
5.91
—
1.71
7.01
7.11
4.15
—
—
12.97
1.86

a. Theoretical values correspond to the nearest integer; no
corrections vere made for loss on hydrolysis.

Ill

i».5 Experimental.
For general experimental methods, eee chapter 3, section
3.5.
Additional solvent Systems used for TLC ι
Gl Chloroform - methanol (IO1I)
Hl Chloroform - methanol (lt2)
It Chloroform - acetone - methanol (5>5ιΐ)
4-Pluorobenzyl bromide (¿8).
A suspension of N-bromosuccinimide (l4.8 g, 83 mmoles)
in a solution of 4-fluorotoluene (II.O g, 100 mmoles) and
benzoyl peroxide (77 mg, 0.3 mmoles) in CCl^ (15 ml) vas refluxed for 45 minutes. After cooling the solution vas filtered,
and the filtrate vas fractionally distilled to provide ¿8
(I2.3g, 7β#)| bp 7 1 Ό (7 mm Hg) » N £ 5 . 1.5458 (lit N ^ I . S b B O ) ,
NMR: ά- i».91 (β,2Η), 7.kB (ш,2Н), 7.84 (m,2H).
Diethyl W-(4-fluorobenzyl) — К — acetamidomalonate (59).
To a solution of sodium (I.68 g, 73 mmoles) In absolute
ethanol, diethyl 0¿-acetamidomalonate (15.84 g, 73 mmoles)
and ¿8 (12.25 g, 65 mmoles) vere added. After refluxlng for
k hours the reaction mixture vas diluted vith vater (300 ml)
β
and kept overnight at 4 C. The precipitate vas filtered off
and vashed vith vater to yield pure ¿2 (9.59 g, 45^)| mp
141-143*0 (lit 145 - 147.5*0)1 NURt ¿-О.87 (t, 6H), 1.62
(·. ЭН), 3.21 (s, 2H), 3.86 (q, 4H), 6.21 (m, 2H), 6.72 (m, 2H)!
analysis· C ^ H ^ N O^F (325.40)f
calcdt С 59.07*. H 6.20*. Ν 4.31*.
found: С 58.88*, Η 6.26*, Ν 4.17*.
DL-4-fluorophenylalanine.HCl (6θ).
Compound ¿2 (9.З8 g« 28.8 mmoles) vas dissolved in a (ill)
mixture of 12N HCl and acetic acid (200 ml) and refluxed for
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20 hours. After cooling the mixture was concentrated in
vacuo and the residue was recryatallized from 12N HCl. Com
pound 60 was obtained as a crystalline, pinkish solid, homo
geneous on TLC. The product looses HCl on drying as expected
and evidenced by an elemental analysis that fits for 0.9 HCl.
Yield 5.69 g (83^)1 mp 245-255°^ (dec.» lit 24l-2520C)| Bf=
0.10 (A), 0.40(B)| analysis! С H ^ N OgF.HCl (219.65).
caled: С 49.21$, H 5.05$, Ν 6.38$,
found» С 49.9'*$· Η 5.19$, Ν 6.63$.
Z-Gly-DL-Phe(4F)-0H (ίΗ).
Compound 60 (5·56 g, 23.4 mmoles) was dissolved in a
mixture (4:1) of acetonitrile and water (2.35 ml), and NEt_
(6.56 ml, 46.8 mmoles) and Z-Gly-ONSu (6.80 g, 23.4 mmoles)
were added. The mixture was stirred overnight at room tempera
ture and diluted with water. The resulting precipitate was
filtered off and dried. Acidification of the filtrate to pH 3
with 2N KHSOK resulted in precipitation of another fraction of
the product that was also filtered off and dried. Total yield
of pure «И: 7.09 g (81$)| шр 1бЗ-1б50С| TLC: Rf=0.44 (A),
0.04 (F); analysis: C^H^NgOjF. l/3H20 (ЭвО.Зб).
caled: С 60.00$, H 5.21$, Ν 7-37$,
found: С 60.00$, Η 5.17$, Ν 7.^9$.
L-4-fluorophenylalanine (62).
The dipeptide derivative б^ (7·4ΐ g, 18.9 mmoles) was dis
solved in О.25 M aqueous N-methylmorpholine (94.5 ml), giving
a 0.2 M solution with respect to the rácemete. The pH was adjusted to 8.0 by the addition of acetic acid. Carboxypeptidase
A (12.5 mg) was suspended in 0.5 ml 0.1 N NaHCO. and dissolved
by the addition of 0.1 N NaOH to pH 11. The solution was cooled and adjusted to pH 8.0 with 0.1 N HCl and added to the solution of the racemate. After 2 hours the mixture was concentrated to 30 ml and diluted with absolute ethanol to approximately 100 ml. The resulting precipitate was collected by
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filtration and the filtrate vas treated tvice with ethanol
as described for the reaction mixture. The combined precipi
tates were recrystallized from 50$ aqueous ethanol to yield
о
the homogeneous product 62 (l.10 g, 63$)| mp 2U7 С (dec.|
lit 250-255вС, dec.)» [V-]^'*'2'*'6''
( c=0 '5. H 2 0) (lit.
5
в
[ог]р «-23 (c-2, H 2 0))| TLCi Rf,- 0.'*7 (B) t analysist
C ? H ;|0 N0 2 r.|H 2 0< 192. 19) .
caled: С 56.24$, H 5.77$, Ν 7.29$,
foundi С 56.12$, H 5.31$, Ν 7.26$.
Z-Lye(Mec)-Lye(Mec)-Tyr-lle-Pro-Gly-Thr-Lye(Mec)-N2H2Boc (66).
The tripeptide derivative 6¿, Z-Gly-Thr-Lye(Msc)-N2H2Boc
(422 mg, О.бО nunoles) vas dissolved in methanol and the Z-group
vas removed by catalytic hydrogenolysis in the presence of 10$
palladium on charcoal. After removal of the catalyst by fil
tration and evaporation of the filtrate, the residue vas dis
solved in DMF (7.5 ml).
Z-Lys(MBc)-Lys(Msc)-Tyr-Ile-Pro-OH, 64 (541 mg, 0.50 mmoles),
HOBt (153 «g. 1.0 mmoles) and, at 0 C, DCC (IOS mg, O.5O mmoles)
vere added. The mixture vas stirred in an ice bath for 1 hour
and overnight at room temperature. The precipitated DCU vas
removed by filtration, the filtrate concentrated to a small
volume and applied to a sephadex LH-20 column (2.5 x 130 cm).
Elution vith DMF (flov rate 20 ml/hr) and evaporation of the
solvent from the relevant fractions provided an oil. Dissolu
tion in MeOH and dropvise addition to ether gave compound 66
as an amorphous powder vhich vas collected by filtration. Yield
690 mg (70.4$) 1 mp 123вС (dec.)| [(*]"« -36.5° (c-0.5, MeOH) j
TLC: H f = O.60 (A), 0.38 (Bh analysis 1 C ^ H ^ N ^ O ^ S - , ( 1632.86).
caled: С 50.75$. H 6.73$, H 11.15$.
found: С 50.72$, H 6.87$, N IO.91$.
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M3C-Glu-Tyr-Leu-Glu-Aen-Pro-Ly6(Mec)-Lye(Msc)-Tyr-Ile-ProGly-Thr-Lys(Msc)-N 2 H 2 Boc

(63;).

A eolution of Мзс-ОІи-Туг-Ьеи-ОІи-Аап-Рго-ПлН

.TFA, бД

(240 mg, 0.23 inmoles) in DMF (2 ral) vas treated at -20 С
with 4.0 η HCl in ethyl acetate (17Э м і , О.69 aunóles) and
tert-butyl nitrite (33 Ml, 0.28 nunoles). The mixture was
kept at -20 С for 30 minutes, neutralized with DIPEA, and
added to a chilled solution of 66a, obtained by catalytic hydrogenolyais of 66 (346 mg, 0.21 inmoles) in 90% aqueous ace
tic acid followed by filtration, evaporation, and dissolution
о

of the residue in DMF (0.5 m l ) . After 24 hours at 4 С the
reaction mixture was worked up by precipitation with ether
and washings with ether, ethyl acetate and ether to provide
the crude product.
For purification the crude product was dissolved in the upper
phase of the solvent system n-butanol-acetic

acid-water

(13·5! 1·5:15)» and subjected to countercurrent

distribution

in this system for a total of 9" transfers. The chromatographycally homogeneous material, present in tubes 85-97 ( 2 0

ml

per tube), was combined, and the solvents were evaporated in
vacuo. The residue was dissolved in a small amount of metha
nol and added dropwise to ether. Collection of the resulting
precipitate by centrifugation yielded pure 62 (467 mg, 9 3 # ) |
mp 80 С (soft), I65 С (dec.)| [ύί]Ό

»-49.7°(c=0.5, MeOH)f

TLC»

R f = 0.30 (В).
Amino acid analysis: Asp 1.03 (i), Thr 0.92 (l), Glu 2.05 (2),
Pro 1.99 (2), Gly 1.03 (1), Ile О.94 (I), Leu 1.08 (l),
Tyr 2.02 (2), Lye 2.95 (З).
Z-Phe(4F)-0H (68).
H-Phe(4F)-0H, 62 (1.10 g, 6.0 mmoles) was dissolved in
1 N NaOH (6 m l ) , and water (6 ml) was added. After cooling
Q

to О С carbobenzoxychloride

(I.O ml, 7.2 mmoles) and 1 N NaOH

(6 ml) were added. After several hours at room temperature
the reaction mixture, in which a heavy precipitate had formed,
1 15

ав acidified with 2 N KHSO. and extracted vith ethyl acetate.
The organic layer was washed with water, dried (Na-SO.), and
evaporated to dryness. The residue was dissolved in ethyl
acetate and DOHA (О.89 ml, 4.5 mmoles) was added. The preci
pitated salt (1.39 Κι 65%) was inhomogeneous by TLC, and the
acid was freed again from the salt by dissolution in ethyl
acetate and washing with 1 N KHSO. . Drying (Na-SO. ) and eva
poration of the solvent provided an oil that solidified from
ethyl acetate-petroleum ether to yield slightly inhomogeneous
(TLC) 68 which was used without further purification. Yield
0.97 g (52^)| mp 101-105OC| [«]"= - B.6°(c*l,
MeOH)| TLC«
R f = 0.68 (A), 0.82 (В), 0.73 (θ), 0.34 (θ).
Z-Phe(k¥)-Leu-Glu(OBut)-Asn-Pro-NgHgBo с (62).
A solution of 68 (830 mg, 2.62 inmoles) and H-Leu-Glu(OBut)Asn-Pro-N2H Вое (I.67 g, 2.62 inmoles) in DMF (25 ml) was cooled
to 0 C, and HOBt (kkO mg, 2.87 mmoles) and DCC (¡kO mg, 2.62
e
mmoles) were added. After 16 hours at О С the reaction mixture
was filtered (DCU), and processed in the usual manner. Evapo
ration of the etyl acetate provided the crude product that was
purified by chromatography on Bilicagel-60 in the system chloroform-methanol (lO:l). Evaporation of the solvents from the
product-containing fractions and trituration of the residue
with diisopropyl ether provided the pure pentapeptide deriva
tive 69, that was collected by filtration. Yield 2.03 g (89#)I
mp ІЗО С (dec.) | [ « ] " = - 85.3° (c-1, HeOH), TLC: Rf= 0.72 (A),
0.84 (B)t analysis! c¡t€lH65ila0iZr''·5 HgO (968.07).
calcdt С 57.06$, Η 7.08%, Ν 11.58$,
found! С 57.23$, Η 6.82$, Ν 11.33$.
Amino acid analysis: Asp O.87 (i). Glu 1.07 (i), Pro I.05 (i),
Leu 1.10 (i), Phe(4F) 0.91 (i). Phe(4F) elutes approximately
15 minutes after Phe and 50 minutes before Lys in the employed
procedure.
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Msc-Glu(OBut)-Phe('lF)-Leu-Glu(OBut)-Asn-Pro-N
Compound 6¿ (2.00 g,

2.22

HgBoc

(jo).

inmoles) was dissolved in me-

thanol (ISO ml) and hydrogenated in the presence of ^0¡i
palladium on charcoal. The catalyst was removed by filtration and the solvent vas evaporated. The residue was dissolved in DMF and Msc-Glu(OBut)-0Tcp

(I.09 g,

2.0k

mmoles) was

о

added. After 72 hours at k С the mixture was poured into
ether, and the precipitated product (70) was collected by
centrifugation and washed with ether. Yield 1.92 g (82$)|
mp 155-l60 O C

(dec.) j [ві]^2=

- 73.5° (c=1, MeOH) ; TLC: R f =

о.бэ ( A ) , 0.76 (B).
Amino acid analysis: Asp 1.02 (l). Glu I.97 (2), Pro 0.95 ( l ) ,
Leu L O ?

(l), PheCiF) O.9O (l).

Msc-Glu-Phe(kF)-Leu-Glu-Asn-Pro-Lys(Msc)-Lys(Msc)-Tyr-IlePro-Gly-Thr-Lys(Msc)-N 2 H

.TFA (71a).

Compound JO (13I mg, 0.II5 шшоіев) was partially deprotected by treatment with 90$ TFA for 1 hour. The product

(70a)

was precipitated by dropwise addition of the reaction mixture
to ether, and was collected by centrifugation, washed with
ether, and dried. The hydrazide, thus obtained, was converted
into the azide and coupled with 66a (from I63 mg, 0.100 inmoles
of 66) as described in the synthesis of 6j_. The crude product
was isolated and subjected to a countercurrent

distribution

in the system n-BuOH-HOAc-H 0 (9:1:10). After 250 transfers
tubes λ20-'\1ΐΙΐ

(20 ml per tube) contained inhomogeneous (TLC)

71 (177 mg, 7'*$)· After removal of the Boc-group by treatment
with 90$ TFA for 45 minutes followed by evaporation of the
acid and countercurrent distribution in the system n-BuOHHOAc-H.O (4:1:5), the chromatographically pure product,

present

in tubes 45-64 (20 ml per tube), was isolated by evaporation
of the solvents. Dissolution of the residue in methanol and
precipitation with ether gave compound 7 la (13О mg, 5^$)I mp
0

90 C

2

(dec.)» [іх]ц = - 38.9° (c=0.3, MeOH) j TLG: H f =

0. 18 (в).
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Amino acid analysis: Asp 1.06 (i), Thr О.98 (i), Glu 2.07 (2),
Pro 1.98 (2), Glu 0.95 (1), H e 0.97 (i). Leu 1.04 (i), Туг
1.02 (1), Phe(l»F) 0.97 (1). Lye 3.01 (з).
Z-Gly-Val-OMe

(jz).

H-Val-OMe.HCl (5Л5 g, 32.5 nimoles) and Z-Gly-ONp
(9.47 g, 28.7 mmolee) vere dissolved in DMF (12 ші) and NEt,
(4.55 »l« 32.5 mmolee) was added. After 1б hours at room
temperature the solvent vas evaporated and the residue pro
cessed in the usual manner. Evaporation of the ether gave
the dipeptide derivative 7j2 as a chromatographically pure
oil (8.08 g, 87$).
Z-Gly-Val-N2H3 (22).
Compound £2 (8.08 g, 25.1 mmolee) vas dissolved in methanol and treated vith N H, .H 0 (7.5 ml, 150 inmoles). After
18 hours at room temperature the reaction mixture vas concentrated and the residue vas crystallized from ethanol to
yield pure 22 (5.65 g, 70*)| mp ISI-ies'ci [OÍ]"» - 19.3°
(c-2, Me0H)| analysisi C ^ H ^ N ^ O ^ (322.36).
caled: С 55.88$, H 6.88%, Ν 17.38$,
found: С 55.66$, Η 6.76$, Ν 17.23$.
Z-Gly-Val-Lye(Msc)-N2H2fioc

(V*).

The hydrazide 22 0*85 g, 5.75 mmolee) vas dissolved in
DMF (57 ml) and treated vith 3.I N HCl in ethyl acetate
(5.1 ml, 15.8 mmolee) and tert-butyl nitrite (0.82 ml, 6.00
о
^^~
о
mmolee) at -15 С After stirring at -15 С for 30 minutes the
solution vas neutralized vith DIPEA and H-Lys(Msc)-N2H Boc
(2.05 g, 5.0 mmolee), prepared by catalytic hydrogenolysis
of 20 as described in chapter J, vas added. After 1 day at
. о

ч С the reaction mixture vas vorked up in the usual manner.
Evaporation of the ethyl acetate and crystallization from
isopropyl alcohol gave Jj*_ (2.79 g, 80$).
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An analytical sample was obtained by countercurrent distribution in the eystem MeOH-CHCl -CCl^-buffer (10:7:4:3)I buffer
composition : 12.5 ml HOAc and 12.3 g N H . O A c , made up to
1000 ml with water. After 100 transfers tube 100 was connected to tube 1, and another 100 transfers vere carried out.
Then tubes 15-74 were emptied and refilled with new upper
and lower phase (l0 ml of each per tube), and another 300
transfers were performed. Emptying and refilling of tubes
1-50 and 200 additional transfers gave chromatographically
homogeneous material, present in tubes 65-79· Evaporation
of the solvents and crystallization from ethanol-water gave
analytically pure Z ¿ . Mp 1 1 7 - Π 9 Ο 0 | [iVC]^1* - 39.5° (cal, MeOH) »
TLC: R f =

0.14 (С), 0.42 (н), 0.54 (l); analysis: С 3 0 H 4 8 N 6 0 1 1 S

(700.80).
caled: С 51.4l£, Η 6.9θ£, Ν 11.99$,
found: С 51.35$, Η 6.71$, Ν 11.71$.
Z-Ly8(Msc)-Lys(Msc)-Tyr-Ile-Pro-Gly-Val-Lye(Msc)-N 2 H 2 Boc

(75)«

Hydrogénation of JJL (526 mg, 0.75 mmoles) in methanolic
solution gave, on filtration of the catalyst and evaporation
of the filtrate, H-Gly-Val-Lys(Msc)-N 2 H 2 Boc

as an oil. After

dissolution of the oil in DMF (5 ml) the pentapeptide derivative 64 (757 mg, 0.70 mrnoles), HOBt (153 mg, 1.0 mmole), and,
at 0 C, DCC (155 me, 0.75 mmoles) were added. The product Jjj
was isolated by the procedure described for 66. Yield 1.01 g
(88$); mp 90* (slow dec.)« [θί]ρ2= - ЗО.о" (c=1, MeOH)| TLC:
Rf-0.40

(A), 0.55 (B).

Amino acid analysis: Pro I.03 (l), Gly 1.15 (l), Val О.96 (i),
Ile О.99 (i). Туг 0.86

(i). Lys 3.00 (3).

Mec-Glu-Tyr-Leu-Glu-Asn-Pro-Lye(Msc)-Lys(Msc)-Tyr-Ile-ProGly-Val-Lye(Msc)-N 2 H 2 Boc (76).
The l4-peptide derivative J_6 vas prepared from compounds
63 and 2 ¿ by the procedure described for 6j in 69$ yield.
Mp 70 С (soft), 167 0 C (dec.) j [oc] " =

- 47.8° (c=0.5,MeOH) |
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TLC: R f = 0.28 (в).
Amino acid analysis ι Asp 1.05 (l), Glu 2.Об (2), Fro 2.05 (ζ),
Gly 1.07 ( О . Val 0.88 (i), Ile 0.98 (i), Leu 1.02 (i),
Туг 2.00 (2), Lya 2.9^ (З).
Boc-(80-104)Mec_-OH and the Leu -and Leu -analogue.
General gròCedurе.
The ( 8 1 - I O O M S C - sequences ¿J)ι¿6 »>d ¿J. (chapter 3) vere
dissolved in neat TFA and the acid was evaporated in a
stream of nitrogen. After repeating this procedure (usually
twice) and drying over К0Н in vacuo, the sticky residues vere
dissolved in freshly distilled DMSO (50 mg per 0.25 ml), and
the solutions were neutralized vith DIPEA to pH 7.5· Boc-MetOPfp (5 equivalents) was added and the reaction mixtures
vere kept overnight at room temperature. Precipitation vith
ether and vaehings with 5Í acetic acid in ethyl acetate
(twice), and ether (twice) provided the products in 90-100^
yield. The completeness of the acylation was checked by
amino acid analysis, both before and after dinitrophenylation
of the products (see table Ί.ΐ).
Synthesis of the Phe(4F) 7 -,Val 78 -,Leu 82 -,and Leu97-(66-104)
sequences.
General_¡>rocedure .
The (66-79)-l4-peptide derivatives (67,71a and 26) ( 15·6
мтоіев) were partially deprotected by treatment with 9θ£ TFA
for 45 minutes at room temperature and the resulting products
were isolated by evaporation of the acid in a stream of ni
trogen. Dissolution of the residues in neat TFA followed by
evaporation of the acid and drying over KOH provided the deprotected hydrazides as TFA salts.
Dissolution of the hydrazides in DMF (O.50 ml) and treat
ment with 3.0 N HCl in ethyl acetate (45.6 pi, ΐ4θ.4 ρ moles)
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and tert-butyl nitrite (11.2 иі of a 20tf> solution in DMF,
16.7 кшоіев) for 45 minutes at -20 С vas followed by neutra
lization with DIPEA to give the desired azides.
The Boc-(80-104)Msc--OH derivatives obtained in the previous
prescript (9.42 umoles) vere deprotected in a similar vay
as described for the l4-peptide derivatives. The dried,
sticky oils vere dissolved in OMSO (O.SO m l ) , neutralized
vith DIPEA, and the solutions of the l^t-peptide azides vere
added.
о

After 4 days at 4 С the reaction mixtures vere vorked up by
precipitation vith ether, centrifugation and washings vith
ethyl acetate and ether.
The residues vere dissolved in DMSO (2.10 ml) and methanol
(0.7O ml) was added. Then the Msc-groups were removed by
the addition of 1 N NaOH (0.70 ml) under vigorous stirring
for 45 seconds, followed by neutralization with acetic acid
(0.2 m l ) . The crude products, which contain unreacted 14and 25- peptide, were precipitated with ethyl acetate and
washed with ether. The residues were dissolved in 7$ aqueous
formic acid and applied to a sephadex G-50 column(3.5x130cm).
The column was eluted with 7% aqueous formic acid and the
desired products were recovered by lyophilization of the ap
propriate fractions. The yields amounted to 23-32%. Elution
profiles are given in figure 2, amino acid analyses in
table 4.2.
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PREPARATION AND PROPERTIES OF Hse ,РЬв(4г) -, Няр ,
78
5
82
5
97
Val -, Hse ,Leu -, AND Hse ,Leu -CYTOCHROME C.

5.1 Introduction.
The final step in the eemisynthesie of cytochrome с ana
logues from three fragments (cf. fig.6, chapter i) is the con
formation-directed recombination of the fragments (I-65) and
(66-104). The aminolysis of the Hse -lactone by the amino
function of Glu 66 takes place, provided that both fragments
are properly aligned after complexation and reduction of the
heme moiety (Corradin,197^0 , which implies that the introduced
modification does not seriously interfere vith the complex
formation. Hampered complexation might thus limit the useful
ness of the adopted strategy, especially when applied to ana
logues which involve substitution of highly conserved or in
variant, and therefore possible structurally essential, resi
dues. However, reports in the literature concerning the syn
thesis of a number of cytochrome с analogues via the chosen
strategy indicate, that the requirements for complex formation
posed on a modified fragment (66-104) are not as strict as one
might assume. For example, analogues have been prepared in
which the highly conserved, internally located Туг 67 residue
is replaced by Leu, Phe or Phe(4F) (Boon,1979b,I98I[Koul,I979),
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and another in which the equally conserved, but more peripherally located Tyr
residue is substituted by Leu (Boon,
I981). The yields were lover than when the native (66-TO'»)
sequence was used, which may be a reflection of a structural
imperfection during the recombination step, but the results
gave hope, that the covalent association to cytochrome с
analogues from each of the four modified (66-104) fragments
(cf. chapter 4) would be possible.
6T
The substitution of Tyr
by Phe(J(F) was known not to
cause major difficulties in the recombination of the frag
ments (I-65) and (66-104), since the resulting analogue has
been described in the literature, although in impure form
(Koul,1979).
The introduction of valine instead of the invariant
threonine in position 78 was not yet explored. Although
Thr 7Θ is located on the surface of the cytochrome с molecule,
its side chain is turned inward and is involved in an exten
sive network of hydrogen bonds. Disturbance of this network
may interfere with the complex formation and the coupling
of the two fragments.
The aromaticity of the highly conserved Tyr 97 residue
is considered to be of structural importance in maintaining
a proper orientation of the N- and C-terminal ОС-helices in
the molecule. Elimination of the aromaticity at this position
by the introduction of a leucyl residue may therefore put a
severe strain on the conformation-directed recombination of
the fragments (I-65) and (66-104).
The influence of the substitution of the invariant Phe 62
residue by leucine is difficult to assess. Although the re
sidue is located on the surface, its phenyl ring flanks the
heme, which may be of structural importance.
This chapter describes the semisyntheses of Hse ,
Phe(4F) -,Ηββ 5 ,Val 78 -,Hee ,Leu 82 -, and Hse65,Leu97-cytochrome с from the fragment (1-65), obtained by cyanogen bromide
degradation of cytochrome с (chapter 2), and the (66-104)
analogues (chapter 4) as well as some physicochemical
124

properties of the products and their reactivity towards
cytochrome с oxidase.

5.2 Recombination of the fragments (l-65) and (66-104).
The performance of the investigations described here was
seriously hampered by an alteration in the quality of the
sephadex G-50, which was used for the separation of cytochrome
с fragments. The alteration appeared to stem from a varia
tion in the manufacture of the gel which had been introduced
indeed (Dr.B.König, Pharmacia, personal communication). In
its new form the gel could be used for the separation of protected cytochrome с fragments as before, but generally failed
in formerly flawless separations of the unprotected fragments.
The here most essential separation of unprotected (I-65) and
(66-104) became thus dependent on the batch of the gel and
demanded several rechromatographies to obtain pure material
causing severe losses of sequences of the type (66-104). Con
sequently, recovery of (66-104) sequences both of native and
(semi)synthetic origin, gave serious problems and necessitated
the preparation of larger quantities of these materials than
anticipated. Fortunately one batch of sephadex of acceptable
quality became available, which relieved this difficulty
(cf.fig.6c, chapter 2 ) .
The initial attempts towards the recombination of fragments
(I-65) and (66-104) resulted in products that lacked the cha
racteristic red color at neutral pH) instead they were brown.
Reduction of these materials with dithionite did not lead to
the appearance of the expected ОС- and β-bands in the visible
spectrumi only a broad Soret peak of low absorptivity at 408 nm
was detected. Moreover, the results were not very reproducible.
The cause of these troubles was not investigated into detail,
especially since, after a number of trial experiments, conditi
ons for the recombination step were found that always resulted
in the desired products. These conditions are fundamentally
similar to those given by Boon (1979a) with the notable
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exception of the buffer in which the reaction is performed. It
was found, that the precipitation of a part of the (66-104)
material which occurs when a sodium acetate buffer (0.1 H,
pH 5.6) or a sodium phosphate buffer (θ.1 M, pH 6.8) is used,
is avoided by performing the reaction in a Tris-HCl buffer
(0.1 M, pH 7.2)·
The reduction of the heme-iron in the reaction mixture,
necessary for the complex formation to occur and for induc
tion of the coupling of the fragments (I-65) and (66-104)
(Corradin,I974), by portionwise addition of a sodium dithionite solution, was monitored by measuring the increase in the
absorption at 550 nm. Addition was continued until a maximum
was reached. The ratio of this absorption at 550 nm and the
absorption at 530 nm in the oxidized form measured with these
mixtures,normally exceeds that, measured for the free (I-65)
fragment (there A-.Qr e d A 5 3 0 o x " 1.95)» indicating the for
mation of a complex between the fragments (I-65) and (66-104).
During the reductions of the heme-iron in reaction mixtures
containing the Phe(4F) 7 -,Val 7 -, or Leu 2-(66-104) fragments
this behaviour was also observed. In the reaction with the
Leu ·»(66-104) fragment the reduced spectrum resembled that of
the free heme-bearing fragment at the start of the reaction.
After the usual reaction time of 48 hours, however, an increase
in the 550 nm absorption was detected. These observations sug
gest a more difficult complex formation in this particular
case and point to an important structural function of the
Tyr97-residue in the compiexation.
The reactions were stopped by oxidation with ferricyanide,
and the products were isolated by gel filtration of the reaction
mixtures on sephadex G-50 (fig.I). The elution profiles show,
that the Нее ,Phe(4F) -cytochrome с is obtained in a good
yield, although not as high as found for Нее ^-cytochrome с
prepared from the native (66-104) sequence (not shown). The
yields for the Нее 6 5 ,Leu 8 2 -, the Нее 6 5 ,Val 7 8 -, and the Нее 6 5 ,
Leu 97-cytochrome с are clearly lower. The crude products were
isolated by lyophilization and the residues were dissolved in
a 0.1 M phosphate buffer (pH 6.8) in 8 M urea and passed
through a sephadex G-25 column in 0.O2M phosphate (pH 6.8).
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Fig.1 Isolation of
semisynthetic cyto
chrome с analogues on
sephadex G-50
(2.3 χ 127 cm) in 7%
aqueous formic acidi
flow rates 20 ml/hr.
The peaks contain, from
left to right, the
sequences (1-104),
(I-65) and (66-104).

JOO
»0
elution volume in ml

I27

This procedure is required to renature the products and to
avoid irreversible adsorption to the ion exchange column in
the next step. The coloured eluates were applied to a CMcellulose column in a 0.02M phosphate buffer (pH 6.8) and
eluted with a linear gradient of 0.02 - 0.15M phosphate,
pH 6.8 (fig.2). In each of these cases a considerable amount

Q0Î

5

rt»

10
etulon time in hours

U«J

5

cytechrom. ς

10
elution tHT* in hours

Fig.2 Purification of semisynthetic cytochrome с analogues on
CM-сellulоset
Hse ,Phe(4F) -cytochrome c: column 0.6 χ 12 cm, elution
with a linear gradient of sodium phosphate, 0.02 - 0.12M
(2 χ 150 ml), pH 6.9| flow rate 11 ml/hr.
64
78
Hse ,Val -cytochrome с
„ 65 , 82
. .
column 0.5 x 6 cm, elution with a
Hse ,Leu -cytochrome с
Hse ,Leu -cytochrome с linear gradient of sodium phosphate,
0.02 - 0.15M (2 χ 50 ml), pH 6.9|
flow rates: 6.9, 5.2 and 8.4 ml/hr,
respectively.
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of material could not be eluted from the column, a problem
not encountered in the preparation of Hse

-cytochrome c. This

may be explained by a decreased stability of the analogues
which results in some denaturation of the products during
the elution from the ion exchange column and irreversible
adsorption of this portion of the product. This is also evi
dent from the fact that the entire column remains somewhat
coloured. The products were obtained in concentrated form
by dilution of the appropriate fractions with water, adsorp
tion to a small (0.5 χ 0.5 cm) CM-52 column and elution with
0.2M phosphate, pH 6.8. The yields amounted to 2$ for Hse
Leu

-cytochrome с, У$> for Hse

Hse

,Leu

chrome

,Val

,

-cytochrome c, h^, for

-cytochrome с and 12$ for Hse

,Phe(i»F)

-cyto

с

5.3 Properties of Hee 6 5 ,Phe('»F) 6 7 -, H s e 6 5 , V a l 7 8 - , Hsr·6"',
82
. „ 65 T
97
,. ^
T
Leu -, and Hse
,Leu -cytochrome c.
5·3·1 Visible absorption spectra and redox potentials.
Visible absorption spectra provide some information about
the structure of cytochrome с and of cytochrome с analogues.
The most sensitive probe for a native-like folding of the pro
tein chain around the heme group is the absorption band at
695 nm

in the spectrum of the ferri form

of the ligation of the Met

which is the result

-sulfur atom to the heme iron.

A not fully developed or absent 695 nm band in the absorption
spectrum of a cytochrome с analogue indicates, that the ironsulfur ligation is weakened, and that the heme crevice is more
accessible for solvent molecules (Schechter,I967, Osheroff,
I980). This feature is usually accompanied by an increased ab
sorption and shift to shorter wavelength of the Soret band,
normally occurring at 409 nm in native cytochrome с (Drew,1978).
If the 695 nm has completely disappeared the heme-iron may be
72
79
ligated to a nitrogen ligand, possibly the Lys' or L y s ' y side
chain (Smith,19βθ) as evidenced by a Soret maximum at Ί06 nm
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(Schechter,I967). A shift to values below 400 nm suggests the
coordination of a weak field ligaud like water instead of a
sulfur or a nitrogen ligand (Margoliash, I966).
A rough indication of a native-like folding of the protein
chain around the heme group in a cytochrome с analogue is
provided by the intensity of the absorption band at 550 nm
(the CX-band) in the spectrum of the reduced form, because
the absorptivity of the «-band, which also occurs in haematine
chloride, is known to increase in the presence of the C-terminal portion of the protein, notably beyond residue 65·
The visible absorption spectra of the prepared cytochrome
с analogues are depicted in figure 3, and the positions of
the absorption maxima and the presence or absence of the 695 nm
band are given in table 1. In addition, the ratio of the ab
sorption at the 0¿-band wavelength in the spectrum of the reduced form and of the absorption at 530 nm in the oxidized form
is given. The interpretation of the spectra is only of a qualitative character, because it is difficult to determine, which
peak is unaffected by a particular substitution and can be used
as a reference.
The structure of the Нее ,Val -cytochrome с obviously is
quite different from that of native cytochrome c. In the
oxidized form, no absorption maximum at 695 nm vas detected

во
and the soret peak is at 406 nm, suggesting that not the Met
sulfur atom, but a nitrogen atom serves as the sixth ligand for
the heme iron. In the reduced form the Ш-band showed eoi increa
sed intensity compared to that in the fragment (I-65).
The Нее 5 ,Phe(4F) 6 7 -,Hse 6 5 ,Leu 8 2 -, and Hse65,Leu97-cytochrome с all show a relatively weak 695 nm band, indicative for a
65
82
weak iron-sulfur linkage. In the Hse ,Leu -analogue this is
accompanied by a shift of the Soret maximum to 408 nm, sugges
ting a change in the ligation of the heme iron.
In the reduced form the Fhe(4F) -.Leu -, and Leu -analogues
all exhibit an increased intensity of the OC-band with respect
to the (1-65) fragment as evidenced by the ratio A». . . _, /
oc— Dana, rea
A.-0
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(table l)| this ratio equals 1.95 for fragment (I-65).

Table 1. Spectral properties of cytochrome с and of the prepared analogues.
Ferr•1 form

Cytochrome с

So ret(nm)

analogue

Native

695 nm band
presence

Ferro form
Soret(nm) OC(nm)

§(nm)

A

A

550,red/ 530,ox

409

yes

415.5

550

52О

2.4?

1*09

yes

416

550

521

2.16

k06

no

416

548

519

2.43

H e e 5,Leu -

408

yes

415.5

5^.5

519

2.27

Hse^.Leu^.

409

yes

415.5

5^7.5

518

2.14

6

,Phe(UF) 7 _

Нее
6

7 в

6

e2

Нве *, а 1

Ы

-

Fig.3.
Visible absorption spectra of the oxidized and reduced se
misynthetic cytochrome с analogues in 0.05M sodium phosphate
о

buffer, pH 6.9 and 20 С
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Fig.3c.
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The redox potentials of the analogues, determined epectrophotometrically using the fегго-ferricyanide redox couple in a
kO nM phosphate buffer (pH 7.0) are given in table 2. The most
striking result in this context is the variance in the redox
potential between the analogues. Especially the high value for
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the Leu 97- analogue is noteworthy, since it indicates that a
weakened iron-sulfur ligation and a more exposed heme group
does not correlate with a drop in the redox potential as has
been suggested by Stellvagen (1978).

Table 2. Redox potential of cytochrome с and of the prepared
analogues.
Cytochrome с
analogue

E

- in mV

( + 10 mV)

native

263

65

67

Hee ,Phe(4F) 6

199

78

H.. 5.Val H.. 6 5 f L . u 82_

ПО
265

H..65,L.u"_

319

5.3.2 Cytochrome с oxidase activities.
It Is knovn that tvo reaction sites for cytochrome с are
present on cytochrome с oxidase, one of high and one of lov
affinity. Measurement of electron transfer rates by the Pola
rographie method at lov ionic strength and lov concentrations
of cytochrome с allovs the monitoring of the high affinity
reaction (Ferguson-Miller,1976,1979). Under these conditions
the cytochrome с that is bound to the oxidase is much faster
reduced by tetramethyl-p-phenylene diamine (TMFD) than the
oxidized cytochrome с dissooiates from the complex vith the
oxidase (Ferguson-Miller,1978)· This complex is nearly com
pletely in the reduced form, since the rate limiting step of
the reaction is located vithin the oxidase (Vilson,1975)·
Consequently, the rate of oxygan uptake at various cytochrome
с concentrations, measured in the Polarographie method, is
proportional to the amount of the cytochrome c- cytochrome
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oxidase complex present, and the IL, values, determined from
Eadie-Hofstee plots (v/ [cyt c]

versus V) are identical to

the dissociation constant 1С. of the complex
197β). The maximal turnover rate (V

(Ferguson-Miller,

) , which is a property

of the oxidase itself, cannot be found by extrapolation of
the Eadie-Hofstee plots of reactions at the high affinity
site of the oxidase, because the slope of the plot decreases
at higher cytochrome с concentrations, due to additional elec
tron transfer at the lov affinity site. The V

will theremax

fore be larger than the value found by extrapolation. It can
thus be concluded, that measurement of activities of cyto
chrome с analogues with cytochrome с oxidase only provides in
formation about the ability of the analogue to transfer elec
trons and about its affinity towards the oxidase.
Eadie-Hofstee plots of the measurement of oxidase activi
ties of cytochrome с and the prepared cytochrome с analogues
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Fig.4 Eadie-Hofetee plots for the reaction of cytochrome с oxi;>
»67.
dase with cytochrome с (·), Hse 65
,Phe(4F)"'-cytochrome
с (о),

Нее

,Val

-cytochrome с (д), Hse 6 5 ,Leu 8 2 -cytochrome с {ψ),

Нее

,Leu

-cytochrome с (•).

and
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are shown in figure Ц. It is worthwile to mention, that the
introduction of a homoserine residue in position 65 as a re
sult of the semisynthetic reconstitution of the molecule, does
not alter the activity as compared to that of the native mo
lecule (Boon,1979a). Differences in activity of a particular
analogue may therefore be attributed to the second substitu
tion in the molecule. The results indicate, that the prepared
analogues are all active under the assay conditions, though
the affinity has decreased compared to that of cytochrome c.
In the case of Use ,Phe(4F) -cytochrome с a larger rate of
oxygen consumption than measured for cytochrome с is found at
all concentrations.

5.4 Discussion.
The successful semisyntheses of Hse ,Phe(ltF) '-,Hse ,
Val 7 -,Ηββ '.Leu -, and Нее '.Leu''-cytochrome с by a confor
mation directed coupling of the native (I-65) fragment vith
the respective (semi)synthetic (66-104) sequences show, that
this strategy for the preparation of cytochrome с analogues
can be used even for the synthesis of analogues in vhich in
ternally located and possibly structurally important residues
have been substituted. The yields for the analogues, the Hse ,
Phe(AF) '-cytochrome с excluded, are, however, very low com
pared to the yield in which Hse -cytochrome с could be ob
tained (35$), and may reflect a deterioration of the structu
ral integrity of the complex during the coupling due to the
introduced substitutions. Most illustrative in this context is
64

Q7

the synthesis of the Hse ,Leu -cytochrome c| it was observed
that the reduction of the fragment (I-65) in the presence of
97
the Leu -(66-104) sequence resulted in an absorption spectrum
very similar to that of the free (I-65) fragment, while in the
analogous semieyntheeis of unmodified cytochrome с a spectrum
is obtained in which the absorption of the ОС-band has increa
sed, indicating the formation of a complex (I-65). (66-104)
having the natural conformation.
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At the end of the usual reaction time (48 hours), the increa
sed intensity of the DC-band vas observed, however. The Туг-·.
Leu exchange in position 97 confirms the structural function
10
97
of the pair Phe -Tyr
in the folding of the polypeptide
chain around the heme group which was already expected
(Eley,1982).
78
82
Q7
Compared to the Val -,Leu - and Leu - analogues the
64
67
Нее ,Phe(4F) -cytochrome с is a favourable exception with
respect to the yield of the recombination step (12%), eugges67
ting that a substitution of the Tyr
residue does not inter
fere as much with the conformation of the coupling site as
the other substitutions. This is also apparent from the syn67
thesis of the Leu -analogue (Boon,198l)·
The effects of the substitutions on the physical and
biological properties allow only tentative conclusions on the
function of the exchanged amino acid residues in the native
molecule. A more detailed interpretation of the results would
require the precise knowledge of the structural alterations
caused by these substitutions as provided by X-ray or NMRstudies. These measurements could not yet be undertaken due
to the small amounts in which the analogues were obtained un
til now.
Both the Hse 5 ,Phe(4F) 7 - and H s e 5 , V a l 7 -cytochrome с
were prepared to determine the importance of a water molecule
located between the residues 67 and 78, and the function
of the network of hydrogen bonds in this region, viz. from
the highly conserved Tyr
to the water molecule and Met t
52
from the watermolecule to the side chains of Asn
and the
78
78
invariant Thr

, and from the Thr

-side chain to the ou

ter propionic acid on heme ring III. A disruption of hydrogen
bonds in this network clearly affects the structure of the
molecule, since the visible absorption spectrum of the
67
Phe(JtF) -analogue shows only a weak 695 nm band, while this
78
band is completely absent in the Val -analogue. In the latter
derivative the absence of the 695 nm band is accompanied by a
shift of the Soret band in the ferri form from 409 to ko6

nm,

indicating a change in the coordination of the heme iron from
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the Met -sulfur atom to a nitrogen ligand, probably the side
chain amino function of Lys
or Lys 7 (Smith,1980). The
changes in the 695 шв region of the absorption spectra sug
gest an opening of the heme crevice and a more hydrophilic
heme environment.
6*5
67
The drop in the redox potentials of the Нее ,Phe(4F) '6*1
78
cytochrome с (Ε к 199 mV) and of the Hse .Val -cytochrome с
(E • 170 mV) can partially be ascribed to such an increased
exposure of the heme group (Kassner,1972,1973l Stellvagen,
197B)| it is known, that a heme group equipped vith the phy
siological ligands, but completely lacking the protein mantle,
operates at a redox potential of -5 mV (Timkovich,1979)·
However, the hydrophilicity of the heme environment is not
the only factor governing the redox potential, because com
parison of the X-ray structures of Pseudomonas aeruginosa cy
tochrome с,., and Chlorobium thiosulfatophilum cytochrome
c--- reveals an equal heme exposure while their redox poten
tials are quite different, viz. 285 mV and 145 mV, respecti
vely (Korszun,1977). A study by Myer (1979) of the sensitivity
of the redox potential of horse cytochrome с to the folding
of the protein chain reveals, that a weakening of the 695 nm
band per se cannot explain the observed value of the midpoint
potential! the structure in the vicinity of the Trp 59 residue,
close to the outer propionic acid also appears to be important.
The involvement of a heme propionic acid in the tuning of the
redox potential was also observed in studies of the pH depen
dence of this parameter in Pseudomonas aeruginosa cytochrome
c 5 5 1 (Moore,1980).
From the given literature citations it may be assumed,
that the drop in the redox potential caused by the substitu
tion of either Tyr 7-»-Phe(4F) or Thr78-».Val has to be attribu
ted to an increase in the dissociation of the heme propionic
acid and a stabilization of the ferri form as a result of the
breaking of hydrogen bonds to the water molecule and to the
propionate residue itself.
Нее
138

From these considerations the enhanced activity of the
,Phe(4F) -cytochrome с with cytochrome с oxidase can be

expected, since the reduced analogue is less stable than
cytochrome c, leading to a higher rate of electron transfer,
although the affinity of the analogue for the oxidase has
decreased. The reduced affinity might be due to small diffe
rences in the tertiary structure, apparent from the weakened
695 nm band, what might lead to a different spatial arrange
ment of the amino groups of the lysine residues, involved in
the binding to the oxidase.
The reason that the Hse

65

,Val

78

-cytochrome с does not

exhibit a similar enhanced activity at low concentrations may
be understood from the fact that one of the lysine residues
normally involved in the binding to the oxidase, serves as a
ligand to the heme iron in this analogue, resulting in a low
affinity of the analogue for the oxidase and an inefficient
electron transfer process.
Comparison of the results obtained for the Phe(4F)
analogue with those of the Leu

67

-

-derivative (Boon,1979b,I98I)

reveals, that the drop in the midpoint potential is the same
in both cases and can therefore be attributed completely to
the breaking of a hydrogen bond. Both analogues exhibit an
enhanced activity towards the cytochrome с oxidase. Apart
from this, the overall structure of the two analogues is some
what different as evidenced by a decreased affinity for the
67
oxidase and weakened 695 nm absorption band for the Phe(UF) 67
analogue, features which are not observed for the Leu -analo
gue. This is rather unexpected, since one would expect the
67
substitution of the Tyr
residue by leucine to be more disrup
tive than by
k-fluorophenylalanine.
¿e
82
The Нее
,Leu -cytochrome с in which the totally invari82
ant Phe -residue has been replaced by leucine, possesses
remarkable properties. In the visible absorption spectrum
of the oxidized analogue a loosened folding of the protein
around the heme is apparent from the relatively weak 695 nm
band ,and the shift of the Soret peak to k08

nm. This might

cause a drop in the redox potential due to an increased heme
exposure (Stellwagen,1978)· Since the hydrophobicity of the
heme environment has also decreased due to the smaller size of
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the leucine residue compared to phenylalanine, this would also
point towards a drop in the redoxpotential (Kassner,1972,1973»
Pettigrew,1975). However, the redox potential of the ana
logue was found to be 265 mV, equivalent to that of native
cytochrome c. This may be explained by considering the results
for Hse .PheClF) - and Hse ,Val -cytochrome c, which sug
gest that not the degree of heme exposure, but rather the
structural integrity near the buried water molecule and the
outer propionic acid is a dominant factor in governing the
82
redox potential· In view of this, substitution of the Phe
residue, which is not in the vicinity of the water molecule,
is not likely to have a large effect on the value of the mid
point potential·
A much more unexpected result is the activity of the Нее ,
82
Leu -cytochrome с with cytochrome с oxidase. It has been sug
gested by Poulos and Kraut (198O) and by Takano and Dickereon
82
(ΐ9θΐ) that the Phe -residue in cytochromes с is probably
totally invariant since it is involved in the electron transfer
process. This would suggest that no activity can be expected
for an analogue in which the aromatic phenylalanine residue is
replaced by the non-aromatic leucine. Since this is contrary
82
to our results, a direct involvement of Phe
in the electron
transfer process must be ruled out· The decreased activity
82
with, and affinity for the oxidase of the Leu -analogue rather
82
suggests an involvement of the Phe -residue in the binding of
the native molecule to the oxidase. This, however, cannot be
said with certainty because the relative positions of the lysyl
residues that are anyhow involved in the binding, may have
changed (cf. weakened 695 nm band).
Substitution of the highly conserved Tyr97'-residue, that
forms the so called 'right channel' with Phe , by leucine
resulted in the Hse ,Leu -cytochrome c. From the relatively
weak 695 nm absorption band in the spectrum of the oxidized
analogue a structural change at the left side of the molecule
is evident, despite the fact that residue 97 is located on the
right side. This may be atributed to a shift in the position
of the C-terminal Dt-helix that extends from the right side to
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the left side of the cytochrome с molecule (see chapter 1,
fig.5)· Apparently this structural change causes a depression
of the dissociation of the outer propionic acid

since the

redox potential has risen from 263 mV in native cytochrome с
65
97
to 319 mV in the Hse
,Leu -analogue. The low reaction rate
of Hse

.Leu

-cytochrome с with cytochrome с oxidase can be

expected, since the stability of the reduced state of the
analogue, and consequently the barrier for electron transfer
to the oxidase, has increased. The lowering of the affinity
probably reflects a change in the tertiary structure of the
binding site.
To summarize, both the observations made during the syn65
97
,Leu -cytochrome с and the properties of
the analogue point towards a structural function of the Tyr 97 thesis of the Hse

residue in cytochrome с as was already suggested by Eley(l982).
The rise in the redox potential of the Leu 97 -analogue may be
only the consequence of the structural alterations.
In summary, this study shows that the adopted strategy
for the preparation of cytochrome с analogues can be applied
to the covalent semisynthesis of analogues with substitution
of structurally important residues. Further, the fact that the
82
Leu -analogue exhibits a distinct activity with cytochrome с
82
oxidase rules out a critical function of the Phe -residue
in the native molecule in the electron transfer process as
has been suggested in the literature. Finally, this study
forms another confirmation for the theory (Myer,1979|Moore,
1980(Boon,I98I) that not the degree of heme exposure, nor the
hydrophobicity of the heme environment, but rather the struc
tural integrity of the inner part of the heme crevice is the
main factor in the tuning of the redox potential of cytochro-

1ІМ

5.5 Experimental.
For general experimental methods, eee chapter 3» section 3.5·
Reconstitution of the cytochrome с chain froin_the i1-6§¿lactone and the (66-1042 fragments.
The cytochrome с chain was reconstituted by a procedure
similar to that described by Corradin and Harbury (l97l).
A solution of the (1-65)-lactone (12 mg, I.S^Mmoles) and
the appropriate (66-104)-peptide (6 mg, І.ЭІртоІеэ) in 0.2 M
Trie-HCl buffer, pH 7.2 (k ml) - the (66-104)-peptide was
dissolved in the acidic component of the buffer - was deoxygenated by flushing with argon for 30 minutes in a rotating
modified Thunberg-assembly attached to a 2 mm cuvet. The
heme-containing fragment was reduced by addition of a minimal
amount of sodium dithionite, injected in portions through the
septum, as an approximately 60 mM solution in deaerated water,
while measuring the absorbance changes at 550 nm. The solu
tion was kept in the reduced from for 48 hours, and then
oxidized by injection of a minimal amount of a potassium
ferricyanide solution in water.
The reaction mixture was subjected to gel filtration on
a sephadex G-50 column (2.3 χ 127 cm) in 7$ aqueous formic
acid (fig.l). The fractions containing the reconstituted cy
tochrome с chain were pooled and lyophilized. This material
was dissolved in 0.1 M sodium phosphate buffer, pH 6.8 (3 ml)
containing β M urea, and renatured by gel filtration on a
sephadex G-25 column (l.O χ 25 cm) in 0.02 M sodium phosphate
buffer, pH 6.8. The coloured fraction vas absorbed onto a
CM-52 cellulose column, oxidized with potassium ferricyanide,
and eluted with a linear sodium phosphate gradient. The columrm dimensions, gradient compositions and flow rates are
given in the legend of fig.2. The appropriate fractions were
diluted with water to a 0.02 M phosphate concentration, absor
bed onto a CM-cellulose column (0.5 x 0.5 cm) in 0.02 M sodi
um phosphate buffer, pH 6.6, eluted as a concentrated solution
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vitti 0.2 M sodium phosphate, pH 6.8, rapidly frozen at -78 С,
о
and stored at -20 С
Redox potential measurements^

Mid-point redox potentials at pH 7·0 were determined
spectrophotometrically with the ferro-ferricyanide

redox

couple. A solution of a known amount of the appropriate cyto
chrome с - the concentration is determined spectrophotometri
cally by complete reduction with sodium dithionite at the end
of the measurement - in 40 mM sodium phosphate, pH 7*0, also
containing 6.0 mM ferrocyanide, was titrated anaerobically
о
with a deoxygenated 5.0 mM ferricyanide solution at 20 C. The
amount of reduced cytochrome с after each addition was deter
mined spectrophotometrically by using a value of 20 mM

.cm

for the difference in extinction coefficient at the 0C-band
wavelength. The mid-point potential was calculated at half
reduction of the cytochrome c, determined graphically from
a plot of log ferro/ferricyanide against log ferro/ferricytochrome с using a value of 0.428 V for the ferro-ferricyanide
couple, calculated from the data of O'Heilly

(1973).

Oxidase activity measurements.
The activity of the cytochrome с with purified beef heart
cytochrome с oxidase (a generous gift from Dr.B.F. van Gelder,
В.С.P. Jansen Institute, University of Amsterdam, The Nether
lands) were determined using the ascorbate-TMPD system
(Ferguson-Miller,I976,1978). The rate of oxygen uptake at 25 С
was measured polarographically with a Clark electrode mounted
in a thermostated reaction vessel (I.65 m l ) . The

assay solution

contained Trie-acetate (pH 6.8, 25 m M ) , sucrose (25О mM), ascorbate (6 m M ) , TMPD (1.2 m M ) , Tween-20 (0.1$) and cytochrome с
oxidase (0.128 и М ) . The concentration of the cytochrome с was
varied from 0.015 - 0.25 uM.
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SAMENVATTING.
Het onderzoek beschreven in deze dissertatie valt in prin
cipe in twee gedeelten uiteen. Het eerste gedeelte betreft de
de fragmentatie van cytochroom

с met behulp van staphylococcal

aureus protease en vergelijking van de resultaten met die van
reeds bestaande methodes. Het tweede gedeelte is gewijd aan
de semisynthese van cytochroom

с analoga via een uitbreiding

van een reeds bestaande strategie. Aangezien het eerste deel
niet binnen een redelijke termijn tot een goede methode leid
de die voor analogen onderzoek gebruikt kan worden, ligt het
zwaartepunt van het onderzoek op het tweede gedeelte.
De strategie voor de synthese van cytochroom

с analoga

is gebaseerd op een cyanogeen bromide afbraak van het raolekuul achter de methionine resten 65 en 80, leidend tot drie
fragmenten. Verlenging van de geïsoleerde C-terminale

(61-104)-

sequentie met methionine gevolgd door koppeling met een synthetisch (66-79)-derivaat geeft het semisynthetische

(66-1θΌ-

peptide. Een conformatie gestuurde koppeling van dit (66-104)peptide met een geïsoleerd (I-65)-fragment geeft de semisynthetische cytochroom

с analoga met gewenste substituties in het

(66-79)-gedeelte. De methode kan worden uitgebreid tot substi
tuties in het C-terminale (81-104)-segment indien dit volledig
gesynthetiseerd wordt. Dit is het hoofddoel van het hier be
schreven onderzoek. De analoga die bereid zijn betreffen de
substitutie van enkele evolutionair zeer geconserveerde of
invariante residuen om zodoende inzicht te verkrijgen in hun
funktie in het cytochroom c.
In hoofdstuk 1 wordt een korte samenvatting aangaande de
funktie en de struktuur van cytochroom с gegeven. Tevens is
een algemene beschouwing over de semisynthese van eiwitten
gegeven, toegespitst op het cytochroom с molekuul. Aan het
slot van dit hoofdstuk wordt het doel van het onderzoek ge
formuleerd.
Hoofdstuk 2 handelt over de bestaande

splitsingsmethodes

voor cytochroom с (mbv trypsins en cyanogeen bromide) alsmede
over een eigen onderzoek, gewijd aan de verdere fragmentatie
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van het tryptische fragment (I-38) door middel van staphylo
coccal aureus protease. Op deze manier konden de fragmenten
(5-21) en (22-38) verkregen worden, maar slechts in een zeer
laag rendement· Pogingen om met deze fragmenten en het frag
ment (39-ІО'*) tot een goed gedefinieerd, niet-covalent, drie
fragmenten-complex (5-2I).(22-38).(39-104) te komen waren
weinig succesvol. Daarom is dit onderzoek niet verder voort
gezet.
Hoofdstuk 3 handelt over de synthese van het fragment
(81-104) alsmede twee analoga hiervan met de substituties
82
97
Phe

— * Leu en Tyr

— • Leu. De hierbij beoogde strategie

voorzag in een koppeling van de fragmenten (81-88) en (89-104)
welke echter geen produkt opleverde. Verlegging van de koppelingsplaats naar een kondensatie van de fragmenten (8I-87) en
(88-104) leverde wel het gewenste produkt (81-104), zij het
in slechte opbrengst (20-35$)· Het lage rendement kon ver
klaard worden door het optreden van een nevenreaktie waarbij
het azide van het (81-87)-derivaat reageert met een vrije
carboxyl groep van de amino component (88-104), gevolgd door
de aanval van een tweede molekuul (86-104) op de (88-104)zijde van het ontstane gemengd anhydride. Dit resulteert, na
асуlering van

de vrije aminogroep, in een bijprodukt bestaan

de uit een 7-peptide en twee 17-peptides.
Hoofdstuk 4 handelt over de syntheses van de (66-104)peptides, uitgaande van de in hoofdstuk 3 beschreven varianten van (81-104). Deze leiden tot de synthetische Leu
Leu

- en

-(66-104)-analoga. In dit hoofdstuk wordt ook de synthese

en resolutie van 4-fluorophenylalanine

(Phe(4F)) beschreven.

Dit aminozuur is gebruikt voor de βemisynthese van een (66-104)67
analogon waarin Tyr
is vervangen door Phe(4F). Tenslotte is,
eveneens volgens de reeds eerder ontwikkelde semisynthetische
78
procedure een analogon gemaakt met de substitutie Thr —»'Val.
De conformatie-gestuurde covalente koppeling van de
(semi)synthetische (66-104)-peptidee met het N-terminale
fragment (I-65) wordt beschreven in hoofdstuk 5· Van de ver
kregen produkten aijn de absorptie spectra, redox potentialen
en cytochroom с oxidase aktiviteiten gemeten. Hierbij werd
145

gevonden, dat de Туг 7 — » Phe(4P) en Thr 7 — » Val substituties
beiden resulteren in een verlaging vein de redox potentiaal.
Dit kan toegeschreven worden aan de verstoring van het net
werk van H-bruggen dat de zijketens van het streng-geconser67
7β
veerde Tyr - en het invariante Thr -residue via een hier
tussen gelegen water molekuul verbindt en doorloopt naar een
van de heem propionzuurresten. Deze verstoring resulteert in
een grotere dissociatie van de genoemde propionzuurrest het
geen kennelijk gecorreleerd is aan een verlaagde redox poten
tiaal.
78
Een ander interessant aspekt van het Val -analogen is
het ontbreken van een absorptieband bij 695nm en een verschui
ving van de Soret-band van '•OSinm naar Ι»θ6ηπι, beide in de ge
oxideerde vorm. Dit duidt op een Fe-N-ligandering in het ana
logen in de plaats van de Fe-S-ligandering| dit wijst op een
vrij belangrijk verschil in de tertiaire struktuur ten opzich
te van natief cytochroora c. Toch vertoont het analogen een
duidelijke cytochroom с oxidase aktivlteit.
67
Bij het PheCtF) -analogen wordt naast de verlaging van de
redox potentiaal een verhoogde cytochroom с oxidase aktivlteit
gevonden. Soortgelijke effekten werden eerder gevonden voor het
67
Leu -cytochroom c. Blijkbaar moeten ook bij laatstgenoemd ana
logen de veranderde eigenschappen eerder aan het verbreken van
H-bruggen dan aan het ontbreken van een aromatisch residue op
plaats 67 worden toegeschreven.
Het Leu -cytochroom с waarin het invariante Phe -residue
is vervangen is interessant vanwege de onverwacht hoge cytochroom
с oxidase aktivlteit. Hieruit blijkt namelijk, dat het Phe
residue niet essentieel is voor de elektronen overdracht zoals
vroeger verondersteld werd, maar eerder een rol speelt bij de
62
binding aan het oxidase. De redox-potentiaal van het Leu -analogon bleek gelijk te zijn aan die van natief cytochroom c.
Het Leu 97-cytochroom с werd bereid om de veronderstelde rol
van het streng-geconserveerde Tyr 97-residue in cytochroom с bij
het in stand houden van de natieve struktuur te toetsen. Deze
hypothese wordt ondersteund door het trage verloop van de
ll»6

komplexvormlng bij de conformatie-gestuurde koppeling van de
97
fragmenten (I-65) en Leu -(66-1Ok). De redox potentiaal van
97
het verkregen Leu -cytochroom с bleek veel hoger te zijn
dan die van cytochroom c. Een verklaring hiervoor kan gevon
den worden in een verschuiving van de C-terminale helix
vaarin residue 97 is gelegen ten gevolge van de Tyr 97 —»Leu
substituties deze helix strekt zich namelijk uit tot de kant van het cytochroom с molekuul vaar het eerder genoemde watermolekuul en de hij de afstemming van de redox potentiaal betrok
ken propionzuurrest liggen. De verandering in de tertiaire
etruktuur in het Leu 97-analogen is kennelijk zodanig, dat de
dissociatie van de propionzuurrest verminderd is en de redox
potentiaal daardoor hoger ligt.
Een belangrijk resultaat van het onderzoek is, dat aan
getoond kon worden, dat de afstemming van de redox potentiaal
van cytochroom с kennelijk ook te maken heeft met de integri
teit van een netwerk van H-bruggen diep in het molekuul en niet
alleen met de hydrophobiciteit van de heem-omgeving. Een ander
belangrijk resultaat is, dat de strategie, gevolgd voor de
bereiding van de hier genoemde analoga, goede mogelijkheden
biedt voor de synthese van cytochroom с analoga, zelfs indien
daarin streng-geconserveerde of invariante residuen die een
strukturele funktie vervullen gesubstitueerd zijn.
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ABBREVIATIONS.

Ac
Boe

acetyl

n-BuOH

n-butanol

CM
DCC

carboxymethyl
N,N -dicyclohexylcarbodiimide

tert-butyloxycarbonyl

OCHA

dicyclohexylamine

DCU

N,N -dicyclohexylurea

ΟΕ,ΟΕΑΕ

diethylaminoethyl

dec

decomposes

DIPEA

diiворгору1ethylamine

DOT-

Ν,N-dimethylformamide

DUSO

dimetbylsulfoxide

DNP

2,4-dinitrophenyl

EtOAc

ethyl acetate

EtOH

ethanol

FDNB

1-fluoro-2l'»-dinitrobenzene

HOBt

1-hydroxy benzotriazole

HONp

p-nitrophenol

HONSu

N-hydroxysuccinimide

Нее

homoserine

MeOH

methanol

MSA
Mac

methanesulfonic acid

NEt3

triethylamine

2-(methylsulfonyl)ethyloxycarboxyl

OBut

t-butyloxy

OBzl

benzyloxy

OMe
ONp

methyloxy
p-nitrophenyloxy

ONSu

auccinimido-oxy

OPfp

pentafluorophenyloxy

OTcp

2,k,5-trichlorophenyloxy

Pd.C
Pbe(i»P)

palladium (10$) on activated charcoal
4-fluorophenylalanine

R

relative mobility

f
SAP

staphylococcus aureus protease
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TFA

trifluoroacetic acid

THF

tetrahydrofuran

TLC

thin layer chromatography

TMPD

Ν,Ν,Ν'»N'-tetramethyl-p-phenylenediamine

TosOH

p-toluenesulfonic acid

Tri s

tri s(hydro xyme thyl)ашіпоше thane

Ζ

benzyloxycarbonyl

TLC - DATA
The pyridine present on plates developed in the pyridine
containing system was removed by spraying the dried plates
with concentrated ammonia solution and subsequent heating
at 100 O C.
The folioving methods vere used to detect components on thin
layer plates:
- the quenching of fluorescence for detection of components
containing aromatic groups on exposure to UV-light at Z^knm
- the ninhydrin reagent for detection of free amino groupst
the plates vere sprayed with a solution of ninhydrin
(240 mg) in n-BuOH (400 ml) and acetic acid (16 m l ) , folloo
ved by heating in an oven at 80-100 С for 5-10 minutes
- the TDM reagent for detection of -NH- groups: plates vere
exposed to chlorine for about 15 seconds and the excess
of chlorine vas removed in a stream of airj spots vere
visualized by spraying the plates vith a reagent obtained
by mixing a solution of

k,k'-tetramethyldiaminodiphenyl-

methane (TDM, 2.5 g) in acetic acid (10 ml) and water
(50 ml) and a solution of potassium iodide (5 g)

in water

(100 ml| Von Arx,1976)
- the Barton reagent for detection of hydrazides and tyrosine
containing compounds: plates vere sprayed vith a reagent
obtained by mixing. Just before use, equal volumes of a
solution of FeCl. (30 g) in vater (170 ml) and a solution
of К F e ( C N ) 6 (2 g) in vater (200 m l ) ,
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α-carbon drawing of the backbone and heme group of tuna
ferrocytochrome с (2 Ж resolution)! the side chains connected
to the heme and those with flat rings are ahownj front view
(Talcano,1977).

STELLTNGEK
I
De stabiliteit van de

4-methoxy-2,3,6-trimethylbenzenesul-

fonyl ( Mtr- ) ero-^p in een mengsel van droge waterstoffluoride en thioanisol kan verklaard worden door protonering van de thioether.
M. Vakimasu, С. Kitada, M. Fujino (I982) Chem. Pharm.
Bull. 30, 2766.
II
Het door Potts en Bhattacharjee genoemde primaire cycloadditie produkt dat ontstaat door reaktie van trans,trans1,4-bis[ethoxycarbonylamino]-1,3-butadiene

en 5,8-quinoli-

nedione is een eerste oxidatieprodukt in de reaktievolgorde naar het eindprodukt.
K.T. Potts, D. Bhattacharjee (I983) Synthesis 31.
Ill
De toepassing van de reaktiecyclus van Gonfalone en Wood
ward voor de geautomatiseerde dragervrije peptide synthese
moge theoretisch interessant zijn, maar is in de praktijk
(nog) niet door te voeren.
P.N. Gonfalone, R.B. Woodward (1983) J. Am. Chem. Soc.
105, 902.
IV
De formulering van conclusies uit hun eerdere werk is
door Benoiton et al. ongelukkig gekozen, omdat onbedoeld
de indruk wordt gewekt dat D-aminozuren gevoeliger zijn
voor racemisatie dnn de L-enantiomeren.
N.L. Benoiton, K. Kuroda, F.M.F. Chen (1982) Int. J. Pept.
Prot. Res, 20, 81.
N.L. Benoiton, K. Kuroda, F.M.F. Chen ("981) Tetrahedron
Lett. 22, 3359.

ν
De conclusie van Fenical dat het aantreffen van lenthionine als metaboliet bij de rode zeewier Chondria californica en bij de paddestoel Lentinus edodus duidt op een
overeenkomstige zwavel-biosynthese bij zee- en landorganismrn is nipt gefundeerd.
W. Fenical (1982) Science 215, 923.
VI
De aanwezigheid van een

absorptieband bij 695 nm in het

niet-covalent gebonden complex van de fragmenten (1-53)
en (5^-10^) van cytochroom с is, in tegenstelling tot de
bewering van Parr en Taniuchi, niet aangetoond.
G.R. Parr, H. Taniuchi (1979) J· Biol. Chem. 2¿¿, 4836.
VII
Tijdelijke belastingmaatregelen lijken alleen te worden
ingevoerd.
VIII
Bij het bekennen van zijn politieke kleur verschiet menigeen van kleur.
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