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STRUCTURE/FUNCTION AND CONFORMATION/ACTIVITY

RELATIONSHIPS FOR BIOLOGICALLY BIGNIFICANT PEFTIDES

By
Michael A. Tallon

Advisor: Professor FPred Naider

Peptides corresponding to putative loop regions
107-125%, 191-206, and 350-372, for the a-factor receptor
of the yeast faccharomyces cerevis/ae Wwere synthesized
by sclid phase methods in purified yields ranging from
15 to 44% of theoretical. These peptides were greater
than 98% homogeneous as judged by gradient reversed
phase HPLC, and were characterized by either FAB-MS,
amino acid analysis, or 200 MHz 'H-NMR spectroscopy. The
synthetic peptides were used to generate polyclonal
antisera which will be utilized as topological probes

for the a-factor receptor in future studies.
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Peptide based probes for the a-factor binding site
within the STE-2 receptor were synthesized by
incorporation of either a biotin, fluorescein, or the
Bolton Hunter group into the [Nle'!?]-a~factor pheromone,
or into the tetradecapeptide analog, [(Lys !,
Nle'’]-a-factor. All of these peptides are within one
order of magnitude as active as the native pheromone,
and therefore represent a class of reagents that will be

useful in identifying the pheromone binding site.

In addition to the synthesis of receptor probes,
detailed conformational analyses on cyclo’ '? [Nle!?]-
a-factor and on a biologically active analog of the
mammalian peptide hormone Substance P,
[pGlu®~Phe-NMePhe®-Aib’-leu-Met''-NH,] SP°® !, were
performed in DMSO-d, at 25°C, utilizing 2D NMR
techniques. The results indicate that a mixture of type
I and type 11 pB-turrs, spanaing residues 7-10 in the
cyclic o-factor, is present in DMSO. Long range
interactions were also observed, indicating the ends of
this molecule are in close proximity. The NMR results
on the NK3 selective Substance P analog indicate that
[pGlu®,NMePhe®, Aib*)SP® !!' exhibits cis/trans isomerism
about the Phe’-NMePhe® peptide bond. This results in a

60/40 mixture of c¢is and trans forms
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of this hexapeptide in DMSO at 25°C. Long range
interactions were cbserved which indicate that both the
cis and trans isomers are bent in solution. 1In each
molecule, the amide and terminal carboxamide of
methionine!' are hydrogen bonded. Cur results suggest
that the Substance P analog is conformationally
restricted and that consecutive ¢, conformations may

span residues Aib®*-Leu-Met''!-NH,.
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Introduction:

Many cells of higher eukaryotic organisms communicate
with one another through the use of sophisticated
intercellular messengers. These signaling molecules serve to
control a variety of cellular processes such as growth,

differentiation, reproduction, and metabolism.

Understanding the molecular basis for control of
these processes is critically important, and has remained a
central goal in many fields of science. Ultimately one must
focus on the signaling molecule itself to get a true picture
of its biological relevance in the control of these
processes. Furthermore, this messenger provides a major
focal point to manipulate the process under investigation,

through the use and design of agonists and/or antagonists.

As varied as are the processes controlled by these
intercellular messengers, so are the types of signaling
molecules themselves., These include inorganic ions,
steroids, peptides, proteins, phospholipids and many other
complex organic molecules. Most pertinent to this
dissertation are the peptide hormones. In the chemical
structure of a peptide hormone resides the information
necessary to interact with its cognate receptor. A great
deal of effort has been expended to elucidate the secondary

and tertiary structure of peptide hormones, with the aim of



relating the solution-state conformation of these molecules
to the bioclogically-active state. The results of these types
of studies not only lead to a better understanding on how
the peptide hormone invoke activity, but also aid in the
design of analogs which are agonists or antagonists. This
approach has been successfully applied to a number of
peptide hormones, such as human growth hormone{2),

somatostatin(3), and the enkephalins(4}.

Numerous classes of peptide hormones have been
defined, and many seem to share common signal-transduction
systems(5-7). Association of the peptide messenger with its
receptor can trigger an amplified biochemical cascade,
either mediated through a G-protein complex or directly to
the effector system. Several cell-surface receptors interact
with guanine nuclecotide binding proteins(G-proteins), and
these G-proteins mediate signal transduction from receptor
to intracellular effectors({(8-13). In addition, the genes for
several cell-surface receptors have been cloned and
sequenced, and according to the hydropathy profile for the
primary gene product, many receptors appear to have similar
structural models for their overall folding patterns
(14-17). In these models, the cell surface receptor contains
several transmembrane helices, which are connected by

hydrophilic loops as one of the major structural features.



This structural motif was observed for mammalian receptors
such as rhodopsin(18), the B,-andernergic receptor(19), and

the acetylcholine receptor(20).

The unicellular yeast Saccharomyces cerevisiae
provides an excellent model system to study peptide
hormone/cell interactions. The signal transduction system in
this yeast possesses many characteristics found in higher
eukaryotic organisms. For example, models for the folding
pattern of the pheromone receptors 1in this yeast resemble
thcse for mammalian receptors, such as the
rhodopsin/f , —adrenergic receptor family(61-63). The yeast
pheromone receptors are believed to interact with
G-proteins, which mediate signal transduction to an as yet
undefined effector system(21,22). Signal transduction
mediated through a G-protein complex was also found for
several mammalian receptors, such as the nicotinic
acetylcholine receptor(23), rhodopsin(24), and the
p,-adrenergic receptor(25). Furthermore, the genes coding
for these yeast G-proteins have been cloned and sequenced,
and their predicted primary structures are highly homologous
to mammalian G-protein sequences(26,27). Moreover, recent
studies have reported on the insertion of mammalian
f,-adrenergic receptor and a mammalian G,4-protein into yeast
cells using recombinant DNA methods(28). Mutant yeast cells
expressing both the fi,-adrenergic receptor and the

G.,—subunit responlied to adrenergic agonists and their



antagonists(29). This result clearly suggests a biochemical
similarity between simple yeast cells and cells of complex
eukaryotic organisms. Since $§. cerevisiae is easy to
manipulate genetically and to grow in the laboratory, and
shares overall biochemical similarity with other yeast and
eukaryotic cells, this model system should permit great
insights to be gained into the mode of action of peptide

hormones and their receptors.

A major interest of this research group is the
analysis of peptide/cell interactions. This topic has been
approached by examining structure/function relationships for
peptide hormones as well as attempting to relate the
conformation of a peptide to its specific activity. The
goals of my dissertation were to develop tools which could
be useful in localizing the binding site of the o-factor
receptor, the receptor’s overall topology in the membrane,
and to examine the structure of a constrained analog of
a-factor which was bioclogically active. These studies should
provide insights into the structural requirements for

binding of o«-factor to its receptor.

In addition to studies on a-factor, 1 conducted a
detailed conformational analysis on a biclogically active
analog of a mammalian peptide hormone. Substance P is a
undecaneuropeptide, Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-

Gly-Leu~Met-NH,, which is believed to be involved in pain



perception. A conformationally restricted analog was
synthesized by Dr. Michael Chorev at the Hebrew University,
Jerusalem, Israel. This analog is a potent agonist of
Substance P, but interacts with only one of three possible

Neurokinin receptor subtypes, specifically NK-3 (30).

A complete conformational analysis fer this analog,
utilizing two~-dimensional nuclear magnetic resonance
techniques, was performed. The goal of these studies was to
elucidate structural characteristics for the soclution-state
conformation of this analog in DMSO. The results of these
studies may provide insights into the structural
requirements for binding of this analog to its specific

receptor subtype.



A) Hating in Yeast:

In the yeast S. cerevisiae, there exists two haploid
cell-types, designated as a or a (32,33). Either haploid
cell-type can asexually reproduce through the process of
budding, or in the presence of its opposite cell-type, can
sexually reproduce(34}. During sexual conjugation an a and
o-cell fuse to form an a/« diploid cell. This diploid can
grow asexually or can undergo a series of meiotic events, to
generate four haploid progeny spores, as depicted in

Figure 1.

Sexual mating is initiated through the reciprocal
exchange of diffusible peptide pheromones. «-Cells secrete a
tridecapeptide o~factor pheromone, Trp-His-Trp-Leu-Gln-Leu-
Lys-Pro-Gly-Gln-Pro-Met-Tyr, which targets a-cells (35),
whereas a-cells secrete a dodecapeptide a-factor
pheromone, Tyr-Ile-Ile-Lys-Gly-Val-Phe-Trp-Asp-Pro-Ala-
Cys{S-farnesyl |-COOCH, (36,37), which targets a-cells.
Similar physiological responses are evoked by both
pheromones from their target cell. These include changes in
gene expression and increased agglutinability to the

opposite cell-type, which aids in the cell fusion process.



Figure 1. Life cycle of the yeast Sacvharonyces

cerevisiae(31).
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Cessation of DNA synthesis in the Gl-phase of the growth
cycle, which synchronizes both cell-types for the ensuing
meiotic events, as well as changes in the biosynthesis of
cell-wall components, and proncunced morphological changes
known as "shooming", which enable cells to seek ocut their

opposite mating partners(38).

The a or a-phenotype is conferred by the mating-type
locus, MAT, localized to chromosome three in the yeast
genome(39). The MAT locus codes for a number of
master-regulatory proteins, which control cell-type specific
gene expression in §. cerevisiae. A variety of structural
gene products are known to be under the control of the MAT
locus. In particular, MFa! and MFaZ code for
pre-pro-a-factor; two different polypeptides each containing
multiple copies of the pheromone(40). Pre-pro-a-factor
undergoes a series of proteclytic processing events to
generate the mature tridecapeptide o-factor pheromone,

Trp-His-Trp-Leu-Gln-Leu-Lys-Pro-Gly-Gln-Pro-Met-Tyr(41).



Figure 2.

Proteclytic processing of biosynthetic

precursors of pre-pro-«-factor.

11



HIOSYNTHESIS OfF a -FACTOR
F; D D D C
'lY‘S—ARG GLU &LA.GLU AL.A*GLU ALA*TR’P HIS-TRP-LEVU-GL N- LFU LYS-PRO-GLY-GLN-PRO-MET- TYR*
—( e —e— L —_ — j 77777 [P ——E.—h-‘-E)——-—/
START
LENOME | O - . ’_ 1 J,’
(MFOrL} ’SIFNAL+G B 4{0}‘{0 a} {

[CRY)

TO ER
SIGNAL REMOVED
‘ GLYCOSYL ATION

‘PROTEASE (1)

viab Hlal owfa} v {ak

{CARBOxYPEPT;DASF (0
v{a) Ha] Hfa] v{a]

Ate L1 2 ‘DIPEPTIPYLAMWOPE PTIDASE (D)

la] [a]} [a] [a]

12



13

As depicted in Figure 2 (see p.12), the MFa!
precursor contains four identical tandem repeats of the
mature o—-factor pheromone sequence, each separated from the
other by spacer regions of six or eight residues of nearly
identical sequence; Lys-Arg-Glu-Ala-Glu-Ala and
Lys-Arg-Glu-Ala-[Glu or Asp]-Ala-Glu-Ala(45). Several
reports provide strong evidence that the first proteolytic
processing event in a~factor maturation is cleavage at the
carboxyl side of the Lys-Arg pair of the spacer regions
(42,43). This cleavage results in four propheromone
fragments, with either Glu-Ala-Glu-Ala or Glu-Ala-[Glu or
Asp)-Ala-Glu-Ala sequences attached to the N-terminus of the
mature «-factor. 1In addition, three of the propheromone
fragments would also contain an additional Lys-Arg sequence
attached to their carboxyl ends. The final processing events
to generate the mature tridecapeptide are the results of the
combined action of carboxypeptidase YSC, which removes the
Lys-Arg sequence, and dipeptidyl aminopeptidase YSC IV,

which removes X-Ala sequences (44).

A BTE-13 mutant which lacks a functional dipeptidyl
aminopeptidase processing enzyme for processing the «-factor
was reported (43). This mutant was expected to secrete
improperly processed forms of the a-factor pheromone which
would have additional residues located on the N-terminus of
the «-factor(42). An o-factor analog with an additional

alanine residue on the amino-terminus of the pheromone
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possessed the same biological activity as the native
pheromone. However, an additional Glu-Ala sequence on the
N-terminus, resulted in a decrease in biological activity by
two orders of magnitude(43). In contrast, research in our
laboratory indicated that an extended o-factor analog which
contained a Glu-Ala-Glu-Ala sequence on the N-terminus
exhibited only a modest reduction in its activity. Both
growth-arrest and cell-shape assays on this extended
a=-factor analog indicated a slightly less than ten-fold
decrease in its activity. Shorter analogs with an additional
Ala, Glu-Ala, or Glu-Ala-Glu sequence on the amino-terminus

were 1-5 fold less active than the native pheromone(45).

The regulatory proteins of the MAT locus also
influence the transcription of MFal! and HMFa?2 genes. These
genes code for pre-pro-a-factor. Pre-pro-a-factor also is
proteolytically processed, but in addition it undergoes
post-translational modification of the C-terminal cysteine
residue(37). In the mature dodecapeptide a-~factor pheromone,
a trans-farnesyl group is attached to the sulfhydryl
side-chain, and a methyl ester to its a-carboxyl group(37).
Intensive studies are currently underway on the a-factor
pheromone, Tyr-Ile-Ile-Lys-Gly-Val-Phe-Trp-Asp~Pro-Ala-
Cys[S-farnesyl ]-COOCH,, as it is a unique example of a new
class of peptide hormone which has been recently
identified(40). It is interesting to note that farnesylation

of a cysteine residue in the ras gene product is associated
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with its oncogenesis{(47). Thus the a-factor model system may
prove to be useful in determining characteristics associated

with intestinal carcinomas invoked by ras(48,49).

Several mutants have been isolated and have proven to
be very useful in mating assays. These are super-sensitive
mutants (8B8T) to the yeast pheromones. 88T1, also designated
BAR1l, codes for a membrane-associated a-factor-degrading
peptidase found in a-cells(50). This peptidase cleaves on
the carbonyl-side of Leu® of a-factor, thereby inactivating
the o-factor(5l). Since sst! mutants can not destroy
a-factor pheromone in the medium, they are more sensitive to
a-factor. The function of the BBT2 gene product is still not
discerned; however, mutation of this gene confers
super-sensitivity to pheromone-induced mating in both
hapleoid cell-types. A recent review has suggested that the
88BT2 gene product may act to promote desensitization by
inactivating another component of the response pathway

rather than the receptor(33).

Based on their inefficient mating ability, a number
of sterile mutants (BTE) have also been isolated. Among
these 8TE-mutanis, one would expect several to invoclve
structural gene products influencing the mating process. In
particular, 8TE~2 and BTE-3 mutants have allowed elucidation

of the «-factor and a-factor receptors, respectively
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(52,53). GPAl, also known as 8CGl, as well as 8TE-4 and
S8TE-18, show segquence homology to the G-protein subunits, of
«, B, and 7, respectively(26,27). Studies on these mutants
indicate that guanine-nucleotide binding G-proteins are
essential participants in the mating scheme for this

yeast (54,26,27). There is evidence to suggest that the
fr-subunits of the G-protein complex in this yeast may serve
to carry the message from receptor to effector. This trait
has long been attributed to only the a-subunit in many other

signal transduction systems(6,26,55,56).

Direct evidence that the BTE-2 gene product is the
ligand-binding component of the a-factor receptor has been
presented. Studies have demonstrated that «-factor cannot
only be crosslinked into the STE-2 gene product, but that
when synthetic STE-2 mRNA is injected into Xenopus oocytes,
these cells also bind a-factor(57,58). A model for STE-2 is
illustrated in Figure 3. The primary structure for this 431
residue receptor has been deduced by cloning and sequencing
the STE-2 gene(21,22). Several reports have also
demonstrated that this receptor has 2-4 N-linked core
oligosaccharide chains(57,22). According to the hydropathy
profile for the deduced primary structure, a model has been
proposed for the "folding" pattern of this protein(21,22).
It is believed that the receptor folds as seven
transmembrane helices, which are separated by short

"hydrophilic loops"(60). In addition, the C-terminal domain
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of 135 hydrophilic residues is located intraceliularliy and
is responsible for the adaptive response observed upon
prolonged exposure to a—-factor(61-63). Although there is a
basal level of phosphorylation for this receptor, the
adaptive-response is associated with phosphorylation at two
new distinct sites(62). Genetic analyses have also
demonstrated that the C-terminal region of 135 residues is
not required for pheromone binding and subsequent signal
transduction(él). However, a shorter fragment of this
receptor containing only the first 261 residues was inactive
in mating. Interestingly, this fragment did not contain the
proposed seventh transmembrane helix(63). It appears that
all the information required for ligand binding and signal
transduction for the STE-2 gene product is contained within

the amino-terminal 305 residues.



Figure 3.

Model for the folding pattern of the

STE-2 receptor({59).
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Although a model has been proposed for the STE-2
receptor, the location of the hydrophilic loops has not at
present been discerned. In order to determine whether these
loops face toward the cytosol or toward the exterior of the
cell, goal one of this dissertation was to develop tools
that could be utilized to determine the topology of the
STE-2 receptor in its membrane-bound state. The results of
these studies may not only provide supporting evidence for
the model of STE-2(Fiqure 3), but also provide major
constraints on the possible folding pattern for the «-factor

receptor.

B) S8tructure/activity relationships in the o-factor:

It has long been accepted that the function of a
peptide or protein can be directly related to its primary
structure. For peptide hormones, peptide-based derivatives
can be utilized to define structural domains necessary for
recognition and/or biological activity. Furthermore, these
peptide analogs can be used to dissect various steps in the
biological response to a peptide hormone. Specifically,
peptide hormone processing can be followed by use of a
tagged synthetic precursor, which can result in the
elucidation of the order and identity of those enzymes
involved in the processing scheme (37). 1In addition,
peptide analogs have been used to distinguish different

types of receptors involved in the recognition of
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biologically active peptide hormones (30,64,65). Moreover,
peptide agonists and antagonists can be employed to select
for receptor mutants, and possibly delineate essential
structural features required by the peptide for its
function. The ultimate goal of these types of studies is to
relate the biological activity of a peptide hormone to its
three-dimensional structure. Therefore, structure/function
studies are necessary and important components for the
overall understanding of the mode of action of «-factor and
other peptide hormones. Most of the studies on the
relationship between the structure of o-factor and its
activity have come from the laboratory of Dr. Y. Masui and
from the laboratories of Dr. Fred Naider and Dr. Jeffrey M.
Becker. These laboratories have concentrated their efforts
on the tridecapeptide pheromone and on the dodecapeptide
lacking the ~N-terminal tryptophan, [des-Trp']-a-factor

respectively(31,66).

Early reports on the tridecapeptide and
dodecapeptide « factor pheromones suggested that both
peptides have equal activity in the cell-shape or "shmoo"
assay (67-69). In contrast, Shengbagamurthi et al. (70)
reported the tridecapeptide was 16 fold more active than the
homologous dodecapeptide. Nevertheless, both pheromones
have activity in the nanogram per milliliter range. In
comparison, removal of any other residue drastically reduces

the activity of the resulting peptide. In particular,
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removal of Tyr'? from the native tridecapeptide o-factor
sequence resulted in decreased activity by three orders of
magnitude(68). Removal of His? from the dodecapeptide
(des-Trp', des-His?]-a-factor drastically lowered the
activity (68). In addition, a variety of fragments
containing partial sequences of the native tridecapeptide
possessed one-millionth of the normal activity. Furthermore,
Trp!-Leu® and Lys’-Tyr'’ fragments were virtually
inactive(71,72). This latter result is significant since the
BAR]1 protease cleaves the intact o-factor molecule at the
Leu’~Lys’ peptide bond(71), resulting in desensitization

towards the nheromone.

Recent studies from our laboratory have demonstrated
that biologically inactive, truncated analogs of a-factor
either antagonized or synergized the activity of the native
pheromone(73). An N-terminal truncated pheromone [des-Tr;.,
des-His?, Nle'?]-a-factor acted as an antagonist by
competing with binding and activity for the native
pheromone. In contrast, a carboxyl terminal truncated
pheromone, {des-Tyr'?’,des-Nle'?]-o-factor acted as a
synergist, by a marked and early increase in activity of
ax=factor. This result is a unique example of peptide

synergism and has not been reported previously.

Although removal of two residues at either end of

the ~-factor mcoclecule results in a dramatic decrease in
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activity, additional residues on the N-terminus of the
pheromone appears to be tolerated by the o-factor receptor.,
An additional alanine residue on the N-terminus is as
active as the native pheromone, whereas an additional
Glu-Ala-Glu-Ala sequence on the N-terminus resulted in a
ten-fold decrease in activity when compared against the
native ao-factor(45). These results suggest that an extended
binding site within the a-factor receptor may be present for

the ~N-terminal region of the pheromcne.

In contrast, modification of the terminal carboxyl
group results in a dramatic decrease in activity.
Esterification of Tyr'? or conversion of the carboxyl
terminus to the carboxamide decreased the potency by 10° and
10, respectively(66,74). Furthermore, an analog with a
poly (ethylene glycol)} protecting group attached to the
C-terminus was devoid of activity(70). Hence it appears that
extensions or modifications of the C-terminus of the

pheromone are not acceptable for activity.

Numerous amino-acid substitutions have been made
within positions 1, 2, 3, &, 7, 8, 11, 12, and 13 of the
a-factor. In every case examined, the substituted derivative
was less active than the native pheromone, and in two-thirds
of these analogs, activity decreased a minimum of
10,000~-fold(31). Replacement of His’ with either its

enantiomeric (D)-homolog, or Lys, Phe, or Leu, resulted in
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at least a 10° decrease in activity(66,68). These results
suggest that His? is extremely important for activity.
Despite the sensitivity of position 2 within the o-factor
for activity, positions 1 and 3 can be substituted by
hydrophobic amino-acids or bulky non-polar groups.
Replacement of Trp! with Phe led only to a ten-fold drop in
potency. In contrast, replacement of Trp! by Tyr decreased
the activity 2500 fold, and replacement by Lys led to an
inactive analog(66,68). Replacement of Trp’ with either Phe,
l.eu, Ala, Tyr, or (cyclchexylalanine in the dodecapeptide)
resulted in analogs with only modest reductions in their
activity, approximately 50 fold. Replacement of Trp® with
acidic or basic residues decreased the activity almost
10,000 fold. Furthermore, a bulky hydrophobic group is
essential for activity when Trp' is not present. Both a
[des-Trp', Ala’}-a-factor and a [des-Trp', Phe’]-a-factor
were antagonists, whereas the same tridecapeptide analogs,

{Ala’])-«-factor and (Phe’]-s-factor, were agonists(70,75).

Replacement of Leu® with alanine resulted in an
inactive analog, whereas replacement by valine or norleucine
resulted in analogs that were ten and si -fold less active
than the a-factor, respectively. However, replacement with
(D)-leucine resulted in an inactive analog. Hence a minimum
hydrophobicity and/or steric bulkiness appears to be
required at the position 6 side-chain, and p-branching may

lower pheromone potency. Replacement of Lys’ with ornithine
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or norleucine resulted in analogs which were effective
phercmones compared with the dodecapeptide, indicating that
the side-chain e-amino group is not required for

activity(83}).

In contrast to all other positions within the
a—factor, Gly® was the only position where a (D)-amino-acid
was more active than its ([)-enantiomer. In particular,
replacement of Gly® with (Pp)-alanine or (D)~leucine resulted
in analogs with relatively high activity, whereas the
(L)-enantiomers were 200-fold less active and completely
inactive, respectively(31). Hence a Pro®-Gly’ or Pro®-(D)-X"
sequence appears to be tolerated whereas Pro®-(L)-X’ reduces
pheromone potency. According to theoretical considerations,
(D) -residues can be tolerated in the (i+2) position of a
type II B-turn, whereas (L)-residues are not as stable
{76-80 ). These results suggest that a type II #-turn may
be an important structural feature for the «-factor.
Furthermore, a constrained o-factor analog generated by
cyclizing the side-chains of Lys’and Glu'® in the
cyclo’ - !'°[Nle'’]-a-factor peptide retained high
activity(92). Moreover, a cyclic analog in which Lys’ and
Gln!° have been replaced with cysteine, and the resultant
analog cyclized by oxidizing the cysteines to their
disulfide was also an effective pheromone (Xue et al.

unp'blished results).
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Replacement of Met'!? with norleucine resulted in an
analog with an identical activity to that of the native
pheromone(66) . Hence the thiocether of Met'? does not appear
to be critical for pheromone activity. Despite this finding
the [Nle'?] analog was not degraded as quickly as the native
pheromone by the BAR1 peptidase, which normally degrades the
a-factor by cleaving the Leu®-Lys’peptide bond. This result
suggests that the BAR1 protease may be more sensitive than

the receptor toward this position in the «-factor.

As discussed above, the «-factor has been the subject
of numerous structure/activity studies. In order to form a
basis for studies that can beyin to localize the binding
site for the «-factor within the STE-2 receptor, as well as
to extend previous structure/activity relationships for the
a~-factor, goal two of this dissertation was to develop
synthetic probes which could be useful in localizing the
binding site for the «-factor. These probes may alsc provide
insights into the structural requirements for binding of

a-factor to its receptor.

C) Previcus conformational analyses on the ao-factor:

It has been generally accepted that peptide hormones
bind to their receptors in a unique three-dimensional
manner. Elucidating this bioactive conformation remains a

primary goal in most conformational analyses on peptide
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hormones. Despite the flexibility of peptide hormones in
solution, many studies have examined the solution-state
conformation of these molecules, and have attempted to
extend these results to the biologically active state. These
approcaches have been successful for peptide hormones such as
the enkephalins(4), human growth hormone(2),
somatostatin(3), and the neurokinins(30). The results of
these types of studies not only yield information on the
shape of a peptide hormcone required for activity, but also
aid in the design of analogs with increased potency and/or

antagonistic properties.

Despite the wealth of information on
structure/activity relationships for the ao-factor,
conformational analyses on this pheromone are limited.
Previous CD profiles for the o-factor in Tris buffer at a pH
of 7.2 suggest a random-coil structure(31). In the presence
of lipid or small unilamellar vesicles, changes are observed
in the CD profile near 220 nm for the a-factor, suggesting a
more ordered structure, which is associable with both
a-helices and f-structures(81). These results were not
cbserved for an inactive analog of the a-factor. In
contrast, results from our laboratory on position 9 analogs

of [des-Trp', Cha’, X*)-a-factor, where X°= Gly?®, (L)-Ala’

-

and (D)-Ala’ suggest random coil structures in
trifluoroethancl or in Tris buffer(31). However there are

noticeable differences between the CD spectrum of the
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(L)-Ala® analog and those of the Gly®and (D)-Ala‘’
peptides(82). Since (D)-X° analogs are active whereas (L)-X’
analogs are almost inactive, we conclude that the Pro®-Gly°®
sequence may be an important structural determinant for

biological activity.

Previous NMK studies on a-factor and several analogs
in either l1lipid, DM$0O, or agueous environments have been
reported (84-88). The most comprehensive NMR study to date
has utilized a combination of pH profiles of amide chemical
shifts, measurement of amide temperature shift coefficients,
comparisons of amide coupling constants, and studies of
relaxation rates in the presence of GA(II)(84). This study
concluded that the Trp'-leu® region of the a-factor is
helical and that B-turns are located in the central and
C-terminal domains for this pheromone in water. In lipid,
the same group proposed that the Trp'-Leu® domain of the
a-factor is helical and the remainder of the peptide is
extended(86,88). In contrast, Jelicks et al. (89,90) reported
a compact N-terminal domain for the tridecapeptide in lipid
vesicles and a type II pB-turn spanning residues Lys’-Gln'°.
Furthermore, the proposed turn has been correlated with
biological activity; substitution in position 9 by amino
acids that are compatible with forming a type I1 p-turn

results in active analogs, whereas destabilizing amino acids



29

are inactive(90). Similar results were reported by our
laboratory for the o-~factor in both aqueous and lipid

environments (91).

In order to determine the bioclogical significance
for a centrally located turn, Xue et al.(92) synthesized a
cyclic analog of the o-factor, in which the side-chains of
Lys’ and Glu'® were linked through a covalent amide-bond
linkage. This linkage causes a bend to be maintained in the
center of the pheromone spanning residues 7-10, and the
activity of this cyclo’ '?[Nle!?]-a-factor is only ten to
twenty fold less than that of the native ao-factor. The most
pertinent consequence of this cyclic agonist for the present
study is that cyclization significantly restricts the
conformational flexibility for this analog. This flexibility
appears to be a shortcoming in all of the previous reports.
Since the activity of the cyclic agonist is in the same
range as the a-factor, this cyclic analog should provide an
excellent model system to study conformational features
present in this molecule, which may be extendable to the
more flexible a-factor. Consequently, goal three of this
disseration was to examine the structure of this constrained
analog of a-~factor in DMSO, and to hopefully be able to
extend these results to the biologically active state for

the native a-factor.
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D) Conformational analysis on a biologically active

analog of a mammalian peptide hormone, Bubstance P

Substance P is an undecaneurcpeptide, Arg-Pro-Lys-
Pro-G1ln-Gln-Phe-Phe-Gly-Leu-Met-NH,, which is thought to be
involved in pain-perception(93). Substance P is an important
member in a family of neuropeptides which are classified as
tachykinins(94). Such molecules have been shown to interact
with at least three independent receptors classified as NK1,
NK2, and NK3, where the preferred agonist is Substance P,
NKA and NKB, respectively (95-98). Recently, several groups
have independently reported the synthesis and
characterization of Substance P analogs which are selective
for individual receptors (30,64,65). Two analogs which are
highly selective for a particular neurocokinin receptor
subtype are Ac-Arg®-Phe-Phe-Gly-Leu-Met'!'-NH, and
pGlu®-Phe-NMePhe- Aib-Leu-Met'!-NH,. These hexapeptide
analogs preferentially interact with only one of the three
possible neurokinin receptor subtypes. They are 1000 fold
and 30,000 fold more active toward the NKl receptor and the

NK3 receptor, respectively(96).

An important problem in the field of membrane-hormone
recognition is determining the biologically active
conformation of the signal molecule. Many mammalian
peptides interact with a multiplicity of receptors, and it

is difficult to extend studies on the conformation of such
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molecules in solution to the biologically active state. In
such cases it would be very advantageous to examine analogs
which are highly selective for a given receptor. Since
[pGlu®-NMePhe® ]SP6-11 has been found to interact
specifically with the NK3 receptor, it would be an ideal
model for determining the conformation of Substance P bound
to this receptor subtype. However, [pGlu®,NMe Phe®}SP6-11 is
a relatively flexible molecule and probably assumes a
distribution of conformations in solution. Recently, a new
analog of Substance P, pGlu-Phe-NMePhe-Aib-lLeu-Met-NH,,
which is alsc highly selective for NK3 has been synthesized.
Since this molecule contains both Aib and NMe-Phe residues,
its conformation is expected to be significantly more
restricted than that of the other hexapeptide analogs. In
addition to NMR studies on the yeast oa-factor, goal four of
this dissertation was to conduct a detailed NMR analysis on
a biologically active analog of a mammalian peptide hormone,
pGlu-Phe~-NMe-Phe-Aib~Leu-Met-NH,, in DMS0O-,,. The aim is to
determine structural characteristics that may be regquired

for binding to the NK3 receptor subtype.



I1') Materials and Methods



A: Reagentis:

All amino-acid derivatives were of the
(L) -configuration, and were purchased from Bachem. Inc.,
except for Boc—-N! (For)-tryptophan which was purchased from
Peptides International. All solvents were HPLC-grade
supplied from Fisher Scientific. The following chemicals
were reagent-grade,and used as received:
l-hydroxybenzotriazole, trifluoroacetic acid, ninhydrin,
diisopropylethylamine, dimethyl sulfide, anisole,
dicyclohexylcarbodiimide, diisopropylcarbodiimide,
fluorescein disodium salt, and piperidine, were supplied
from Aldrich. D-Biotin-p-nitrophenyl ester,
B- (4-hydroxyphenyl)propionic acid N-hydroxysuccinimide
ester, and the Merrifield resin were purchased from Sigma.
Aminomethyl resin, benzhydrylamine resin, and
4-methylbenzhydrylamine resin were supplied by Peninsula
Laboratories. Anhydrous hydrogen fluoride was supplied by
Matheson. Yeast nitrogen base without ammonium sulfate or
amino acids and noble agar were from Difco. Yeast extract

and peptone were from BBL.
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S8ynthesis of :-Butoxycarbonyl-
{L)-isoleucyl-Phenyvlacetamidomethyl Resin (I)

a) Synthesis of :-butoxycarbonyl-(L)-isoleucyl-

4~ (oxymethyl)phenylacetic acid phenacyl ester (Ia)

Boc-Ile-Pam resin was prepared by the procedure of
Mitchell et al.(101). Boc-Ileucine (4.97 g; 2.1% mmol) and
DCHA (4.23 ml; 2.16 mmol) were dissolved in 90 ml of DMF. To
the solution was added 4-bromomethylphenylacetic acid
phenacyl ester(3.75 g:; 10.8 mmecl). The mixture was stirred
at 50°C for 4 h, and overnight at room temperature. At this
stage TLC (DCM/MeOH/HOAc 10:0.5:0.%) indicated that no
unreacted Boc-Ile was present. The organic salts were
removed by filtration, and the solution was evaporated
"in-vacuo" to dryness. The residue was taken up in EtQAc (75
ml) and washed with 5% NaHCO, solution (w/v:; 4 x 75 ml) and
H,O (4 x 75 ml), dried over anhydrous MgS0,, and evaporated
in-vacuo to an oil. The product was obtained from
Et.0/cyclohexane at 0°C. TLC indicated a slight trace of a
UV positive impurity. The major product
Boc-Ile-4-(oxymethyl)-phenylacetic acid phenacyl ester (4.28
g; 8.6 mmol; 80% yield) was an oil which was both UV and

ninhydrin positive (with heating). The structure was
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confirmed by 200 MHz 'H NMR.
Boc-Ile-4-(oxymethyl)-phenylacetic acid phenacyl ester was
analyzed by TLC(R,,= 0.95; R;i,= 0.94); [a])p?® = -4.17° (c
0.6 MeOH) ;NMR{DMSO-d,) 5 7.95 (m,1,Ar-H); 7.71(m,1,Ar-H);
7.58 (m,2,Ar-H); 7.32 (s,4,C,H,):; 7.23 (br 4,J=7.95%
Hz,aNH); 5.51 (s,2,COOCH,CO}; 5.09 (m,2,COOCH,}; 3.92
(m,1,«CH); 3.84 {(s8,2,CH,C00); 1.75 (br m,1,BCH); 1.39-1.20

{m,11,¢-C,H, and CH,); 0.81 (t,6, B and yCH,).

Synthesis of :(-Butoxycarbonyl-
{L)-iscleucyl-4~(oxymethyl)phenylacetic acid (Ib)

Boc-Ile-4-(oxymethyl)phenylacetic acid phenacyl ester
(4.28 g; 8.6 mmol) and zinc powder (12.8 g; 195 mmol) were
added to an 85% HOAc solution (v/v; 75 ml), and stirred for
6 h. The zinc was filtered off, Et,0 (100 ml) and H,0 (100
ml) were added, and the agueous phase was adjusted to pH
1-1.5 with 6N HCl. The ether layer was separated and the
agueous phase was extracted with an additional portion of
ether (100 ml). The combined ether extracts were washed
with H,0 (100 ml), and evaporated in-vacuo to an ©il. The
residue was dried in a desiccator over KOH pellets, and
crystallized from Et,0 (25 ml) by addition of DCHA (1.81 ml;
9.5 mmol). The DCHA salt was filtered and washed with
cyclohexane (4 x 20 ml), and dried in a desiccator over KOH
under high vacuum overnight. The resulting solid (3.6 g; 7.8

mmol)} was dissolved in Et,0 (100 ml), and H,0 containing 7.8
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mmol of HCl was added. After vigorous mixing, the ether
layer was separated, washed with H,0 (5 x S50 ml), dried over
anhydrous MgSO,, and reduced to a volume of 10 ml. Addition
of petroleum ether resulted in the crystallization of
Boc-Ile-4~-(oxymethyl)phenylacetic acid, which was obtained
as a white solid (2.68 g; 7.1 mmol) in 83% yield. The
structure was also confirmed by 200 MHz 'H-NMR

spectroscopy.

Pure Bcc-Ile-4-(oxymethyl)phenylacetic acid as its
dicyclohexylamine salt was analyzed by TLC{R,,= 0.68; R;,=
0.78); mp of DCHA salt= 118°C ; [a]p,’® = =6.5° (c 1.0 MeOH):
NMR of the free acid in (DMSO-d,) & 7.28 (m,%,Ar-H and «NH
y; 5.08 {(m,2,COOCH,;); 3.91 (m,1,oCH): 2.56 (s,2,CH,CO0):

1.73 (br m,1,pCH); 1.40-1.10 (m,11,¢:-C,H, and yCH,): 0.80

(t,6, # and CH,).
Synthesis of :-But carbonyl - -180 - ) (Ic)

Aminomethyl-resin as the hydrochloride salt (5.0 g; 3.5
mmol; 0.7 meq.N/g) was washed successively with; DMF (3 x
100 ml, 1 min), DCM ( 3 x 100 ml, 1 min), 10% DIEA/DCM (2 x
100 ml, 5 min), and DCM (3 x 100 wml, 1 min). The neutralized
resin was added to Boc-Ile-4-oxymethyl-phenylacteic
acid{1.34 g; 3.5 mmol) and DCC (0.7 g; 3.5 mmol) in 30 ml
DCM, and the reaction was allowed to proceed for 2 h. The

resin was filtered and washed successively with DCM (3 x 100
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ml, 1 min), 5% DIEA/DCM (1 x 100 ml, 10 min),and DCM (3 x
100 ml, 1 min). A gqualitative Kaiser test (99) of the
derivatized resin was negative, in comparison to an intense
positive result obtained on the starting resin.
Nevertheless, the above derivatization was repeated using
Boc-Ile-4 oxymethyl phenylacetic acid (1.34 g; 3.5 mmol) and
DCC (0.7 g; 3.5 mmol) in 30 ml DCM, and the reaction was
allowed to proceed overnight. The resin was worked-up by
washing successively with DCM (3 x 100 ml, 1 min), DMF ( 3 x
100 ml, 1 min), MeOH (3 x 100 ml, 1 min), and DCM ( 3 x 100
ml, 1 min). The Kaiser test was again negative, and the
resin was washed with Ft.,0 (4 x 100 ml, 1 min), and dried in
a desiccator for 24 h. Boc-Ile-~PAM resin (6.24 g) was
cbtained, which corresponds to a weight increase of 1.24 g.
Based on this weight increase, the derivatized resin
contains 3.2 mmol of Boc-Ile-phenylacetic acid (0.55

mmol/g) ,corresponding to a 91% vyield.

Acetylation of :(-Putoxycarbonyl-(L)-iscoleucyl-PAM Resip (I4)

In order to minimize any side-reaction due to the
presence of unreacted amino groups on the resin, the
following procedure was performed (100). Boc-Ile-PAM resin
(6.2 g; 3.2 mmol) was placed into a solution of 50 ml acetic
anhydride (532 mmol) and S0 ml pyridine, and rocked for 30
min at room temperature. The acetylating mixture was removed

by filtration, and the resin was washed successively with



3B

DMF (3 x 40 ml, 1 min), DCM (3 x 40 ml, 1 min), and Et.,0 (5
X 40 ml, 1 min). The acetylated resin was then dried

in-vacue over P,0, for 24 h.

2) Synthesis of

TFA-Thr-Phe-Val-Ser-Glu-Thr-Ala-Asp-Asp-Ile (1I)

a) This synthesis was performed manually, by placing
Boc-Ile-PAM resin (3.0 g; 1.65 mmol) into a 100 ml reaction
vessel, and initiating the synthetic cycles. All residues
were double coupled regardless of the Kaiser test
results(99), which was performed prior to and after each
coupling step. The Boc-group was used exclusively for the
NY-protection. The side-chain protecting groups were
Thr(Bzl), Ser(Bzl),Glu(Bzl), and Asp(Bzl). A typical cycle
was as follows: (1) TFA/DCM/DMS (50:48:2 v/v/v, 50 ml, 1 x
30 min); (2) DCM ( 40 ml, 3 x 1 min); (3) 8% DIEA/DCM (50
ml, 1 x 10min); (4) DCM (40 ml, 3 x 1 min):; (5)
Boc-amino-acid (3 equiv.) in 40 ml DCM added to reaction
vessel, and shaken at room temperature with DCC (3 equiv.)
for 2 h; (6) DCM (40 ml, 3 x 1 min); (7) 5% DIEA/DCM (50 ml,
1 x 10 min); (8) DCM (40 ml, 3 x 1 min); (9) Boc-amino-acid
(1 equiv.) and DCC (1 equiv.) in 40 ml DCM were shaken at
room temperature for i1 h; (10) DCM (40 ml, 3 x 1 min); (11)
MeOH (40 ml, 2 x 1 min); (12) DCM (40 ml, 3 x 1 min). The
resin was then suspended in 100 ml DCM and stored overnight.

In the cases in which a third coupling was reguired as
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revealed by the Kaiser test(99), 1 equiv. of Boc-amino-acid,
DCC, and HOBt in DMF were added, and the reaction was

allowed to proceed overnight at room temperature.

Upon completion of the assembly of the
decapeptide-PAM resin, the resin was washed with DCM (40 ml,
3 x 1 min) and Et,0 (40 ml, 3 x 1 min). The resin was then
dried to a constant weight in a desiccator over P,0. under
high vacuum. Boc-decapeptide-PAM resin (5.1 g) was
isolated,corresponding to an increase in weight of 2.1 g.
The maximum peptide content based on this increase in weight
was 1.63 mmol, which reflects an overall yield of 99%,
Two-thirds of the Boc-decapeptide-PAM resin (1.7 g: 0.54

mmol) was then stored at -20°C, for future syntheses.

b) The Boc-decapeptide-PAM resin (1.7 g:; 0.54 mmol)
was treated with TFA/DCM/DMS (50:48:2 v/v/v) for 1 x 30 min,
and washed with DCM (40 ml, 3 x 1 min) and Et,0 (40 ml, 3 x
1 min}. The resin was then dried to a constant weight in a

desiccator over P,0. under high vacuum.

¢) The TFA.decapeptide-PAM resin salt was subjected
to high HF cleavage, as outlined in Section (¢) of this
chapter. The crude deprotected peptide was extracted into 6%
HOAc solution (6 x 15 ml). The extracts were pooled and
condensed in vacwuno to 10 ml. Water(25 ml) was added and the

resulting solution was lyophilized overnight. Crude peptide
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(180 mg) was obtained, corresponding to a 97% overall crude
yield. The crude material was analyzed by isocratic
reversed-phase HPLC, as described in Section (D) of this
chapter, utilizing a MeOH/H,O/TFA (43:57:0.025) as eluant.
One major peak was observed, which was greater than 98%

homogenous, as judged by the UV profile.

The crude decapeptide was purified on a

C, s~reversed-phase (50 x 300 mm) HPLC column, utilizing a 2%
MeOH/H,0O step gradient, as outlined in Section (P). Pure
decapeptide (149 mg), which was greater than 99% homogenous
as judged by analytical gradient reversed-phase HPLC (see
section (D), corresponding to an 81% overall yield of
TFA.Thr-Phe-Val-Ser-Glu-Thr-Ala-Asp-Asp~-Ile was obtained.
The purified decapeptide was characterized by amino-acid

analysis and 200 MHz 'H-NMR spectroscopy.

Synthesis of
4TFA-Lys-His-Ser~Glu-Arg-Thr-Phe-

a) Synthesis was performed manually starting with
Boc~decapeptide-PAM resin (3.4 g; 1.09 mmol) using a 100 ml
reaction vessel and the same procedure described for
decapeptide (2a). The Boc-group was exclusively used for the
N*-protection. The side-chain protecting groups were

Lys(2-Cl-Cbz)}, His(DNP), Ser(Bzl), Glu(Bzl, and Arg(Tos).
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Boc-pentadecapeptide~PAM resin (4.52 g) corresponding to an
increase in weight of 1.1 g was obtained, and reflects (1.08
mmol peptide; 0.24 mmol/g resin; 99% of thecretical).
One-half of the Boc-pentadecapeptide (2.25 g; 0.54 mmol) was

stored at -20°C for the synthesis of the 23-mer.

b) Boc-pentadecapeptide-PAM resin (2.25 g; 0.54 mmol)
was treated with 1 M thiophencl/DMF (50 ml) for 1.5 days to
remove the DNP group from histidine, then washed
successively with DMF (40 ml, 3 x 1 min}, Et,0 (40 ml, 3 x 1
min), and DCM (40 ml, 3 x 1 min), and the Boc-group was
removed as described above (IIb). A portion (1.6 g; 0.38
mmol) of the dried TFA-resin salt (2.21 g) was then
subjected to high HF cleavage. Crude deprotected peptide was
extracted into 50% HOAc solution (6 x 15 ml), and the
extracts were poocled and evaporated in-vacue to 10 ml, H,O
(50 ml) was added and the resulting solution was lyophilized
overnight. The crude product (708 mg), corresponding to a
95% overall crude yield, was one major peak as judged by
isocratic reversed-phase HPLC, using MeOH/H,0/TFA

(38:62:0.025) as the eluant.

c)} The pentadecapeptide (700 mg) was purified on a
C, s-reversed-phase (50 x 300 mm) HPLC column, utilizing a 2%
MeCH/H,0 step gradient, as outlined in Section (D). Pure
material (367 mg) was obtained, which was greater than 99%

homogenous as judged by analytical gradient reversed-phase
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HPLC, which corresponded to a 49% overall yield of
4TFA.Lys-His-Ser-Glu-Thr~Phe-Val-Ser-Glu-Thr-Ala-Asp-Asp-Ile
peptide. The pentadecapeptide was characterized by

amino-acid analysis and 200 MHz 'H-NMR spectroscopy.

Bynthesis of
7TFA-Arg~-Arg-Lys-Glu-Thr-Thr-S8er-Asp-Lys-His-Ser~

Glu-Arg-Thr-Phe-val-Ser-Glu-Thr-Ala-Asp-Asp-Ile (IV)

a) Synthesis was performed manually starting with
Boc-pentadecapeptide-PAM resin (2.25 g; 0.55 mmol) following
the procedures described for the decapeptide and
pentadecapeptide (IIa,IXIIa). The protected 23-mer-PAM resin
was washed with DCM {40 ml, 3 x 1 min) and Et,0 (40 ml, 3 x
1 min), and dried to a constant weight. Boc-23-mer-PAM resin
{(2.83 g; 0.39 mmol; 71% yield) was obtained, and both the
DNP and Boc groups were removed as described for the

pentadecapeptide (IIIDb).

b) The dried TFA.23-mer-Pam resin salt (2.7 g; 0.39
mmel)was then subjected to High HF cleavage(see section (C),
following procedures outlined for the pentadecapeptide
above. After HF cleavage,the TFA.23-mer-PAM resin salt (2.3
g; 0.32 mmol) yielded the crude peptide (1.06 g}, which was
one major peak as analyzed by isocratic reversed-phase HPLC,

utilizing MeOH/H.O/TFA (27:73:0.025} as eluant.
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¢) The crude 23-mer peptide (1 g) was purified on a
C,s-reversed-phase (50 x 300 mm) HPLC column, utilizing a 2%
MeOH/H,O step gradient. Pure peptide (490 mg) which was
greater than 99% homogeneous as judged by analytical
gradient reversed-phase HPLC was obtained, which
corresponded to a 44% yield of 7TFA-Arg-~-Arg-Lys-Glu-Thr-
Thr-Ser-Asp-Lys-His-Ser-Glu-Arg-Thr-Phe-vVal-Ser-Glu-Thr-
Ala-Asp-Asp-Ile-amide peptide. The 23-mer peptide was
characterized by amino-acid analysis and 200 MHz 'H-NMR

spectroscopy.

Synthesis of r(-Butoxycarbonyl-

(L)-valyl-Benghydrylamine Resip (V)

a) The benzhydrylamine resin( 3.0 g; 2.62 mmol; 0.87
meqg.N/g; )as its hydrochloride salt was washed successively
with DMF (2 x 80 ml, 1 min); DCM ( 3 x 60 ml, 1 min); 10%
DIEA/DCM (2 x 60 ml, S min}; and DCM (3 x 60 ml, 1 min). The
neutralized BHA resin was added to Boc-Valine (1.68 g ; 7.7%
mmol) and DCC (1.59 g; 7.75 mmol!) in 10 ml DCM, and reaction
was allowed to proceed for 1 h. The mixture was filtered and
the resin was washed successively with DCM (3 x 60 ml, 1
min), 5% DIEA/DCM (1 x 60 ml, 10 min) and DCM (3 x 60 ml, 1
min). A qualitative Kaiser test (99) on the derivatized
resin was negative a:3 compared with the intense positive
result obtained on the starting resin. Nevertheless, the

derivatization was repeated using Boc-Valine (1.68 g; 7.5
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mmol) and DCC (1.59 g; 7.5 mmol) in 25 ml DCM, and the
reaction was allowed to proceed for 3 h. The resulting solid
was worked-up as described for the preparation of the
Boc-Ile-PAM-Resin (I¢). Boc-Val-BHA resin (3.48 g, 114%
yield) was obtained. The high yield obtained might be due to
a resin loading slightly higher than the reported value, or
to residual DCU in the resin. Consequently, it was presumed
that a resin loading of 0.7% mmol/g was the actual value at

this stage.

Acetylation of :-But -{L)-V -

b) In order to minimize any side-~reacticn due to the
presence of unreacted amino-groups on the resin, the
Boc-val-BHA resin (3.48 g; 2.6 mmol) was "capped" by a

procedure identical to that outlined for the Boc-Ile-Pam

resin(Id).
synthesis of
2TFA-Phe-Pro-3ln-Phe-Ile~-Ber-Arg-Gly-Asp-Val-amjde (VI)

a) Syntheses were performed on a Vega 250C peptide
synthesizer in the semi-automatic mode. Boc-Val-BHA resin
(3.4 g; 2.55 mmol) was placed in a 250 ml reaction vessel,
and the synthetic cycling was initiated. All residues were
double coupled even if the Kaiser test(99) performed after

the first coupling was negative. The Boc-group was
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exclusively used for the N%-protection, and the side-chain
protecting groups were Ser(Bzl), Arg(Tos), and
Asp(p~cyclohexyl). A typical cycle was as follows: (1)
TFA/DCM/DMS (40:58:2 v/v/v, 60 ml, 1 x 1 min); (2)
TFA/DCM/DMS (40:5B:2, 60 ml, 1 x 30 min); (3) DCM {( 60 ml, 3
x 1 min); (4) 10% DIEA/DCM (60 ml, 1 x 2 min); (5) 10%
DIEA/DCM (60 ml, 1 x 8 min); (6) DCM (60 ml, 3 x 1 min); (7)
Boc-amino~acid (3 equiv.) in 15 mli DCM added to reaction
vessel, and shaken at room temperature with DIPC (3 eqguiv.)
for 2 h; (8) DCM (60 ml, 3 x 1 min); (9) 5% DIEA/DCM (60 ml,
1 x 1 min); (10} S% DIEA/DCM (60 ml, 1 x S min); (11) DCM
(60 ml, 3 x 1 min); (12) Boc-amino-acid (1 equiv.) and DIPC
(1 equiv.) in 25 ml DCM were shaken at rcom temperature for
1 h; (13) DCM (60 ml, 3 x 1 min); (14) DMF (60 ml, 3 x 1
min): (15) DCM (60 ml, 3 x 1 min). The resin was then
suspended in 100 ml DCM and stored overnight. For glutamine
residues the HOBt/DIPC-accelerated active ester coupling
procedure was utilized in DMF. DMF washes also replaced

steps 6,8,11, and 13.

The procedures of the cycle immediately following the
incorporation of Boc-Gln were different from the above
protocol: (1) Dioxane (60 ml, 3 x 1 min); (2) 4N HCl/dioxane
(60ml, 1 x 1 min); {3) 4N HCl/Dioxane (60 ml, 1 x 30 min};
(4) Dioxane ( 60 ml, 3 x 1 min); (5) CHCl, (60 ml, 3 x 1
min) (6) 10% DIEA/CHCL, (60 ml, 1 x 2 min): (7) 10%

DIEA/CHCL, (60 ml, 1x 8 min); (8) CHCL, (60 ml, 3 x 1 min);:
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¢) In order to check the synthetic progress for this
peptide the TFA.decapeptide resin (0.3 g; 0.117 mmol) was
then subjected to High HF cleavage, as previously outlined
for the TFA.decapeptide~-Pam resin (II¢). Crude product (16
mg: 10% yield)was obtained, which was one major peak as
judged by gradient reversed-phase HPLC. The crude
decapeptide-amide was also analyzed by amino-acid analysis,

and acceptable amino-acid ratios were obtained.

Since a low yield of crude peptide was obtained,
although the increase in resin weight and good homogeneity
of the crude peptide indicated a satisfactory synthesis, the
HF-treated decapeptide resin was recleaved. In addition, the
concentration of HOAc was increased from 6 to 50% to extract
the crude product from the resin. This same resin yielded an
additional 49 mg of crude peptide, with the same homogeneity
as the previously cleaved material, as judged by analytical
gradient reversed-phase HPLC. A portion of the
TFA.decapeptide~BHA resin (1.0 ¢g; 0.39 mmol) was stored at
-20°C, and the synthesis was resumed with the remaining

TFA-decapeptide-BHA resin (6.3 g; 2.46 mmol).
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Synthesis of
TFA-Ala-Leu-Thr-Gly-Phe-Pro-Gln-Phe-Ile-Ber (Bsl) -

Arg(Tos)-Gly-Asp(f-cyclohexyl)-Val-DBHA Resin (VII)

a) The synthesis was again performed on a Vega 250C
peptide synthesizer, in the semi-automatic mode. The
TFA.decapeptide resin (6.3 g; 2.46 mmol) was placed in the
250-ml reaction vessel, and the coupling cycles were
identical to those described for the decapeptide above
(VIa). The side-chain protecting group for threcnine was its

benzyl ester.

Upon completion of the assembly of the
TFA.tetradecapeptide resin, the Boc-group was removed as
previously described (VIb). TFA-tetradecapeptide-BHA resin
(6.17 g; 1.89 mmol; 77% of theoretical) was obtained, a
portion (2.0 g; 0.62 mmol) was stored at -20°C, and the
synthesis was resumed with the remaining peptide-resin (4.68

g; 1.45% mmol) to generate the nonadecapeptide.

Synthesis of
2TFA-8er-8er~vVal-Thr-Tyr-Ala-Leu-Thr-Gly-FPha

-Pro-Gln-Phe-Ile-8er-Arg-Gly-Asp-val-amjde (VIII)

a) The syntheses were performed on a Vega 250C
peptide synthesizer, in the semi-automatic mode. The

assembly of the protected nonadecapeptide from



49

TFA.tetradecapeptide-BHA resin (4.68 g; 1.45 mmol) followed
the identical synthetic protocol outlined for the
decapeptide (VIa). The side-chain protecting group for Tyr
was (2-Br-Cbhz). After completion of the final synthetic
cycle, the assembled nonadecapeptide resin was washed with
DCM (60 ml, 4 X 1 min) and Et,0 (60 ml, 4 x 1 min), and the
resin was dried to a constant weight. Boc-nonadecapeptide
resin (5.94 g; 1.3 mmol) was obtained in 98% yield and used

to prepare the free 19-peptide.

b) The assembled nonadecapeptide-BHA resin (1.54 g;
0.34 mmol) was treated with TFA/DCM/DMS (40:58:2 v/v/v) for
1 x 1 min, and 1 x 30 min, washed with DCM (60 ml, 4 x 1
min) and Et,0 (60 ml, 4 x 1 min), and dried to a constant
weight (1.5 g; 0.34 mmol). One-third of the
TFA-nonadecapeptide resin salt (0.5 g; 0.11 mmol) was
subjected to High HF cleavage, as previously outlined above
(IIc), however a 10% HOAc solution was used to extract the
crude peptide from the resin. Crude nonadecapeptide (122 mg;
52% yield) was obtained, and was one major peak as analyzed
by gradient reversed-phase HPLC. This material (120 mg) was
purified on a C,s-reversed-phase (25.4 x 300 mm) colunmn,
utilizing a 2% MeOH/H,0 step gradient. Three liters of 54%
MeOH, 2 L of 56% MeOH, and 2 L of 58% MeOH was sufficient to
elute the purified nonadecapeptide (32 mg; 13% of
theoretical), which was approximately 9%% homogeneous as

judged by analytical gradient reversed-phase HPLC.
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Since this peptide was to be utilized as a synthetic
antigen to generate a polyclonal antisera, it was decided to
insure that antibodies were not preferentially raised
against the impurities rather than the peptide. Therefore,
additional material was cleaved and the yield of the product
was sacrificed in order to obtain peptide that was of

spectroscopic purity.

The remaining TFA.nonadecapeptide-BHA resin (1.0 g:
0.22 mmol) was subjected to High HF cleavage as described
above. Additional nonadecapeptide(225 mg; 47% yield) was
cbtained as one major peak as analyzed by gradient
reversed-phase HPLC, comigrating with the previously
purified nonadecapeptide. This crude nonadecapeptide (215
mg) was purified on a C,s-reversed-phase (25.4 x 309 mm)
column, utilizing a 2% MeOH/H.0O step gradient. Three liters
of 54% MeOH, 2 L of 56% MeOH, and 2 L of 58% MeOH was
sufficient to elute pure nonadecapeptide (66 mg; 14% of
theoretical), which was greater than 99 homogeneocus as
judged by analytical gradient reversed-phase HPLC. This
batch of purified
2TFA.Ser-Ser-vVal-Thr-Tyr-Ala-Leu-Thr-Gly-Phe-Pro-Gln-Phe-Ile
- Ser-Arg-Gly-Asp-Val-amide peptide was characterized by

amino-acid analysis and 200 MHz 'H-NMR spectroscopy.
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Bynthesais of (~-Butoxycarbonyl-

{L)-alanyl-4-Methyl-Benshydrvlamine Resin (1X)

a) 4-Methylbenzhydrylamine (3.15 g; 3.1 mmol; 0,87
meg.N/g) as its hydrochloride salt was washed as described
for the benzhydrylamine resin (Va). The neutralized MBHA
resin was added to Boc-Alanine (1.17 g; 6.2 mmol) and DIPC (
0.95 ml; 6.1 mmel) in 20 ml DCM,and the reaction was allowed
to preoceed for 1 h, and worked up as per the synthesis of
Boc~val-BHA resin (va). The derivatization was repeated
using Boc-Alanine (1.17 g; 6.2 mmol} and DIPC (0.95 ml; 6.1
mmol) in 20 ml DCM, and the reaction was allowed to proceed
overnight. After washing, the resin was dried over P,0. for
24 h. Boc-Ala-MBHA resin (3.27 g; 3.1 mmol; 99% yield; 0.95

mmol/g)was obtained.

Since quantitative removal of the resin from the
reaction vessel is quite difficult, and aliquots of resin
are always removed for Kaiser testing during our synthetic
cycling, the synthetic yield at this stage may not truly
reflect the actual peptide content on the resin. Therefore,
the resin loading will be determined at the tetrapeptide

stage, based on the increase in resin weight.

Acetylation of (-Butoxycarbonyl-(L)-alanyl-MBHA Resip

b) In order to minimize any side-reaction due to the
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presence of unreacted amino groups on the resin, the
Boc-Ala-MBHA resin (3.45 g; 3.1 mmol) was acetylated in an

identical fashion as the Boc-Val-BHA resin (Id).

Synthesis of
TFA-TYI(2-Br-Cbs)-Phe-Asn-Ala-MBHA Resin (X)

a) Syntheses were performed on a Vega 250C peptide
synthesizer, in the semi-automatic mode. Boc-Ala-MBHA resin
(3.45 g; 3.1 mmol) was placed in a 250-ml reaction vessel,
and the synthetic cycle was initiated. The Boc group was
exclusively used for the N*-protection. The side-chain
protecting group for the Tyrosine~OH group was its 2-Br-Cbz.
The synthetic protocol for this peptide was identical to
that used for the decapeptide-BHA resin (VIa), with the
exception that 2 equivalents of Boc-amino-acid and DIPC were
used for both couplings. Asparagine residues followed the
same protocol as that previously given for Glutamine

residues.

b) After completing the assembly of the
tetrapeptide-MBHA resin, the Boc-group was removed as
outlined for the decapeptide (IIb). The
TFA-tetrapeptide-MBHA resin(5.4 g; 2.99 mmol; 99% yield;
0.55 mmol/g) was obtained. An aliquot of the
TFA.tetrapeptide-MBHA resin (0.117 g; 0.065% mmol) was then

subjected to High HF cleavage as described above, the crude
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product was extracted into 6% HOAc, and lyophilized
overnight. The crude tetrapeptide-amide (39 mg:; 99% of
theoretical) was more than 99% homogeneous as judged by

gradient reversed-phase HPLC.

synthesis of
TFA-8er-Ala-Thr-Gln-Asp-

Lys-Tyr-Phe-Asn-Ala-amide (XI)

The synthesis of the decapeptide-amide was
performed on a Vega 250C peptide synthesizer, in the
semi~automative mode starting from TFA.tetrapeptide-MBHA
resin (5.2 g; 2.9 mmol). An identical synthetic protocol to
that outlined for the tetrapeptide above (XIa) was utilized.
The side-chain protecting groups were Ser(Bzl), Thr(Bzl),

Asp(p-cyclohexyl), and Lys(2-Cl-Cbz).

The Boc-group was removed from a portion(576 mg; 0.16
mmol) of the dried Boc-decapeptide-MBHA resin (8.11 g; 2.24
mmcl; 78% yield; 0.276 mmol/qg) which was obtained. A portion
of the TFA.decapeptide-MBHA resin(25% mg; 0.07 mmol) was
then subjected to High HF cleavage as described above, and
the crude deprotected peptide was extracted into a 10% HOAc
solution,evaporated in-vacuo, and lyophilized overnight. The
crude decapeptide-amide (90 mg; 99% of theoretical) was one
major peak as judged by gradient reversed-phase HPLC. Since

the yield and homogeneity of the crude decapeptide-amide
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appeared fine, 3.41 g (0.94 mM) of the Boc-decapeptide-MBHA
resin was stored at -20*'C, and the synthesis continued to

the hexadecapeptide stage.

Bynthesis of
2TPA-Val~Thr-Tyr~Asn-Asp-Val-8er-Ala-Thr

=Glp-Asp-Lys-Tyr-Fhe-Asn-Ala-amide (XII)

a) The Boc-decapeptide-MBHA resin (4.24 g; 1.17
mmol) was placed in the 250-ml reaction vessel of the Vega
250C synthesizer and the chain extended as described for the
decapeptide (VI a) For Asparagine residues, procedures

described above (X) were utilized.

b) After completion of the assembly of the
hexadecapeptide resin, the resin was washed with DCM (60 ml,
4 x 1 min) Et,0 (60 ml, 4 x 1 min), and dried to constant
weight in a desiccator over P,05 under high vacuum. A
portion of this Boc-hexadecapeptide-MBHA resin (2.35 g; 0.48
mmol) was stored at -20°C for future use, the remainder of
this resin (3.32 g; 0.68 mmol) was treated with TFA to
remove the Boc-group. The total yield of resin was 99% (0.21

mmol/g) .

The Boc protecting group was removed from
Boc-hexadecapeptide-MBHA resin(3.32 g ; 0.68 mmol) as

described above (IXb). A portion of the
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TFA-hexadecapeptide-MBHA resin (1.03 g; 0.21 mmol) was then
subjected to High HF cleavage, as outlined in Section (C) of
this chapter. The crude peptide-amide was extracted into 10%
HOAc solution (6 x 15 ml), evaporated in-vacuo, and
lyophilized overnight. The crude hexadecapeptide-amide (510
mg;: 99% of theoretical), was one major peak as judged by

gradient reversed-phase HPLC.

A portion of this material (105 mg) was purified on a
C, s—~reversed-phase (9 x 500 mm) column, utilizing
semi-preparative gradient HPLC as outlined in Section (D).
Pure material (32 mg; 0.016 mmol; 37% yield) was obtained,
which was more than 99% homogeneous as judged by analytical
gradient reversed-phase HPLC. The purified 2TFA-.-Val-Thr~Tyr-
Asn-Asp-Val-Ser-~-Ala-Thr-Gln-Asp-Lys~-Tyr-Phe-Asn-Ala-amide
peptide was characterized by amino-acid analysis as outlined

in Section (E), and 200 MHz 'H~NMR spectroscopy.

Synthesis of (-butoxycarbonyl-

- o - (XIIXI)

Boc-Tyr(2,6~dichlorobenzyl) (4.4 g; 11 mmol) and
absolute EtOH (25 ml) were added to 10 g of chloromethyl-
polystyrene crosslinked by 2% divinylbenzene, {10 meq.
Cl/g). TEA {1.32 ml; 9.5 mmol) was added to the resin
suspension to minimize the formation of gquaternary ammonium

groups on the resin, the mixture was refluxed with stirring
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for 28 h, cooled to room temperature, filtered and the resin
was washed successively with 3 x 60 ml EtOH, 3 x 60 ml H,0,
3 x 60 ml EtOH, 3 x 60 ml DCM, 2 x 60 ml Et,0, and dried.
Boc-Tyr(2,6 dichlorobenzyl)-Merrifield resin (11.63 g; 4.02

mmol; 40% yield) was obtained.

Synthesis of
TFA-Trp-His (Tos)-Trp~-Leu-Gln-Leu-Lys(2-Cl-Cbx)~-Pro-Gly-Gln

- - - c - (XIV)

a) Syntheses were performed manually, starting with
Boc-Tyr(2,6 dichlorobenzyl)-Merrifield resin (3.0 g; 1.21
mmol) in a 100 ml reaction vessel. All residues were double
coupled and Kaiser tests (#) were performed prior to and
after each coupling step. The Boc-group was exclusively used
for the N“-protection. The side-chain protecting groups were
His(Tos), Lys(2-Cl-Cbz), and Tyr(2,6 Dichlorobenzyl). After
each cycle the resin was suspended in 100 ml DCM and stored
overnight. When a third coupling was required, as revealed
by the Kaiser test(99), 1 equiv. of Boc-amino-acid, DCC, and
HOBt in DMF were added, and the reaction was allowed to
proceed overnight at room temperature. Glutamine residues
were incorporated as their p-nitrophenyl esters in the
presence of 1 equiv. of HOBt in DMF, which replaced the
standard coupling step S. The HOBt/DCC-accelerated active
ester coupling procedure in DMF replaced coupling step 9.

DMF washes also replaced washing steps 8 and 10.
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Upon completion of the assembly of the tridecapeptide
resin, the resin was washed with DCM (40 ml, 3 x 1 min),
Et,0 (40 ml, 3 x 1 min) and dried to a constant weight in a
desiccator, Boc-(Nle'?)-a-factor-Merrifield resin (4.61 g;
0.88 mmol; 70% yield; 0.19 mmol/q) was obtained. A portion
of the Boc-(Nle!?)-a-factor-Merrifield resin (420 mg; 0.082
mmel) was treated with 40 ml TFA/DCM/DMS (50:48:2 v/v/v) for
1 x 1 min and 3 x 30 min, washed with DCM (40 ml, 3 x 1 min)
and Et,0 (40 ml, 3 x 1 min),and then dried to a constant

weight in a desiccator over P,05 under high vacuum.

synthesis of
2TPA-Trp' (N“~Biotinyl)-His-Trp-Leu-Gln-

Leu-Lys-Pro~-Gly-Gln-Pro-(Nle'?}-Tyr (Xv)

The TFA.(Nle'?’)-a-Factor-Merrifield resin salt (420
mg; 0.08 mmol) was washed successively with DMF (3 x 50 ml,
1 min), DCM ( 3 x 50 ml, 1 min), 10% DIEA/DCM (2 x 50 ml, 5
min), DCM (3 x 50 ml, 1 min), and DMF (4 x 50 ml, 1 min).
The neutralized resin was added to 3 equivalents of
D~-Biotin-ONp (%92 mg; 0.25 mmol) and 3 equivalents of HOBt
(34 mg; 0.25 mmol) in 15 ml of DMF. The reaction was allowed
to proceed at room temperature for 18 h, filtered and the
resin was washed successively with DMF (3 x 50 ml, 1 min),
DCM ( 3 x 50 ml, 1 min), 10% DIEA/DCM (2 x 50 ml, S min),
DCM (3 x 50 ml, 1 min), and DMF (4 x 50 ml, 1 min). A

qualitative Kaiser test (99) was negative for the
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derivatized resin, in comparison to an intense positive
result obtained on the starting resin. Nevertheless, the
above derivatization was repeated using 3 equivalents of
D~-Biotin~ONp (92 mg; 0.25 mmol) and 3 egquivalents of HOBt
(34 mg; 0.25% mmol) in 15 mi1 of DMF, and the reaction was
allowed to proceed overnight. The resin was worked-up by
washing successively with DMF (50 ml, 3 x 1 min), DCM (50
ml,3 x 1 min), MeOH (50 ml, 3 x 1 min), and DCM (50 ml, 3 x
1 min). The Kaiser test was again negative, and the resin
was washed with Et,0 (4 x 100 ml, 1 min), and dried in
desiccator for 24 h. [(N*-Biotinylated)',
Nle'!?]~x-factor-Merrifield resin (420 mg; 0.08 mmol) was
obtained, the Boc group was removed with TFA/DCM/Anisole
(40:56:2 v/v/v, 50 ml, 1 x 1 min, 1 x 30 min), the
deprotected resin was washed successively with DCM ( 3 x 50
ml, 1 min), 10% DIEA/DCM (2 x 50 ml, 5 min), DCM (3 x 50 ml,
1 min), and DMF (4 x 50 ml, 1 min), dried and subjected to
High HF cleavage as described in Section (C). Crude peptide
was extracted into a 10% HOAc solution (6 x 10 ml),
evaporated in-vacuo, and lyophilized overnight. The crude

[ (N*-Biotinylated)'!, Nle'!?}-a-factor (132 mg; 0.067 mmol;
82% of theoretical) was one major peak, as judged by
analytical reversed-phase HPLC. It was purified on a

C, s-reversed-phase (25.4 x 300 mm) HPLC column, utilizing a
2% MeOH/H,0 step gradient, as outlined in Section (D). Pure
material (27 mg;16.4% yield) was obtained in greater than

99% homogeneity, as judged by analytical gradient
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reversed-phase HPLC (see section (D)). The product

2TFA. (N“-Biotinyl-Trp')-His-Trp-leu-Gln-Leu-Lys-Pro-Gly-
Gln-Pro-(Nle'?)-Tyr peptide (0.013 mmol} was then
characterized by amino-~acid analysis, 200~-MHz 'H-NMR

spectroscopy, and FAB-MS.

Bynthesis of
3TPA-Lys ' (N ~Biotinyl)-Trp-His-Trp-Leu-

Gln-Leu-Lys-Pro-Gly-@ln-Pro (Nle'?)-Tyr (XVI)

TFA. (Nle'?)-x-Factor-Merrifield resin salt (560 mg;
0.109 mmol) (XV) was neutralized as above (XVI) and was
added to 3 equivalents of Boc-Lys-(N€-FMOC} (154 mg; 0.33
mmol), 3 equivalents of HOBt (51 mg; 0.33 mmol), and 3
equivalents of DIPC (0.051 ml; 0.33 mmol) in 15 ml DMF. The
reaction was allowed to proceed at room temperature for 1 h,
the resin was filtered and washed successively with DMF (3 x
50 ml, 1 min), DCM (3 x S0 ml, 1 min), 10% DIEA/DCM (2 x 50
ml, 5 min), DCM (3 x 50 ml, 1 min), and DMF (4 x 50 ml, 1
min). A qualitative Kaiser test was slightly positive for
the derivatized resin, in comparison to an intense positive
result obtained on the starting resin. Consequently the
above derivatization was repeated using 3 equivalents of
Boc-Lys-(N€-FMOC) (154 mg; 0.33 mmol), 3 equivalents of HOBt
(51 mg; 0.33 mmol), and 3 equivalents of DIPC (0.051 ml;
0.33 mmol) in 15 ml of DMF, and the reaction was allowed to

proceed for 3h. A negative Kaiser test result was then
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obtained. The FMOC-group was then removed by treatment with
10% piperidines/DCM (50 ml, 1 x 1 min, 1 x 30 min), and
washed with DMF (50 ml, 3 x 1 min). The tetradecapeptide
resin was then coupled with 3 equivalents of D-Biotin-ONp
(121 mg; 0.33 mmol) and 3 equivalents of HOBt (45 mg; 0.33
mmol) in 15 ml of DMF., A qualitative Kaiser test was
slightly positive for the derivatized resin, in comparison
to an intense positive result obtained on the starting
resin. Consequently the above derivatization was repeated
using an additional 3 equivalents of D-Biotin-ONp (121 mg;
0.33 mmol) and 3 equivalents of HOBt (45 mg; 0.33 mmcl) in
15 ml DMF. A negative Kaiser test result was then obtained.
The resin was worked-up by washing successively with DMF (50
ml, 3 x 1 min), DCM (50 ml,3 x 1 min), MeOH (50 ml, 3 x 1
min), DCM (50 ml, 3 x 1 min), Et,C (4 x 100 ml, 1 min), and
dried in desiccator for 24 h.

{[Lys '-N€-Biotinyl, (Nle'?)]-a-factor Merrifield resin (594
mg; 0.108 mmol/g; 98.7% yield) was obtained. The Boc group
was removed with TFA/DCM/Anisole (40:56:2 v/v/v, 50 ml, 1 x
1 min, 1 x 30 min), as described above and the deprotected
resin was subjected to High HF cleavage,as described in
Section (C). The crude peptide was extracted into a 10% HOAc
solution (6 x 10 ml), evaporated in-vacuo, and lyophilized
overnight. The crude [Lys '-N¢-Biotinyl, (Nle'!?)]-a-factor
{165 mg; 0.073 mmol; 67% of theoretical) was one major peak,
as judged by analytical reversed-phase HPLC. It was purified

on a C,g~-reversed-phase (25.4 x 300 mm) HPLC column,
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utilizing a 2% MeOH/H.0 step gradient, as outlined in
Section (L). Pure material (47 mg; 18% yield), which was
greater than 99% homogeneous as judged by analytical
gradient reversed-phase HPLC was obtained. The
biotinylated-peptide was characterized by amino-acid

analysis, 200-MHz 'H~NMR spectroscopy, and FAB-MS.

synthesis of (-Butoxyocarbonyl-(L)-tyrosyl-

-Br- - (XVII)

Synthesis of (-Butoxycarbonyl-
- (L)-tyrosyl-(2-Br-Cbs)

4-(oxymethyl)phenylacetic acid phenacyl ester (XVIIa)

Boc-Tyr(2-Br-Cbz)-PAM resin was prepared by the
procedure of Tam et al.(102). Boc-Tyr{(2-Br-Cbz) (10.87 g; 22
mmol) and KF.2H,0 (4.14 g; 44 mmol) were dissolved in 90 ml
of MeCN. To the solution was added 4-bromomethylphenylacetic
acid phenacyl ester(7.0 g; 20. mmol). The mixture was
stirred at room temperature for 48 h. At this stage TLC
{DCM/MeOH/HOAC 10:1:0.5) indicated that no unreacted
4~-bromomethylphenylacetic acid phenacyl ester was present.
The organic salts were removed by filtration, and the
solution was evaporated in-vacuo to dryness. The residue
was taken up in EtOAc (75 ml) and washed with 5% NaHCO,

solution (w/v; 9 x 75 ml) and H,0 (9 x 75 ml), dried over
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anhydrous MgS$0,, and evaporated in-vacuo to an oil. The
product was crystallized from Et,0/cyclohexane at 0°C. TLC
indicated a slight trace of a UV positive impurity. The
major product Boc-Tyr(2-Br-Cbz)-4-(oxymethyl)phenylacetic
acid phenacyl ester (9.62 g; 12.6 mmol; 63% yield) was an
off-white powder which was both UV and ninhydrin positive
(with heating). The structure was confirmed by 200-MHz 'H

NMR.

Boc-Tyr (2-Br-Cbz)-4-(oxymethyl)phenylacetic acid
phenacyl ester was analyzed by TLC(R,_.= 0.97; Rf,= 0.91): mp
= 86°C ; [(x)p?® = +10.0° (c 0.75 MeCH); NMR(DMSO-d.,} &
7.95(d,1H,Ar-H); 7.67(t,2H,Ar~-H); 7.57(d,2H,Ar-H);
7.52-7.25(m,10H,Ar-H and aNH); 7.16(d,2H,C, sH): 5.53
(s,2H,COOCH,CO); 5.32(s,2H,CH,C,H.Br); 5.09 (s,2H,COOCH,);
4.22 (m,1H,xCH); 3.85 (s,2H,CH,C00);

2.93(m,2H,BCH) ;1.32,1.25 (s,9H,cis/trans t-C,H,}.

Bynthesis of r¢-Butoxycarbonyl-(L)-tyrosyl
(2-Br-Chg)-4- (oxymethyl)phenylacetic acid(XVIIb)

Boc-Tyr(2-Br-Cbz)-4-(oxymethyl)phenylacetic acid
phenacyl ester (9.6 g; 12.5 mmol) and zinc powder (12.8 g;
200 mmol) were added to a 85% HOAc (v/v; 125 ml), and
stirred for 6 h. The zinc was filtered off, EtOAc (100 ml}
and H.O (100 ml) were added, the organic layer was separated

and the agueous phase was extracted with an additional
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portion of EtOAc (100 ml). The combined EtOAc extracts were
washed with H,0 (100 ml), and evaporated in-vacuo to an oil.
The residue was crystallized from Et,0 (25 ml) by addition
of cyclohexane. The product was filtered, washed with
cyclohexane (4 x 20 ml), and dried in a desiccator under
high vacuum overnight. Boc-Tyr(2-Br-Cbhz)phenylacetic acid
(6.15 g; 9.56 mmol; 76% yield) was then obtained. The
structure was also confirmed by 200-MHz 'H-NMR

spectroscopy.

Pure Boc-Tyr(2-Br-Cbz)phenylacetic acid was analyzed
by TLC(R,.= 0.87; R;p,= 0.84); M.p.= 88°C ; [a]p?® = +1.33°
(c 0.5 MeOH) NMR(DMSO-d,) 5 7.69(d,1H,Ar-H);
7.58(d,1H,Ar-H); 7.45(t,1H,Ar-H); 7.40-7.20(m,8H,Ar-H and
aNH) ; 7.14(d,2H,C, <H); 5.33 (s,2H,CH,C,H,Br);
5.08(s,2H,CO0OCH,;); 4.23 (m,1H,aCH); 3.57 (s,2H,CH,C0Q);

2.93(m,2H,BCH); 1.32,1.23 (8,9H,cis/trans t=-C,Hy)

synthesis of :(-Butoxycarbonyl-
-Tyr(2-Br-Cbz)-Phenylacetanidomethyl Resin (XVIIc)

Aminomethyl-resin as the hydrochloride salt (5.7 g;
6.89 mmol: 1.2 meq.N/g) was washed successively with; DCM
(3 x 60 ml, 1 min), 10% DIEA/DCM (2 x 60 ml, 1 x 1 min, 1 x
10 min), and DCM (3 x 60 ml, 1 min). The neutralized resin
was added to Boc-Tyr{2-Br-Cbz)phenylacetic acid (4.43 g;

6.89 mmol), DIPC (1.07 ml; 6.89 mmol), and HOBt (1.05g; 6.89
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mmol) in 40 ml of DMF, and the reaction was allowed to
proceed overnight. The resin was filtered and washed
successively with DMF (3 x 60 ml, 1 min), DCM (3 x 60 ml, 1
min), 5% DIEA/DCM (2 x 60 ml, 1 x 1 min, 1 x 10 min), and
DCM (3 x 60 ml, 1 min each). A qualitative Kaiser test was
slightly positive for the derivatized resin. Consequently,
the above derivatization was repeated using

Boc-Tyr (2-Br-Cbz)- phenylacetic acid (643 mg; 1 mmol), DIPC
(155 pl; 1 mmol), and HOBt (153 mg; 1 mmol} in 10 ml of DMF,
and the reaction was allowed to proceed overnight. At this
stage the Kaiser test was still slightly positive, and the
above derivatization was repeated using Boc-Tyr(2-Br-Cbz) -
phenylacetic acid (321 mg; 0.5 mmol), DIPC (78 pl; 0.5
mmel), and HOBt (77 mg; 0.5 mmol) in 10 ml of DMF, and the
reaction was allowed to proceed for 48 h. The Kaiser test
was finally negative for the derivatized resin, and the
resin was worked-up by washing successively with DMF (3 x 60
ml, 1 min), DCM ( 3 x 60 ml, 1 min), and Et,0 (4 x 60 ml, 1
min), and dried in a desiccator overnight.
Boc-Tyr(2-Br-CBz)~-PAM resin (10.1 g; 6.9 mmol; 99% yield)

was ocbtained.

Acetylation of r(-Butoxycarbonyl-
{L}-tyrosyl (2-Bxr-Chsx) ~-PAN Resipn (XVIIA)

In order to minimize any side-reaction due to the

presence of unreacted amino-groups on the resin, the
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following procedure was performed (103}).
Boc-Tyr(2«-Br-Cbhz)-PAM resin (10.1 g; 6.9 mmol) was dissolved
in a solution containing 10 mmol of acetic anhydride (0.944
ml) and 10 mmol of DIEA (1.74 ml) in 30 ml of DMF, and
rocked for 30 min. The acetylating mixture was removed by
filtration, and washed successively with DMF (3 x 60 ml, 1
min), DCM (3 x 60 ml, 1 min), and Et,0 (5 x 60 ml, 1 min).
The acetylated resin was then dried in a desiccator for 24 h
under high vacuum over P,0..

Synthesis of

TFA-Trp(For)-His (Tos)-Trp(For)-Leu-Gln-Leu-Lys (N -FMOC) -

Pro-Gly-Gln-Pro-{(Nle)-Tyr(2-8r-Cbs)-PAM Resin (XVIII)

a) Syntheses were performed manually, starting with
Boc-Tyr(2-Br-Chz)-PAM resin (10.1 g; 6.9 mmol) in a 100-ml
reaction vessel. All residues were double coupled. The Boc
group was exclusively used for the N%-protection; the
side-chain protecting groups were Trp(For),His(Tos), and
Tyr(2-Br-Chz). Coupling cycles were as previously described
except indole was added(0.001 w/v) as a scavenger and DIPC
was used in place of DCC. For Glutamine residues the
HOBt/DIPC-accelerated active ester coupling procedure was

utilized in DMF.

For the cycle immediately following the incorporation
of Boc-Gln, 4N HCl/dioxane was used to deprotect the Boc

group (see VIa). When a third coupling was required, as
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revealed by the Kaiser test(99), 1 equiv. of Boc-amino-acid,
DIPC, and HOBt in DMF were added, and the reaction was

allowed to proceed overnight at room temperature.

Upon completion of the assembly of the
tridecapeptide-PAM resin, the resin was washed with DCM (40
ml, 3 x 1 min) and Et,0 (40 ml, 3 x 1 min), and dried to
constant weight in a desiccator over P,0, under high vacuum.
Boc-tridecapeptide-PAM resin (22.62 g: 6.68 mmol; 97% of
theoretical; 0.295 mmol/g) was obtained. A portion of the
Boc-decapeptide-PAM resin (720 mg; 0.21 mmol) was treated
with TFA/DCM/DMS/Anisole (50:48:2:0.001 v/v/v/w) for 1 x 30
min, and washed with DCM (40 ml, 3 x 1 min) and Et,0 (40 ml,
3 x 1 min). The TFA+resin was dried to constant weight in a
desiccator over P,0, under high vacuum, and subjected to
High HF cleavage as outlined in Section (C) of this chapter.
Crude deprotected peptide was extracted into 6% HCAc
solution (6 x 15 ml), the extracts were pooled, and the
volume was reduced to 10 ml. Water (25 ml) was added and the
resulting solution was lyophilized overnight.Crude
HOAc+Trp-His-Trp-Leu-Gln-Leu- (Lys-N®-FMOC) -Pro-Gly-
Gln-Pro-Nle-Tyr peptide (359 mg; 0.17 mmol; S0% of
theoretical) was obtained, and the FMOC-group was removed
from a portion of the HOAc.tridecapeptide salt (102 mg:; 0.05
mmol). The deprotected product was one major peak as judged
by gradient reversed-phase HPLC as described in Section (D).

Crude tridecapeptide was purified on a C,s-reversed-phase
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(19 x 300 mm) HPLC column, utilizing preparative gradient
HPLC as outlined in Section (D). Pure 3TFA.Trp-His-Trp-Leu-
Gln-Leu-Lys-Pro-Gly-Gln-Pro-(Nle)-Tyr (40 mg; 40% yield),
which was greater than 99% homogeneous as judged by

analytical gradient reversed-phase HPLC was obtained.

synthesis of 2TFA.Trp' (N -Acetyl)-His-Trp-

Leu-Glp-Leu-LyYs-RPro-Gly-Gln-Pro-(Nle)-Tyr (XIX)

Boc-tridecapeptide~PAM resin (1.0 g; 0.295 mmol) was
treated with TFA as described for (XVIII), washed with 10%
DIEA/DCM, and DCM (60 ml, 3 x 1 min) and the resulting
[Lys’-N€-FMOC, (Nle'?) J-a—factor resin (866 mg; 0.25 mmol)
was added to acetic anhydride (0.235 ml; 2.5 mmol) and DIEA
(0.435 ml; 2.5 mmol) in 10 ml of DMF for 30 min. At this
stage the Kaiser test was negative, and the derivatized
resin was filtered, washed with DMF (40 ml, 4 x 1 min})}. Then
HOBt (153 mg; 1 mmol) in 10 ml of DMF was added for 1 h to
remove the tosyl group from any partially deprotected
Histidine residue in the crude peptide. The FMOC-group was
removed according to procedures outlined for (XVIII). Crude
acetylated tridecapeptide resin (747 mg) was obtained. A
portion thereof (600 mg; 0.204 mmol) was subjected to High
HF cleavage as described above. The crude product (305 mg:;
81% yield) was purified as outlined above (XVIII), and pure

material (145 mg; 38% of theoretical) was obtained, which
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was greater than 99% homogeneous as judged by analytical
gradient reversed-phase HPLC. The peptide was then

characterized by amino-acid analysis.

Synthesis of 3ITFA-Trp-Ris-Trp-Leu-Gln-Leu-

~Lys’ (N -Biotinyl)~-Pro-Gly-Gln-Pro-(Nie)-Tyr (XX)

The FMOC-group was removed from the Boc-[Lys’-
N€-FMOC, (Nleu'?’)]-a-factor-Pam resin (1.03 g; 0.29 mmol)
with 20% piperidine/DMF for 1 h, and the deprotected peptide
resin was washed successively with; DMF (60 ml, 3 x 1 min),
MeOH (60 ml, 3 x 1 min), and DMF (60 ml, 3 x 1 min}).
D-Biotin-ONp (365 mg; 1 mmol) was added to the resin in DMF,
and allowed the reaction was allowed to proceed for 24 h.
The resin was filtered, washed with DMF (60 ml, 3 x 1 min},
and a slightly positive Kaiser test was obtained for the
biotinylated-resin. The resin was washed with DCM (60 ml, 3
x 1 min), 10% DIEA/DCM (2 x 60 ml 1 x 1 min, 1 x 10 min),
DCM (60 ml, 3 x 1 min), and DMF (60 ml, 3 x 1 min).
D-Biotin-ONp (183 mg; 0.5 mmol) was added to the resin and
the reaction was allowed to proceed overnight. The resin was
filtered, washed with DMF (60 ml, 3 x 1 min), MeOH (60 ml, 3
X 1 min), and DMF (60 ml, 3 x 1 min). The Kaiser test was
negative. The Boc group was removed and Lys’ (Biotinyl)-
a—-factor was then cleaved from the resin by High HF as
described for the tridecapeptide (XvI1I), The crude material

(660 mg) was purified as outlined above (XVIII), and 99%



69

pure product (222 mg; 36% of theoretical) was obtained. The

peptide was characterized by amino-acid analysis and FAB-MS.

Bynthesis of 2TFPA-Trp'! (N“-Fluocresceinyl)-His-

Irp-Leu-~Gln-Leu-Lys-Pro-6ly-dln-Pro-(Mle)-Tyr (XXI)

The Boc-tridecapeptide-PAM resin (1.0 g; 0.295 mmol)
was treated with TFA as described for (XVvII}, and the
TFA.tridecapeptide(Lys’ -N“-FMOC) resin was then subjected to
High HF cleavage as described above. The crude product ({530
mg; 92% yield) was then added to fluorescein disodium salt
(435 mg; 1.16 mmol), BOP (358 mg; 0.81 mmol), and DIEA
(0.141 ml; 0.81 mmol), and the reaction was allowed to
proceed for 48 h. In addition, the reaction was monitored by
gradient reversed-phase HPLC, and after 48 h the reaction
was determined to be complete. The crude material was then
purified as outlined above (XVIII), and pure material (88
mg; 15% of theoretical) was obtained, which was greater than
99% homogeneous as judged by analiytical gradient
reversed-phase HPLC. The peptide was then characterized by
amino-acid analysis, FAB-MS, and 200-MHz 'H-NMR

spectroscopy.
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Synthesis of
3TFPA-Lys '[N€-(p-(4-hydroxyphenyl)propionyl) )-Trp-
His-Trp-Leu-@ln-Leu-Lys-Pro-gly-gln-Pro-(Nle)-Tyr (XXII)

The Boc-tridecapeptide-PAM resin (XVIII) (1.0 g; 0.295%
mmol) was extended to the tetradecapeptide stage with
FMOC-Lys (N -Boc) according to procedures outlined for the
Boc-tridecapeptide-PAM resin (XVIII}), the resultant
tetradecapeptide-PAM resin was then treated with TFA as
described for (XVIII), washed with 10% DIEA/DCM, and DCM (60
ml, 3 x 1 min). The tetradecapeptide(Lys '-NH,) resin was
added to 2 equivalents of f-(4-hydroxyphenyl)propionic acid
hydroxysuccinimide ester (155 mg; 0.59 mmol) and 2
equivalents of DIEA (0.102 ml; 0.59 mmol} in 10 ml DMF, and
the reaction was allowed to proceed for 2 h. At this stage
the Kaiser test was negative; nevertheless, the above
derivatization was repeated using an additional 2
equivalents of the succinimide ester (155 mg; 0.59 mmol) and
DIEA (0.102 ml; 0.59 mmcl) in 10 mli of DMF, and the reaction
was allowed to proceed overnight. The Kaiser test was again
negative, and the derivatized resin was filtered and washed
with DMF (40 ml, 4 X 1 min). Then HOBt (153 mg ; 1 mmol) in
10 ml of DMF were added for 1 h to remove the tosyl group
from any partially deprotected Histidine residue in the
crude peptide. In addition the FMOC-group was
removed, according to procedures outlined for (XVIII). The

crude Lys ! (N°-HPPA)-tetradecapeptide resin (920 mg:; 0.24
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mmol) was obtained, and then subjected to High HF cleavage
as described above. The crude product(150 mg; 27% yield) was
then purified as outlined above (XVIII), and pure material
(127 mg; 23% of theoretical} was obtained, which was greater
than 99% homogeneous as judged by analytical gradient
reversed-phase HPLC. The peptide was then characterized by

amino-acid analysis and FAB-MS.

¢) BF Cleavage

Deformylation and Detosylation- The side=~chain
protecting tosyl-group on histidine has long been considered
to be quantitatively removed by HF (104). However several
reports from this laboratory have demonstrated that complete
removal of these protecting groups for a-factor peptides
does not occur (92,59). Based on these results, protected
peptide resins are now routinely treated with 5 equiv. HOBt
in DMF for 1 h to remove the tosyl-group, and 20% piperidine
in DMF (60 ml) for 1 hr, to remove the formyl] group. These
procedures are performed prior to HF cleavage and have
significantly improved the homogeneity of the crude

peptides.

HF Cleavage- Before the cleavage of the peptide from
the resin, the amino-terminal Boc group was deprotected with
45% trifluoroacetic acid, CH:Cl:, 2% DMS for 30 min, and the

resin was washed with CH.Cl:;, MeOH, and CH:Cl: ({(three times
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each) and dried in vacuo overnight. One gram of the resin
was mixed with 1.5 ml of anisole in a Kel-F HF reaction
vessel, and HF was condensed at -78°'C under reduced pressure
to a total volume of 15 ml (HF + anisole + resin). Cleavage
proceeded at 0-2°C for 1.5 h. After evaporation of HF, the
residue was washed with precooled ether and then with ethyl
acetate (three times each). The crude peptide was extracted
into aqueous acetic acid, and the extracts were combined
and lyophilized. The yield of the crude product was about
90% for most of the peptides, based on the starting amine

content on the resin.

D) chromateographic Methods

TLC~ The following solvent systems were utilized for
TLC on silica gel plates (Kieselgel 60 F,,,) for amino-acid
derivatives and peptides: (A) butanol/acetic acid/water
(4:1:2), and butancl/acetic acid/water/ pyridine
(15:3:12:10), and the Ry values are reported as R;, or R,
respectively. Spots were detected by UV light and/or

visualized by a 1% (wt/v) ninhydrin/n-butanol mixture.

HPLC- A Waters analytical HPLC instrument consisted
of a Waters 510 and Waters M6000A pumps, an on-line Waters
x-Max 481 variable-wavelength UV spectrophotometer, and a
Waters 680 automated gradient contreoller attached to an M730

data module. A Waters . Bondapak C,s (300 x 3.90 mm i.d.)
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column was used for analytical separations. Sample
injections were made with a 25 .1 syringe (Hamilton).

Sample concentrations were 1 mg/ml and typical volumes of
10-25 .1 were injected. Detection was usually at 220 nm,
and the sensitivity of the UV detector was generally set at
0.1 AUFS. Normally a 1.5 ml/min flow rate was used, and the
recorder chart speed was 0.5 cm/min In general, samples
were eluted with a linear gradient of H,0 (0.025% TFA) and
acetonitrile (0.025% TFA) from 20 to 40%, or 20 to 60%
acetonitrile over 30 min, unless otherwise specified in

section (C).

Crude peptides from HF cleavage were purified by
reversed-phase, semipreparative HPLC on a Waters . Bondapak
C,s column (300 x 30 mm). The cleavage product (250 - 400
mg) was dissolved in about 10 ml of running-solvent, and
applied to an equilibrated column at 10% acetonitrile/90%
H,0/0.025% TFA. The product was generally eluted with a
linear gradient of H,0 (0.025% TFA) and acetonitrile (0.025%
TFA), from 10 to 60% acetonitrile, or 10 to 80% acetonitrile
over 60 min at a flow rate of 6 ml/min. Fractions were
collected, and normally the desired product eluted sharply
within 5-8 fractions. Fractions were analyzed by analytical
HPLC as described above. In general, fractions of similar
homogeneity were pocoled, and then lyophilized overnight.
Typically the desired product was greater than 98-99%

homogenecus as judged by analytical gradient HPLC methods.
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In addition, the purity of the peptides were also checked by
TLC on silica gel, and generally one spot in two systems for
each peptide was observed with both UV and ninhydrin

detection.

Several of the peptides were also purified on a Waters
Prep 500 system, utilizing either a C,, (50 X 300 mm), or
Ci e (2.54 x 300 mm) reversed-phase column, using a 2%
MeOH/H,0 (0.025% TFA) step gradient at a flow rate of 50
ml/min Fractions (25 ml) were collected and then analyzed
by analytical HPLC. Fractions with similar homogeneity were
pooled, reduced to a low volume, and then lyophilized
overnight. Subsequently, the pure material was then
reanalyzed by analytical-gradient HPLC as described above,

and similar results were obtained.

£) Mmjpo-acid analysis

Amino~acid analyses were performed by Charles Murphy at
the Analytical Services Facility of the University of
Tennessee, Knoxville. Peptides were hydrolyzed in sealed
tubes in 6N HCl at 100" for 24 hours. All peptides

synthesized gave acceptable amino-acid ratios.
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F) Fast atom bombardment mass spectrometry

FAB-mass spectrometry was performed by Dr. Al Tuinmann
at the University of Tennessee. FAB-mass spectra were
obtained with a VG 2AB EQ mass spectrometer equipped with a
flow FAB ion source of an lon Tech fast atom gun.
Approximately 2 .1 of a peptide solution (1.0 nmol/.l)
dissolved in acetonitrile/water (2:1), 0.1% trifluoroacetic
acid was dispersed on the stainless-steel target in a matrix
of monothioglycerol. The accelerating voltage of the mass
spectrometer was maintained in 8 kV, whereas 8-KeV xenon
atoms at a discharge current of 1 mA were used to bombard
the sample. Spectra were recorded in the "multichannel
acquisition” mode from m/z 800 to 1800 at 20 S/decade by the
VG 11-250 J data system. Instrument resolution (m/sM) was
set at 2000. All peptides gave the expected molecular ion

[M*'+ H'] as determined by FAB-mass spectrometry.

¢) Bicassays

S. cerevisiae strains used -The sources and relevant
genotype of the strains used for this study are s.
cerevisiae 2180-1A(MATa) from the Yeast Genetics Stock
Center, Berkeley, CA; 5. cerevisiae RC629 (MATa sstl-2,
supersensitive to a-factor by virtue of a mutation in the
BAR1 protease (allelic to SST1) which hydrolyzes o-factor)

from R. Chan; & «+erevisiae RC631(MATa sstz-1,
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supersensitive to a-factor because of a mutation in
desensitization response) from R. Chan (Hi-Bred
International, Johnston, IA); S. cerevisiae 4202-15-3(MATa
bari-1, a strain used in binding studies) from D. Jenness
(University of Massachusetts, Worchester); and S. cerevisiae
50B(MATa ste2'*®, temperature sensitive for the o-factor

receptor STE2) from Yeast Genetics Stock Center.

Biological Assay for Shmoo Formation— A culture of
X2180-1A(MATa) was grown at 30°C with shaking to early log
phase (8% Klett units, blue filter with Klett colorimeter)
in YNB supplemented with 0.5% ammonium sulfate and 2%
glucose. The cells were then harvested by centrifugation at
1000 g, washed twice with sterile distilled water,
resuspended to 4.0 x 10° cells/ml in YNB, and placed on ice.
Dilution series (1:2, 80-1.25 n.g/ml) of tridecapeptide and
each of the derivatized o-factors were prepared in
borosilicate glass tubes with YNB as the diluent. Five
hundred micreoliters of the 4.0 x 10° cell suspension was
then added to 500 ul of each of the peptide solutions, and
the suspensions were incubated at 30°C for 3.5 h in a rotary
water bath shaker. At the completion of the incubation
period, the cells were placed on ice, and then 10 ul
portions were placed in a hemocytometer and observed
microscopically to quantitate the total number of cells,

shmoos, and unbudded cells.
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Growth Arrest (Halo Assay)— YEPD plates were overlayed
with 4 ml of MATa cells (2.5 x 10° cells/ml) in noble agar
(0.825%). Filter disks (Whatman No. 1 or Whatman 3MM) were
then placed on the overlay, and 10-ul portions of peptide
solutions at various concentrations were pipetted onto the
disks. The plates were incubated at 30°C for 48 h and then
observed for clear zones (halos) around the disks, an
indication of the arrest of cell growth. The diameter of
the clear zone was determined by subtracting the diameter of

the disk from the diameter of the zone of inhibition.

Competition Assay—- Ten microliters of 1 mg/ml des-Trp',
Ala’-o=-factor, a dodecapeptide with the segquence
His-Ala-Leu-Gln~lLeu-Lys-Pro-Gly-Gln-Pro-Met-Tyr, was added
to 10-ul portions of 0.1 mg/ml solutions of a-factor or each
of the peptides. Ten-microliter portions of these mixtures
were then tested in the halo assay. Controls without

des-Trp', Ala’-dodecapeptide were tested concurrently.

H) NMR Methods

All spectra were recorded in 100% DMSO-dg from Aldrich,
at an approximate concentration of 5 mg/0.5 ml (w/v) in 5 mm
Wilmad 528 NMR tubes, corresponding to a peptide
concentration of 5-12 mM. The chemical shifts and
line-widths of the peptides did not change upon dilution to

0.1 mM, which indicated that aggregation was not occurring
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at the concentrations used. Most samples were dried in an
Abderhalden drying-pistcl under high~vacuum for 24 h, while
refluxing methanol, to remove loosely bound water carried
over from the lyophilization. All spectra were accumulated

at 27°C, unless otherwise noted.

The proton NMR spectra were either acquired on a
Brucker 200-MHz spectrometer equipped with an Aspect 2000A
computer, or on a JEOL GX-400 400-MHz spectrometer. Most of
the raw data were then processed on an offline SUN 3/110
workstation, utilizing an NMRI 3,95 software package, or on
a p-VAX using the FTNMR-51 package available from Hare
Research. Spectra were either referenced against
tetramethylsilane as 0 ppm, or are reported relative to the

residual proton resonance of DMSO at 2.49 ppmn.

One-dimensional spectra were acquired with 8K data
poeints and a spectral width of 10-12 ppm, then zero-filled
to 32K. In addition the spectra were apodized by application
of a n/16 phase-shifted sine-bell multiplication, prior to
the zero-filling and Fourier transformation. Vicinal proton
coupling constants were also calculated from spectra
utilizing a Gated-Homonuclear decoupling scheme. These
coupling constants were then corrected for electronegativity
effects(166), and used in a Karplus type equation to
generate possible ¢ and x' angles(158). For the Substance P

analog, the rotamer populations for the aromatic side-chains
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were also calculated(105). For example, the following
equations were utilized to calculate the rotamer populations
for the Phe’cis-diastereomer of [pGlu®, NMePhe®,

Aib*)-spe ',

Bq.-(1) P, = Jqp,9,

I, -3,

Bq.(2) P, = JYap1-9,

J‘ -JI

Bq.‘a) p[:] = 1 - (P] + Pll)

We obtained coupling constants of 3.87 Hz and 9.92 Hz
for Jap2 and Jup.. These were corrected for
electronegativity effects by multiplying these values by a
factor of 1.03(166). This yielded values of 3.99 and 10.22
Hz for Jqap2 and Jgp., respectively. To calculate the rotamer
I state population for the Phe’-cis isomer, the value of
3.99 Hz was used in equation 1, and by utilizing the average
Jgaucne Coupling constant for rotamer I « 3.95 Hz and the
average J,_ ,,, = 12.2 Hz(159), we calculated that the
Phe’-cis isomer’s population in rotamer-state I was
approximately 0.5% of the mole fraction present. Identical
approaches were applied to calculate the various

contributors to the averaged observed coupling constants for
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the Phe’ cis-isomer, as well as for the remaining aromatic

side-chains in this SUBP analog.

200-MHz Double~Quantum-Filtered-Phase sensitive-COSY
and Relayed-COSY spectra were acquired employing pulse
sequences of [90-t,-90-T-90+y-FID(t,)](Time Proportional
Phase Incrementation routines, TPPI) (106,107) and
[90-t,-90-0.25/J-180-0.25/F-90-FID(t,)]1(108,109),
respectively. For the Substance P analog, the average
J-value was 7.5 Hz, whereas the cyclic-a-factor utilized
J-values of 3, 5, 6, 7, 8.3, 10, 12.5, 16.5, and 25 Hz. Data
matrices of 2K x 256 were recorded, and the spectral width
in each dimension was 10-12 ppm. Spectra were accumulated
with four dummy-transients and 128-160 acquisitions per
t,-value, with post-acquisition delays of 1 s. A final 1K x
1K real data matrix was obtained by zero-filling the
t,-dimension prior to the Fourier transformation.
Apodization of the COSY data was accomplished by application
of a phase-shifted exponential éine-bell multiplication in
both dimensions. Furthermore, the first data point in the
t.-interferogram was multiplied by 0.5 prior to the Fourier
transformation in order to reduce t,-noise ridges. In the
cases where severe t,-noise ridges were observed, a noise
profile was generated from a signal-free region of the
2D-spectrum, and this noise-spectrum was then subtracted
from the t,-spectra. This noise-ridge subtraction routine

dramatically improved the appearance of the 2D-data; however
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careful inspection of extremely weak signals which were the

result of spurious noise was mandatory in these cases.

400-MHz NOESY and ROESY experiments were cbtained
utilizing pulse sequences of [90-t,-90-t_,-90-FID(t.)] and
[90-t,-isotropic mixing pulse-FID(t,)], respectively. All
other acquisition and processing parameters were similar to
those used for the COSY type data. For the Svbstance P
analog, a 300-millisecond mixing-time and a 250-millisecond
isotropic mixing pulse were applied for the NOESY and ROESY
experiments, respectively, and data matrices of 2K x 256
were recorded. For the cyclic-~o-factor, a 400 millisecond
NOESY and a 300-millisecond ROESY were obtained, and data
matrices of 2K x 256 were recorded. No attempt was made to
monitor spin-diffusion for these peptides; however, future

analyses can address this point.

In order to determine the presence of hydrogen-bond
interactions within the peptide, temperature-dependent
chemical shift coefficients for the peptide amino groups
were obtained utilizing six experiments(110,111). These
experiments ranged from 300 K to 325 K, and the temperature
was increased in 5° C increments. The standard deviation for
each slope was then calculated. For the Substance P analog,
one-dimensional spectra were utilized for this analysis,
whereas the cyclic-a-factor required six 2D-absolute

value-COSY experiments, due to severe mutually overlapping
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peaks. Acquisition and processing parameters were similar to

those used above.

1) Rabbit Antjibody Production

Four-month-old, female, New Zealand white rabbits
were purchased from Myrtle Rabbitry, Thompson Station, TN,
For the pre-immune serum approximately 50 ml of blood was
collected from pinna(ear) punctures and the serum was stored

at =20 C.

Immunogen was prepared by suspending 0.5 mg
peptide, or 1.0 mg of carrier-conjugated peptide, in 1.0 ml
phosphate-buffered saline, pH 7.4. For the initial
injection, the suspension was combined with 1.0 ml Freunds
Complete Adjuvant (Sigma Chemical Co., St. Louis, MO.) and
repeatedly passed through interlocked syringes until an
emulsion was formed. All subsequent booster injections were
prepared as described except Freunds incomplete Adjuvant
(Sigma Chemical Co.) was used. Injections (0.25 ml/site)
were delivered intradermally across the surface of the back
at eight sites. Injections were administered at three week
intervals for peptide immunogens and at monthly intervals
for conjugated-peptide immunogens, with periodic bleeds to
determine titers. The potent antisera generated after at
least three booster injections; were receptor C-terminal

region 23-mer, 1:1,300; receptor C-terminal region
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(23-mer)-conjugated to BSA, 1:2,500; receptor extracellular
loop 19-mer, 1:10,000; and receptor 19-mer conjugated to

KLH, 1:1,800.

H) Polarimetry

The optical rotation of compounds was determined on a
Perkin~Elmer 141 polarimeter at 25°C, with a 1 dm path

length. The light source was also set at the sodium D-line.
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II11 ) Probes for the o-factor binding
site within the STE-2 receptor of

Saccharomyces cerevisiae

A) Topological probes for the a-factor receptor

Introduction:

The STE-2 gene product, which has been
demonstrated to be the ligand binding component of the
a—-factor receptor (57), has been cloned and
sequenced(21,22). Based on the hydropathy profile for the
primary translation product of the STE-2 gene product, a
model for the possible folding pattern of this 431 residue
long receptor has been generated. This model is similar to
that for the rhodopsin/p-adrenergic receptor family, and
indicates that the predicted STE-2 gene product contains
seven transmembrane helices connected by short hydrophilic
locops. The receptor ends in a cytoplasmic domain containing

a 135 residue long hydrophilic C-terminal region. (61-63)

Immunological, biochemical, and genetic analyses
have demonstrated that the STE-2 gene product is a
membrane-bound glycoprotein, and that its C-terminal tail

region is located on the cytosolic side of the membrane{(57)}).
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In addition, the C-terminal region of 135 residues are not
required for pheromone binding and subsequent signal
transduction, but mediates an adaptive response upon
prolonged exposure to the pheromone(57,61-63). This
desensitization to the a-factor is believed to be the result
of phosphorylation of the C-terminus (57). Hence, all the
information required for ligand binding and signal
transduction is contained within the amino-terminal 305

residues,

In contrast, a shorter fragment of the STE-2 gene
product containing only the amino terminal 261 residues, was
inactive in mating. Hence, removal of the seventh
transmembrane helix resulted in an inactive receptor(6l).
However it is still unclear if this was due to the loss of
pheromone binding or due to the receptor’s inability to

interact with its effector.

The recently introduced use of antibodies directed
against synthetic peptides of the primary sequence of a
protein has proven to be a powerful tool in the spatial
analysis of membrane embedded proteins (112-114). This
apprecach has been successfully applied to the topological
study of the ADP/ATP carrier (115), the entire human
cytochrome ¢ oxidase complex(116), the lactose/H’
transporter of E. coli (117), the glucose transporter

protein (118), and the nicotinic acetylcholine receptor
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(119). Furthermore, mapping of the a-bungarotoxin binding
site within the o-subunit of the acetylcholine receptor
(120), and mapping of the binding site of the receptor for
leutinizing hormone-releasing hormone (LHRH) (121), have
also been reported utilizing anti-peptide antibodies.
Moreover, assignment of secondary structures by anti-peptide

antibodies has alsc been proposed (122).

The results of the above studies indicate that
antibodies against the «-factor receptor may be used to gain
information on the topolcgy of the BTEB-2 receptor, and also
to generate screening-reagents for BTE-2 mutants. In
addition, it is possible that one may obtain the fortuitous
result of obtaining an antisera that can competitively
inhibit pheromone binding to the B8TE-2 receptor. This result
would begin to localize the binding-site for the o-factor

pheromone within the BTE-2 gene product.

In order to gain further insight on the structural
features that the STE-2 gene product exhibits in its
membrane-associated state, a series of topological probes
were generated against two of the hydrophilic loop regions,
and a portion of the C-terminal tail. The short term goal
of this study was to determine the location of these regions
within the STE-2 receptor, as residing intracellularly or
extracellularly. These results would not only further

support the existing model for the receptor, but more
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importantly, they would provide direct immunological
evidence on the topology of specific regions within the
receptor, as well as form a basis for detailed investigation

of the receptor in its membrane-bound state.

To generate these specific immunological probes for
topology, rabbit polyclonal antiseras were obtained against
synthetic peptides corresponding to the hydrophilic loops
between helix 2 and helix 3, and between helix 4 to helix 5,
and are depicted in Fiqgure 3. A region cof the C-terminus was
also synthesized, and utilized as a synthetic antigen as
well. The antisera were then isolated and utilized tco test
for recognition of that particular sequence within the whole
STE-2 receptor. If the antisera preferentially recognized
whole MATa-cells and not MATa-cells, then the
sequence would most likely be on the exterior. If the
antisera failed to bind to the exterior of the whole cell,
but adhered to lysed-cells, then that particular sequence
was most probably located intracellularly. To insure that
the cell-wall was not hindering accessibility of the
antisera to its epitope, the antisera could be also
incubated with spheroplasts. ELISA techniques were to be

utilized to visualize the antisera binding.
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Results and Discussion:

Synthesis of the peptide antigens was achieved by the
solid-phase approach introduced by Merrifield (123,124).
The 23 residue peptide antigen, corresponding to region
350-372 in the C-terminus of BTE-2, was assembled on a
phenylacetamidomethyl resin. This resin was introduced to
increase both the yield and homogeneity of crude peptides
utilizing the solid-phase methodclogy (102). The presence
of the electron-withdrawing acetamido bridge in this resin
increases the stability of the peptide-resin linkage. Since
this linkage is more resistant to cleavage during the
repetitive acidolytic steps used to remove the Boc
protecting group, fewer peptide chains are lost for each
synthetic cycle, resulting in higher yields and increased

homogeneity.

Intermediates in the synthesis of the Boc-Ile-PAM resin
were carefully scrutinized prior to the use of the resin in
generating the peptide antigen. These precursors were
analyzed by TLC, melting piont, optical rotation, and
200-MHz ‘'H-NMR spectroscopy. The results of these analyses

indicated the proposed structure for these intermediates.
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Once the Boc-Ile-PAM resin was assembled, the resin was
acetylated to "cap" any unreacted amino groups present on
the resin. This "capping" procedure minimizes side reactions
that can occur during the synthetic cycling (103). The Boc
group was exclusively used for the N%-protection, and the
scavenger DMS was routinely included in the TFA deprotection
mixture. The presence of a scavenger reduces alkylating
side reactions to aromatic-residues during removal of the
Boc-group. Proper side-chain protecting groups for
polyfunctional amino acids were also carefully chosen to
minimize side reactions, as well as for ease in removal
during the final HF cleavage step. In addition, all residues
were routinely double-coupled regardless of a negative
Kaiser test in the first coupling step, to ensure
completeness of the coupling reaction and minimize deletion
peptides(125). The Kaiser test was always performed prior to

and after each coupling cycle.

Once the peptide was assembled on the PAM resin, the
Boc group was removed prior to High HF cleavage of the
peptide from the resin. In general, the crude peptide was
obtained in approximately 95% yield and was one major peak
on gradient C, s-reversed-phase HPLC. After purification of
these peptides using HPLC, peptides of at least 99% purity
were isolated in yields of 81, 49, and 41% for the
decapeptide, pentadecapeptide, and the 23-residue peptide

antigen, respectively.
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The peptide antigen was then characterized by TLC,
HPLC, amino-acid analysis, optical rotation, and 200-MHz or
'400-MHz '"H-NMR spectroscopy. TIC and HPLC indicated the
peptide antigen was at least 99% homogenecus (see Fig. 4)
and amino acid analysis supported the presence of all
residues (Table 1). Displayed in Fig. 5 is a 400-MHz 'H-NMR
spectrum for the antigen 10 peptide, which further supported
the proper structure for the peptide. Characteristic
resonances were observed such as the ring protons for Phe’®“
at 7.23 ppm; the methyls of Vval®®® and Ile®’? at 0.83 ppm;
the methyls of Thr’¢’, Thr’¢®, and Ala’*” at 1.15, 1.02, and
1.22 ppm, respectively; the side-chain OH groups of Ser’¢*®,
Thr®¢?®, and Thr’*® at .56, 5.11, and 4.65 ppm; the 1CH, of
Glu’®’ at 2.26 ppm; and the BCH, of Asp®7’9:-27! at 2.69-2.47

ppm. These assignments were confirmed by DQF-phase sensitive

COSY and 400 msec NOESY analyses. (data not shown).
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Figure 4. C ,-Gradient reversed phase HPIC of STE-2
receptor peptides after purification. For peptides A-C,
and E, the gradient used was from 10-30% acetonitrile
(0.025% trifluoracetic acid) over 30 mins. For peptide
D, a 30-50% acetonitrile(0.025% trifluoracetic acid)

gradient over 30 mins was utilized.

Peptide A:; Thr-pbPhe-Val-Ser-Glu-Thr-Ala-Asp-Asp-lle

corresponding to region 363-372;

Peptide B; Lys-His-Ser-Glu-Arg-Thr-Phe-val-Ser-Glu-

Thr-Ala- Asp-Asp-lle corresponding to region 3%8-372;

Peptide C; Arg-Arg-Lys-Glu-Thr-Thr-Ser-Asp-Lys-His-
Ser-Glu-Arg-Thr-Phe-Val-Ser-Glu-Thr-Ala- Asp-Asp-1Ile

corresponding to region 3%0-372;

Peptide D; Ser-Ser-Val-Thr-Thr-Ala-Leu-Thr-Gly-Phe-
Pro-Gln-Phe-Ile-Ser-Arg-Gly-Asp~Val-amide corresponding
to STE-2 region 107-12%, and is depicted as El1 in

Figure 3;

Peptide E: Val-Thr-Tyr-Asn-Asp-Val-Ser-Ala-Thr-Gln-Asp-
l.ys-Thr-Phe-Asn-Ala-amide corresponding to STE-2 region

191-206, and is depicted as E2 in Figure 3.
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Table 1. Chemical and physical properties of STE-2
receptor peptides.
Peptide I; Thr-Phe-vVal-Ser-Glu-Thr-Ala-Asp-Asp-lle;

(corresponding to STE-2 vregion 3613-372);

11, Lys-His-Ser-Glu-Arg-Thr-Phe-Val-Ser-Giu-Thr-
Ala-Asp-Asp-Ile: (corresponding to STE-2 region

358-372);

111, Arg-Arg-Lys-Glu-T r-Thr-Ser-Asp-lys-His-5er-
Glu-Arg~-Thr-Phe-Val-Ser-Glu~-Thr-Ala-Asp-Asp-Ile:

corresponding to STE-2 region 3150-372);

1V, Ser-Ser-Val!-Thr-Thr-Ala-Leu-Thr-Gly-Phe-Pro-Gln-
Phe-lle-Ser-Arg-Gly-Asp-Val-amide: corresponding to
STE-2 region 107-12%, and is deplicted as El in

figure 3.):

V, Val-Thr-Tyr-Asn-Asp-Val-Ser-Ala-Thr~Gln-Asp-
Lys-Tyr-Phe-Asn-Ala-amide. (corresponding to STE-2

region 191-206, and is depicted as E2 in figure 3.)

973



Table 1.
Chemical and physical properties of 5TE-2 receptor peptides
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Analysis 1 11 v
Amino-acid
Asp 2.02 2.00 2.8B9 o.87 4.14
Glu 1.0& 1.97 2.98 1.06 1.13
Ser 1.04 2.01 3.06 3. 11 J.96
Gly ———— - - 2.27 _——-
His ---- 1.04 1.00 -———— ————
Arg -———— G.97 V.06 0.96 -——-
Thr 1.89 1.94 .98 2.01 1.66
Ala 1.08 1,12 1.10 1.09 2.14
Pro -—— -——- --=- 1.11 -———-
Tyr -——— - .- 1.07 2.0
Val 0. 9H ., 49i, 1. 07 2.14 1.688
Met -—-- - -——— -—— -———
lle 1.01 .o 1.of 1.03 -———-
Leu —-——— ——=- - = —-———- - -
Fhe 0.99 SRR 0. 949 2.20 0.9¢
Lys ---- .97 1.495% -——— .96
Total 10 15 2 19 16
Yield({) 811 dus 443 14% 17%
Rg =« verr a* 0.3 0.02 0.00 0.15% Gg.22
R + [ amrr BT 0.7%9 G0 0.00 3.70 0,68
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Figure 5.

peptide,

400 MHz proton NMR spectrum of STE-2 receptor

Thr-Phe-val-Ser-Glu-Thr-Ala-Asp-Asp-Ile, 1in

DMS0O-d, at 2% *C, (corresponding to STE-2 region 363-3172).

95



It i

] [

AN
Phe-¢-H -~

J\_Mj\'t e

Val and Ile CH,’s |

Ala CH, |

| tCH Glu

fer and Thr OH’'s |

"

e AN qu\hﬁf\“}\

96



97

The two hydrophilic loop peptides corresponding to
regions 107-125 and 191-206 within the 8TEB-2 gene (depicted
as loops E1 and E2 in Figure 3} were generated on a
benzhydrylamine or 4-methylbenzhydrylamine resin,
respectively. Upon final cleavage with HF, these peptides
would then be obtained as their C-terminal amides(126,127).
It was decided to generate these peptide antigens as their
amides to better mimic those corresponding regions within
the 8TB-2 gene product. Since these regions are located
internally in the primary sequence of the receptor, both the
N-terminus and C-terminus of these peptides should not carry
a charge. Synthesis of a peptide on a PAM resin would yield
a peptide with a free amino and carboxyl termini. Antibodies
generated against such peptides may recognize an epitope
containing a charged species. This could result in failure
of antibody to recognize the sequence within the protein,

due to the fact that these charged termini are absent(128).

Synthesis of the hexadecapeptide corresponding to
region 191-206 within the BTE-2 receptor, was carried out on
a 4-methylbenzhydrylamine resin after obtaining a relatively
poor yield for the nonadecapeptide antigen corresponding to
region 107-125(see Table 1). The poor yield of the
nonadecapeptide was probably due to the inherent stability
of the peptide-benzhydrylamine resin linkage and the

inherent problem of cleaving this linkage when bulky amino
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acids such as the valine residue in the nonadecapeptide are
attached to the resin. The more acid labile
4-methylbenzhydrylamine resin was introduced to circumvent
this problem(103). The yield of pure hexadecapeptide amide
was 37% when the 4-methylbenzhydrylamine resin was utilized.
This represented significant improvement compared to the 13%
yield obtained for the nonadecapeptide amide synthesized on

the standard benzhydrylamine resin.

The synthetic protocol for generating these peptide
resins was basically similar to those procedures utilized
for the synthesis of the 23 residue peptide of the
C~-terminus, with the exception that 4N HCl in dioxane was
used to remove the Boc-protecting group for glutamine
residues, rather than the typical TFA deprotection mixture.
DMS was also added as a scavenger to this HCl mixture to
prevent side reactions. The use of a strong acid such as
HCl to deprotect glutamine residues reduces the chain
terminating formation of pyroglutamyl peptides during the
neutralization step (129). This side reaction in which the
N~-terminal glutamine residue intramolecularly cyclizes to
generate a pyroglutamyl residue is catalyzed by weak acids,
such as TFA, and even Boc-amino acids (103). This
cyclization side reaction is most prevalent during the
neutralization step, and replacement of HCl for TFA results
in a marked improvement in the yield and homogeneity of the

crude peptide. Furthermore, since this side reaction is
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catalyzed by weak acids such as Boc-amino acids or HOBt, we
employed reverse addition of DIPC and the Boc-amino acid
(103), in the coupling step following the Gln residue. To
reduce the dehydration side reaction in which the side chain
amide forms the nitrile, glutamine and asparagine residues
were incorporated by the HOBt/DIPC-accelerated active ester

coupling procedure in DMF.

The peptide amides were cleaved, purified, and
characterized as outlined for the 23 residue peptide, and
were obtained in yields of 14% and 37 % for the
nonadecapeptide amide and hexadecapeptide amide,
respectively. Both peptide amides were at least 98 and 99%

homogeneous as judged by gradient HPLC.

Once all the synthetic antigen peptides were
characterized, a rabbit polyclonal antisera was generated
against each of the peptides, (see experimental methods). The
antisera for each of the peptides are currently being
purified, and in the near future these antibodies will be
utilized as site specific topological probes for the STE-2
receptor. The results of these studies should provide new
insight into the spacial arrangement of these reqions within

the STE-2 receptor in its membrane-bound state.
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B) 8ynthetic probes of the a-factor receptor

Introduction:

Sexual conjugation of haploid a and « cells in the
yeast Saccharomyces cerevisjae is initiated through the
reciprocal exchange of diffusible peptide pheromones.
a-cells secrete an a-factor pheromone which targets a-cells,
whereas a-cells secrete an a-factor pheromone which targets
a-cells (35). The a~factor is a tridecapeptide,
Trp~His-Trp-Leu-Gln-Leu~ Lys-Pro-Gly-Gln-Pro-Met-Tyr, which
specifically binds to the STE-2 receptor located on the
surface of MATa cells (57,58). The a-factor is a
post-translationally modified dodecapeptide,
Tyr-Ile-Ile-Lys-Gly-Val-Phe-Trp-Asp-Pro-Ala-
-Cys(S-farnesyl)OCH,, which interacts with its STE-3
receptor found on the surface of Mata cells (92). Both
pheromones trigger a similar set of physiological responses
in their target cell, which ultimately results in sexual
mating (39). Several studies have demonstrated quite
elegantly that the mating process in S, cerevisiae
represents an excellent model system to understand the mode

of action of peptide hormones (21-29).

Both pheromones interact with cell surface receptors
whose genes have been cloned and sequenced(21,22). The

predicted protein sequences indicate that both receptors are
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likely to span the membrane seven times(60). This similar
structural motif closely resembles that of several mammalian
hormone receptors(61-63). In addition, both receptors are
thought to interact with G-proteins, which mediate signal
transduction from receptor to effector. The genes coding for
these G-proteins have also been cloned and sequenced, and
the deduced protein sequences indicate that they are highly
homologous to mammalian G-proteins(26,27). Given the wealth
of biological, biochemical, genetic, and immunological
information available on this yeast, significant insights on
receptor-hormone interactions may soon be elucidated from

this model system.

A primary goal in Dr. Naider’s laboratory has been to
localize the binding site of the o-factor receptor, and to
discern the relationship between the structure of the
a-factor and its activity. Important aspects of our approach
are the synthesis of analogues that can be used to tag the
receptor binding site, and the study of the active
conformation of the pheromone. In the following section, we
discuss synthetic strategies that are being developed to
prepare probes of the S8TE-2 receptor binding site, and to
extend previous structure-activity relationships (SAR) for
the «-factor (31,66). These studies provide insights into
the structural requirements for binding of «-factor to its
receptor, and form a basis for detailed investigation of the

receptor utilizing bicchemical procedures.
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The short-term gecal of this study was to determine the
optimal placement of either a fluorescent, affinity, or
"potentially radioactivatible tag™ on the a-factor molecule,
without significant loss of activity. The results of this
study will aid in the long-term goal of designing an
a~factor analog which can be crosslinked into the B8TE-2
receptor by a photoactivatable group, and isolated through
the use of one the above mentioned tags. In addition, these
tagged «—-factors can be used as screening reagents for BTE-2
receptor mutants. Furthermore, the accessibility of the
tagging group on the pheromone when a-factor is bound to its
receptor can also be assessed, by using a probe which
specifically recognizes the tagging group. This approach has
been successfully applied to determine the size of the

binding pocket for the formyl peptide receptor(130).

Previous results from this laboratory have indicated
that both the ~¥-terminal amino group of Trp', or the epsilon
amino group of Lys’ can be extended with rather large bulky
groups, without dramatic loss in activity (45,66).
Derivatization of the o- or c¢-amino groups of the a-factor
affords the biochemist direct routes for insertion of either
a fluorescent group (flucrescein), an affinity group
(biotin), or a potentially radiocactivatible group such as
fi-{4-hydroxymethyl}propionate which can be subsequently

radiociodinated with I0ODOBEADS to generate the Bolton-Hunter
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group. Furthermore, the «-factor can be extended on the
N-terminus by an additional lysine residue to generate a
tetradecapeptide analog, without abolition of its activity
(92). The epsilon amino group of this [Lys ']-oa-factor can
then be reacted as well with the above mentioned groups.
The synthesis and biological activity for a series of
a-factors modified at positions Lys !, or Trp!, or Lys’
with either fluorescein, biotin, or

B-(4-hydroxymethyl)propionate are reported.

Solid-phase peptide synthesis of these a-factor analogs
was accomplished by using either a standard chloromethyl
resin or the phenylacetamidomethyl (PAM) resin. The
synthetic protoccl for generating these o-factor analogs
followed procedures similar to those described for the

antigen peptides in the previous section.

Previcously reported yields of 17% for the native
a—-factor and 3-11% for several of the extended analogs from
this laboratory indicated that the synthetic protocol was
less than optimal for generating these types of peptides
(45). In order to improve upon the yield and homogeneity of
the crude peptides, several significant changes in the
synthetic protocol were made. Replacement of the methionine

residue in position 12 of the pheromone with isosteric



104

norleucine not only resulted in a peptide with identical
activity as the native pheromone, but also reduced side
reactions, and improved the yield and homogeneity of the
crude peptides. Furthermore, a marked improvement in the
yield and homogeneity of the crude product was obtained,
when 4N HCl in dioxane was utilized to remove the
N%-protecting Bcc groups for glutamine residues (92). This
deprotecting reagent minimizes the chain terminating side
reaction which generates pyroglutamyl peptides. In fact,
this inorganic acid is probably a better choice for
deprotecting Boc-peptide resins due to its inability to
acylate peptide chains. 1In contrast, TFA can acylate the

growing peptide chain resulting in chain termination(131).

However, the current cost for HCl in dioxane is rather
high. In addition, the DIEA+HCl formed during the
neutralization step is inscluble in methylene chloride and
requires that highly toxic solvents such as chloroform be
used during the neutralization and subsequent washes to
remove it. Due to these features, this deprotecting reagent
becomes less attractive to be used in all the deprotection

steps.

Another significant change in our synthetic protocol
was the removal of the side-chain tosyl protecting group for
histidine prior to High HF cleavage. Although Tam and

Merrifield claimed this group to be gquantitatively removed
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in HF(104), our laboratory found incomplete deprotection for
this residue in a number our peptides(92). Treatment of the
peptide with HOBt in DMF prior to HF cleavage resulted in
better yields and increased the homogeneity for the crude
peptides. As a result of these changes in our synthetic
protocel, we routinely obtain yields of 40-50% for pure
a=-factor. The presence of problematic residues such as
tryptophan, histidine, and tyrosine in this peptide is
probably a reason why even higher yields are not obtained.
Displayed in Figure 6 are the gradient C,s-reversed phase
HPLC for the tagged a~-factor analogs, indicating that these

peptides are highly homogeneous.

Since biotin has been shown to survive anhydrous
HF (59), (Nle'?]-a-factor biotinylated on the o-amine or
[Lys !, Nle!'?j-a-factor biotinylated on the e-amine of the
N-terminal Lys were prepared by assembling the desired
peptide on a chloromethylpolystyrene resin, and then
reacting the appropriate amine group with biotin
p-nitrophenyl ester. The side chain of the N-terminal Lys
was protected with the FMOC group and deprotected with
piperidine in DMF. Derivatized peptides were cleaved from
the resin by anhydrous HF and the desired products were
isolated by HPLC. Both the [(N-Biotin-Trp', Nle'?] and
[N*-Biotin-Lys ',Nle'?] phercmones had the appropriate amino

acid analyses and gave correct FAB-MS values(Table 2)
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[N -Biotinyl-Lys’, Nle!?]-a~factor was prepared by
assembling Boc-Trp(For)-His(Tos)~Trp({For)-Leu-Gln-Leu-

Lys (FMOC) -Pro-Gly-Gln-Nle-Tyr{(2-Br-Cbz)-PAM resin. The FMOC
group was removed with piperidine in DMF, and biotin was
incorporated via its p-nitrophenyl ester using
l1-hydroxbenzotriazole as a catalyst. The formyl groups were
removed from the derivatized resin with piperidine, and the
Boc group removed by acidolysis. The biotinylated-peptide
resin was cleaved by anhydrous HF, and purified by HPLC. For
[N“-Acetyl-Trp', Nle'!?)]-a-factor, the Boc group was removed
from the above protected ([Nle'?]-a-factor resin, the resin
was treated with acetic anhydride, the FMOC and formyl
groups were removed by piperidine, the Tos group was removed
by HOBt, and the derivatized resin was subjected to High HF
cleavage. The crude acetylated peptide was then purified by
HPLC.

[N -HPPA-Lys ', Nle'‘]-a-factor was prepared by first
synthesizing FMOC-Lys (Boc)~Trp(For}-His (Tos)~Trp(For)-Leu-
Gln-Leu~Lys (FMOC) -Pro-Gly-Gln-Nle~Tyr(2-Br-Chz)-PAM resin.
The Boc group was removed, and B-(4-hydroxyphenyl)propionyl
incorporated via its succinimide ester. The protecting
groups were removed and the derivatized peptide resin was
cleaved by HF. Crude [N ~HPPA-Lys ', Nle'?’]-a-factor was
then purified by HPLC. All of the above peptides gave

correct FAB-MS values.
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In contrast to both biotin and HPPA, fluorescein would
not survive anhydrous HF. This molecule was incorporated
into the o-factor by assembling the following reagent
peptide, Trp(For)-His~-Trp(For)-Leu-Gln-Leu-Lys (FMOC) ~
Pro~Gly-Gln-Nle-Tyr, in 90% yield. Both the FMOC and formyl
groups survive High HF and the protected pheromone was
derivatized with fluorescein on the c~amine subsequent to
its removal from the resin(132). The N°-fluoresceinated-
peptide was then deprotected with piperidine. Although this
method resulted in the desired product, incomplete removal
of the formyl protecting group from one of the tryptcphan
residues occurred, as deduced from the FAB-mass spectra. It
is believed that probably the formyl group on Trp'! was not
completely removed. Hence two products were obtained after
purification by HPLC, the desired [N°-Fluorescein-Trp!,
Nle'?]-a-factor and the [N%-Fluorescein-Trp!(N'-formyl),
Nle'’]-a~factor. This resulted in a combined yield of 15%.
All final peptides were >98% homogeneous as judged by
reversed phase HPLC and gave one ninhydrin-positive spot on

silica TLC plates(Table 2.).

The isolated acylated pheromones were assayed using a
growth arrest assay on MATa cells (Table 3). Both a
wild-type S. cerevisiae 2180a and two supersensitive strains
5. cerevisiae RC629(sstl) and 5 cerevisiae RC631(sst2)
were used in the assays. The supersensitive strain (sstl)

is highly responsive because it lacks a peptidase that
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inactivates the pheromone(50). Furthermore, to measure
directly whether these tagged-pheromones are interacting
with the o-factor receptor, a temperature-sensitive mutant
$. cerevisiae 50B(ste2'®) was used to measure growth arrest
at the permissive and the restrictive temperatures. At 24
°C, a-factor and the acylated pheromones arrested growth,
but at the restrictive temperature of 34 °“C, none of these
peptides arrested growth(data not shown). As controls, the
activities of [Nle'?’)]-a~factor and [Lys !, Nle'!'?]-a-factor
were also measured. The activity of the pheromone with the
additional Lys residue at the amine terminus was five-fold
less active than that of the tridecapeptide when tested
against the wild type S. cerevisiae 2180a, and is ten-fold
less active against the sst1 mutant. The [N%-Acetyl-Trp',
Nle'?)-oa-factor was identical to the tridecapeptide with
both strains. The [N®-HPPA-Lys ', Nle'?]-a-factor gave
comparable activity to the [Lys ', Nle'!?]-a-factor with wild
type and the sst! strain. The [N“=-Biotin-Trp', Nle'?] and
[N -Biotin-Lys ', Nle!?] pheromones were five-fold less
active than the a-factor with both above strains. In
contrast, the [N -Biotin-Lys’, Nle'‘?}-a-factor was ten-fold
less active against the ssrl1 mutant. This same trend was
observed for the fluoresceinated probes, where
{N®*-Fluorescein-Trp',Nle!?]- -a-factor was five fold less
active than the «-factor with wild type and the ss¢! strain,
where [N”-fluorescein-Trp! (N'-formyl),Nle'?] and

[N —fluorescein-Lys’ ,Nle'‘]-x-factor pheromones were
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ten~fold less active against the sst¢t1 mutant. The
[N -Acetyl-Lys’, Nle!?]-u-factor was five-fold less active
than the o-factor against the wild type and the ss¢!

strains.

Discussjion:

This study shows that fluorescent, affinity, and
petentially radiocactive groups can be incorporated into the
x-factor. Utilization of the proper side-chain protecting
groups has also demonstrated that preferential acylation of
either the «-amine of Trp' or the e¢-amine of Lys’ of the
pheromone is readily achievable. In particular, the reagent
peptide, Trp(For)-His-Trp(For)-Leu-Gln-Leu-Lys (FMOC) ~
-Pro-Gly-Gln-Nle-Tyr, was most useful in synthesizing the
fluoresceinated pheromcne. This synthesis demonstrates that
groups that are sensitive to solid-phase techniques,
particularly the anhydrous HF cleavage step, can be readily
incorporated into a peptide. Although the yield for this
fluoresceinated peptide was low (5-15%), it is believed that
this was probably due to steric hindrance by the bulky
N-terminus of this sequence, as well as side reactions

inherent with the phenolic OH in unprotected fluorescein.
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Table 2. Chemical and physical proparties of "tagged"

a—-factor analogs.

Peptide I, [Nle!“]=-~-factor;

Peptide 1T, [N*-Acetyl-Trp', Nle'‘]-a-factor;

Peptide 111, [N*-Biotinyl-Trp', Nle'‘]-x-factor;

Peptide 1V, [N"-Fluoresceinyl~-Trp', Nle'“]-.-factor;

Peptide V, [ (N"-Fluoresceinyl, N'-formyl)-Trp°,
Nle'!“l-u-factor;:

Peptide VI, [N*-Biotinyl-Lys’, Nle'‘]-ua-factor;

Peptide VII, ([N®‘-Biotionyl-Lys ', Nle'‘}-ua-factor;

Peptide VIII, [N'-gE(4-Hydroxyphenyl)propionyl~-Lys ',

Nle! ' ]J-a-factor.



Table 2.

Chemical and physical properties of tagged ~-factor analogs

Analysis 1 11 111
Aminc-acid ---- ---- 1.81
Gly == === 1.09
His -———— === 0.7%9
Leu - - 1.81
Lys ———= === 0.89
Nle -——= _—— U. 67
Pro === ===- 2.01
Tyr —e-- m--- 1.40
Yield () 40% 18% 16%
Re- .ver 2% 0.3% 0,35 U. 33
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Table 3. Biological activity for "tagged™ :-factor

analogs, utilizing Wild type strain 5 - rrev,<|ae
2180a, supersenstitive strain .  erev.:</a~ RC629
{ -+!) and RC631{(---.}, and temperature sencititive
strain creviciae B50B(-re.*"}. The values listed
are halo diameters 1n mm. The assay for 50B(. -~ . %)
was carried out at 24 C. Control on 50B( -+~ . *) at

17 C was carried out, and all peptides were inactive
under these conditions.

Peptide 1; [Nle " ]-:-factor;

Peptide 2: [N'-Fluoresceilnyl-Trp', Nle' ]-a:-factor:
Peptide 3; [N'-Fluoresceinyl-Trp', N -ftormyl,

Nlei ' ]-:-factor;

Peptide 4; [N'-Biowi .yl-Trp, Nle -]-.-factor;
Peptide %; [N'-Acetyl-Trp -, Nle - |- .-factor;
Peptide 6; [N’ -Fluoresceinyl-Lys , Nle'  |-.-factor;:
Peptide 7; [N -Biotinyl-Lys , Nle' ]|-.-factor;
Peptide 8; (N’ -Acetyl-lys , Nle' |-.-factor;
Peptide 9; |[Lys °,Nle’ |-:.-factor;

Peptide 10; [N'-Biotinyl-lLys ', Nle ' ]-.-factor;

Peptide 11; [N = (4-hydroxyphenyl)propionyl~Lys

r

Nle - |~.-factor.
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Figure 6. Gradient C,,-reversed phase HPLC tftor "tagged"
-factor analogs after purification.

Peptide A; [Nle' |-:-factor;

Peptide B; [N'-Acetyl-Trp’', Nle'‘]-»~factor;

Peptide C:; [N'-Biotinyl-Trp', Nle'‘)-a-factor;

Peptide D: [N'-Fluoresceinyl-Trp', Nle'‘]-:-tactor:

Peptide E; [N'-Fluorescelinyl-Trp’', N'-formyl,

Nle': }-.—-factor;
Peptide F; [N'-Biotinyl-lys , Nle' )-:-factor;
Peptide G: [N’ -Biotinyl-Lys °, Nle‘:)-.-factor;
Peptide H; (N’ -: (4-hydroxyphenyl)propionyl-Lys ',

Nle'  ]-:—-factor.

114



115

1% i .w_
! . _ _
- . Y] 2
| n |
_ @ 2
[
L_ o i
T
J.W.Uﬂu..o '»L_. c!
- &u — el e pr
P .... - ,/ , ; = .[ﬂ.
1 \ o IF |
V - _m_ ’ . _ ﬂw_ *
. | [
— L L ]
N , _ -
, _. . .
" o
e M E
P ———— e me = e -- - ._ww._Y[ - -
L
- ; —_
S
[ +WU
- .
. __ -
F.
RN R

- Ol IR Y

-] .5 £
TiE (mwm |

L]



116

Figure 7. 200 MHz proton NMR of

{N'-Blotinyl-Trp’', Nle - ]-.-factor in DMSO-,. at 25 -C.
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Figure 8. 200 MHz proton NMR of
(N'-Biotinyl-Lys *, Nle |- .~factor in DMSC- .

at 25 *C.
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Figure 9. 200 MHz proton NMR of
[N*-Fluoresceinyl-Trp', Nle'~‘]-a-factor

in DMSO-4, at 25 °C.
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In the present study, yields of 40% for the a-factor
and 23-38% for derivatives synthesized on the PAM resin are
reported. In contrast, derivatives generated on the standard
chloromethyl resin resulted in yields of 16-18%. Even the
lowest of these yields represents a significant improvement

to those achieved in earlier syntheses of the o-factor(45).

As shown in Table 2, all of the tagged a-factor analogs
gave excellent FAB-MS values, which supported their
structure. In addition, the results of the amino-acid
analysis for the [N%-Biotin-Trp!, Nle'?] and
[N“-Biotin-Lys !, Nle'?] pheromones further supported the
proper structure for these peptides. Although low values
were obtained in the amino acid analysis for the norleucine
residue in these peptides, it is believed these values do
not truly reflect the norleucine content in these analogs.
This is supported by the excellent FAB-MS values obtained,
as well as 200-MHz 'H-NMR spectroscopy performed on these
peptides. The high resolution one dimensiocnal spectra for
two of the biotinylated-o-factor peptides are shown in
Figures 7 and 8. These spectra not only indicated the proper
structure for these peptides, but also confirmed the
presence of tryptophan. The characteristic resonances for
the indole NH’s of Trp' and Trp?(10.7-10.9 ppm) gave the
expected intergration ratios when compared with the
C, . H-protons of Tyr'’(6.6-6.7 ppm). Support for the

presence of biotin in Fiqure 7 and 8 is derived by its amide
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signal at 6.4 ppm. Other characteristic resonances observed
are the methyls of Leu’ * at 0.85 ppm; the side-chain
protons of Nle'? at 1.25 ppm; the C,-proton of His’at 8.98

ppm;: and the side-chain amides of Gln®-'° at 6.89 ppm.

Characterization of the purified peptides by HPLC and
TLC indicated that most of the peptides were greater than
99% homogeneocus(Figure 6). Displayed in Figure 9 is the
proton NMR spectrum for the fluoresceinated pheromone. This
spectrum also supported the proposed structure for the
fluoresceinated analog. Similar chemical shifts were
ocbserved for the characteristic resonances for the indole
NH’s of Trp' and Trp®(10.7-10.9 ppm) which gave the expected
intergration ratios when compared with the C; ,H-protons of
Tyr'!?(6.6-6.7 ppm). Support for the presence of fluorescein
in Figure 9 is derived by its ring proton signals at
6.55-6.30 ppm. Other characteristic resonances observed are
the methyls of Leu‘ -° at 0.85 ppm; the side-chain protons of
Nle'? at 1.25 ppm; the C,-proton of His?at 9.2 ppm; and the

side-chain amides of Gln®*''° at 7.91 ppn.

The biological data on these tagged a-factor analogs
are extremely interesting. All of the peptides retained
significant activity toward the wild type strain 2180a. In
addition all of the peptides directly interact with the
a-factor receptor, as judged by the results with the

temperature sensitive mutant 50B(::e2'*). In order to judge
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the relative efficacy of these modified o-factor analogs
towards the STE-2 receptor, comparisons were made between
the activity of one analog versus the activity of all other
modified peptides in the ss:! strain. To determine the
relative affinity of a particular analog towards the BAR1
protease, the activity of one particular analog was compared
against the wild type and the activity of the same peptide
against the ss¢! strain. As shown in Table 3, the
[NY-Acetyl-Trp'!, Nle'?]-ax-factor was consistently as active
as the tridecapeptide against all strains tested. These
results clearly indicate that the charged ammonium group on
the ~N-terminal tryptophan is not required for activity.
Furthermore, the N-terminus of the pheromone can be extended
with even larger groups without significant loss in
activity. This is supported by fact that the
[N*~fluorescein-Trp!, Nle!?] and the

[N®*-fluorescein~Trp' (N'-formyl), Nle'?]-a-factors, as well
as the [N%-biotin-Trp', Nle'?] pheromone were only five-fold
less active than the [Nle'!?]-a-factor when tested against
wild type 2180a, supersensitive RC629(sstl), and temperature
sensitive 50B(ste2'*) strains, whereas these analogs were
equally active against the supersensitive RC631(sst2). This

conclusion is further supported by the five-fold reduction

in activity of [N®-HPPA-Lys !, Nle'?], [Lys !, Nle!?} and
[N -Biotin-Lys ', Nle'?] pheromones when tested against wild
type 2180a, and 50B(ste2'°) strains. These pheromones were

equally active when tested against RC631(ss¢2). In contrast,
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all of the tetradecapeptides were approximately 10-fold less
active against RC629(ssrl). These results further support
previous studies which indicate that the a-factor receptor
may have an extended binding site since N®-terminally
extended analogs are still significantly active.
Furthermore, the e¢-amine of the ~-terminal lysine ' analog
can also be derivatized without any further loss in

1

activity, since the Lys ' analog is equally active as the
acylated-Lys !-analogs in the sst! strain. Moreover, the
ammonium groups of the N-terminal lysine ! reduce the
activity 5 fold in the ss:1 mutant, when compared against
the acylated-Trp' analogs. These results suggest that a
large bulky group on the N“%-terminus of the pheromone is not
responsible for the observed five-fold drop in activity
exhibited by the Lys ' analog , but that the charges on the
N-terminal lysine may be involved. However, activity does
not necessarily correlate with binding, and direct binding
assays should be performed befcore a valid assessment can be
made. All of the tetradecapeptide analogs are as active as
the acylated Trp' analogs against the wild type strain, but
are less active in the sst! strain. This suggests that the
tetradecapeptide(Lys ') analogs are not degraded as well as
the tridecapeptide analogs by the BAR1 protease responsible
for the sstl1 mutation., If the tridecapeptides were cleaved
more readily than the tetradecapeptides, this would result

in a higher activity for the tetradecapeptide analogs in the

wild type 2180a strain. When the BAR1 protease is absent,
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the actual relative efficacy towards STE-2 may be exhibited
by peptides. Hence, a lower activity should be observed for

the tetradecapeptides in this strain.

In conclusion, this study has demonstrated the
successful incorporation of either a fluorescent, affinity,
or a potential radioactive tag into the a-factor on either
the a-amine of Trp'! or the e¢-amine of Lys’. All of these
tagged pheromones are approximately five to ten fold less
active than the tridecapeptide when tested against
RC629(sstl), suggesting these analogs have comparable
affinity toward the a-factor receptor. From a synthetic
standpoint, the [N%-Biotin-Trp', Nle'?]-a-factor appears the
best candidate for tagging the pheromone, since this analog
is one of the better agonists when tested against the sst!
mutant, and that this group can be easily incorporated into
the a-factor. However, until the accessibility of the biotin
group can be determined through the binding of the protein
avidin to it, no definitive decision can be made. The
[N®-fluorescein-Trp', Nle'!?]-a-factor is also a good
candidate for tagging the o~factor; however, incorporation
of this group into the ao-factor is significantly more

difficult.

Since both the «-amine of Trp' or the ¢-amine of Lys’
can be modified without significant loss of activity, it

would appear that these groups can be used to incorporate
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both a photoactivatable group and a tag for detection.
However, a dibiotinylated pheromone should be synthesized to
test the validity of this approach. It is reascnable to
conclude that our results suggest that the N-terminus and

7

the side-chain e¢-amine of Lys’ may be pointing away from the

contact points between the pheromone and the receptor.

Extension of the N-terminus of the pheromone by an
additional lysine residue results in a ten-fold reduction in
activity, further modification of the ¢-amine of this

' analog results in no further decrease in

N-terminal lysine’
activity. Hence it appears that incorporation of a lysine
residue on the N-terminus is not advantageous for pheromone
binding. In contrast, neutral additions appear to be better
tolerated at this position in the pheromone since the
acetyl(V), biotin(IV), and fluoresceinated peptides(IIl) are
1

all ten-fold more active in the sst! strain than the Lys’

analogs (see Table 3}.

The successful synthesis of fluoresceinated and
biotinylated pheromones with high biological activity
indicates that biochemical procedures may now be readily
applied to begin to elucidate structural requirements for
binding of a-factor to its receptor, and forms a basis for

detailed investigation of the receptor binding site.
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IV ) Conformational analysis on

cyclo’:-![Nle!?]-a-factor

in DMSO at 25 "C.
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Conformational analysis of
cyclo’ '°INle'?]-a~factor in DMSO.

Introduction:

The tridecapeptide o-factor, a yeast pheromone of
Saccharomyces cerevisiae, is8 a member of a larger family of
compounds classified as linear peptide hormones. The
chemical structure of these molecules contains the
information necessary for interaction with their cognate
receptors. Although the relatively small size of these
peptides suggest significant conformational flexibility in
solution, a number of conformational analyses have been
performed on these messengers with the goal of elucidating
biologically significant structural features. The aim of
these studies has been to relate the solution state
conformation of these molecules to their biologically active
state. The results of these types of studies will not only
lead to a better understanding on how the peptide hormone
elicits its bioclegical activity, but also aid in the design

of analcgs which have antagonistic or agonistic properties.

This approach has been successfully applied to
leutinizing hormone releasing hormcone{LHRH), which may be an
evolutionary ancestor to the a-factor(80), as well as human

growth hormone(2),the enkephalins(4), the tachykinins(30),
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somatostatin(3), bombesin(133), gramicidin A(134), peptide

T(135), as well as a plethora of other molecules.

Two techniques have been applied to determine the
conformation of a peptide hormone. These are circular
dichroism (CD) and nuclear magnetic resonance (NMR). Both
spectroscopic approaches take advantage of the interaction
of energy with matter. 1In circular dichroism, the
interaction of a peptide hormone with circularly polarized
light can elucidate structural features that are present in
the molecule. These structural features are usually
detected as characteristic bands in a CD profile. For
example, strong negative absorption bands at 210-215 nm are
usually indicative of an a-helical and/or R-sheet type
structure, whereas in a random-coiled structure, a positive
absorption band is observed at these wavelengths.
Furthermore, positive absorption bands at 190-195 nm are
characteristic of helical and sheet structures. In contrast,
flexible random-coiled structures have negative bands at
these wavelengths(136). Most significantly, pure «, B and
coiled structures may be discriminated, and methods exist to
calculate the % helix, coil, and sheet based on the CD

pattern(137).
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Although CD is a powerful tool in determining
structural characteristics for a peptide, one major drawback
of this technique results from the inability to determine
where in the primary sequence the structural element is
located. 1In general, Chou-Fasman rules are applied to find
the most probable position that a predetermined structural
feature may be located within the primary sequence(76). This
approach is most correctly applied to globular proteins and
long polypeptide chains. In contrast, not only can certain
NMR parameters elucidate structural characteristics for the
molecule under investigation, but also where in the primary
sequence this structural feature is located. Notably, the
angular dependence of the vicinal coupling constant can
elucidate a relative angle between the two nuclei
involved(138}. Secondary structure dependent chemical shifts
can help refine an existing model (139). Temperature-
dependent amide chemical shift coefficients can elucidate
groups involved in stabilizing hydrogen-bond
interactions(158). Most importantly, the NOE can yield a
qualitative description on the spatial proximity of groups
relative to one another(140,141), and also be quantitatively
analyzed to determine relative distances between the

interacting nuclei(142-144}.

With the advent of affordable high field FT-NMR
spectrometers, as well as recent advances in two-dimensional

and multidimensional techniques, NMR has now appeared to
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become a popular technique to elucidate structural
characteristics for a molecule. This is evidenced by the
increasing number of published reports using NMR for
structural characterization that appear in the literature

almost daily.

Focusing ocur attention on the a-factor, a number of NMR
studies have been performed on this tridecapeptide and
several analogs in either DMSO, H,0, or lipid vesicles.
Miyazawa and Higashijima proposed that the o-factor folds in
such a manner as to form 3 f-turns in aqueous solution (87).
Several years later, the same group refined their model and
suggested that the N-terminus forms an «-helical structure,
and that the central and ¢-terminal end form B-turns in
agueous solution (84). A year later, Wakamatsu and the
above group postulated that the o~factor forms an N-terminal
a-helical structure and extended structure throughout the
remainder of the peptide, when a-factor is bound to lipid
vesicles (88). 1In 1987, all of the above reseachers refined
their model, and suggested a 3,,-helical structure for the
N-terminus and an extended structure for the central and
c-terminal portions of this peptide in lipid (86). 1In 1989,
Jelicks et al.(89) proposed a compact N-terminal structure
and a centrally located BII turn for o-factor in lipid

vesicles. 1In the same year, Naider et al.(91), proposed
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that the most prominent structural feature for this peptide
is a centrally located BII turn spanning residues 7-10 in

boeth agqueocus and lipid environments.

One major shortcoming in all of the above reports
appears to be the flexible nature of the a-factor peptide.
This conformational flexibility leads to a wide distribution
of allowable conformers and it makes it quite difficult to
extend biophysical analyses to the bioclogically active
state. Interestingly, the most common structural feature in
all the above reports appears to be a centrally located

p=turn.

In order to determine the biological significance for a
centrally located turn, Xue et al.(92) synthesized a cyclic
analog of the «-factor. This cyclic analog was generated by
forming a covalent amide bond linkage between the
side-chains of the Lys’ and the Glu'°® residues in this
peptide causing a bend to be maintained in the center of the
pheromone spanning residues 7-10. Only a modest reduction
in biological activity was observed for the cyclic analog,
which was one-fourth to one-twentieth as active as the

linear «-factor depending upon the tester strain used.

The above report provides a major step forward in
understanding the molecular basis for activity elicited by

the -factor molecule. As stated earlier, the results of
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the structuresactivity(SAR) type studies indicated that both
the His? and Tyr'’ residues are critically important for
activity in the ao-factor. Cyclization may bring the ends of
this peptide closer together and may aid the formation of
the biocactive structure. Furthermore, the proposed turn has
been correlated with biological activity; substitution in
position 9 by amino-acids which would stabilize a type II
B-turn are active, whereas destabilizing amino-acids are
inactive. (Jelicks et al. (90). Moreover, the relatively
high activity of this cyclic agonist supports a turn
structure spanning residues Lys’-Pro®-Gly’-G1ln'® in the

a-factor, as deduced from the earlier NMR studies.

The most pertinent consequence of the cyclic «-factor
analog for the present study is that the conformational
flexibility of this agonist has been significantly
restricted. This should reduce the distribution of
allowable conformations that this peptide can assume. Since
the activity of this cyclic agonist is in the same range as
the native pheromone, the cyclo’ !'? [Nle'‘’] a-factor should
be an excellent model to determine structural
characteristics that may be present in the more flexible
native o-factor. 1In the following secticn, a detailed
conformational analysis on the cyclo 7:-'° [Nle!?] «-factor
is presented. The goal of this study is to elucidate

structural characteristics for the solution-state
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conformation of this agonist in DMSO, which hopefully may be
extendable to the bioclogically active state for this

pheromone.

Displayed in Figure 10 is the high-resolution spectrum
of cyclo’ '°,[Nle!?]-a-factor in DMSO-d,. Peak assignment of
the proton NMR spectrum for cyclo’'? [ Nle'?) o-factor was
accomplished by a combination of two-dimensicnal homonuclear
DQF-phase sensitive-COSY, nine Relayed-COSY’s, NOESY, and
ROESY experiments. In a typical 2D-COSY experiment,
diagonal peaks correspond to rescnances found in the 1-D
spectrumn. In contrast, any off-diagonal peak correlates the
two perpendicularly related diagonal peaks as neighbors
which are separated by either two or three bonds. The
results of this type of experiment allows one to assign
protons in a spin-system to a particular residue. The choice
of a double quantum filter for the COSY experiment not only
reduces the intensity of cross-peaks from geminally
coupled-protons, allowing smaller peaks to be observed near
the diagonal, but also removes the large dispersive tails of
diagonal peaks since both the cross-peak and diagonal peaks

are in-phase absorptive{(145,158,159). In addition,
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Figure 10. 400 MHz proton spectrum of
cyclo' '"[Nle'‘}~-:-factor in DMSO-,, at 25 °"C,
Pept ide concentration was 5 mg/ 0.5 ml. Illustrated

below is cyclo’  '‘[Nle'<‘}-s-factor.

Trp-His-Trp-leu-Gln-leu-Lys-Pro-Gly-Glu-Pro-Nle-Tyr
! |
{(CH ). (CH,) .
I |
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acquisition of the COSY experiment in the phase-sensitive
mode allows the multiplicity of the cross-peak to be
determined. The multiplicity of the cross-peak reflects the
number of coupling partners inveolved in the spin-system
under investigation. 1In general, the greater the number of
coupling partners involved, the more complex is the
multiplicity pattern observed for the cross-peak. This aids
in making peak assignments for particular residues found
within the primary seguence (146). For example, in an ABX
spin-system such as a glycine residue, one observes two
"square" arrays in which the upper-left corner and
lower-right corner of each array appear as negative
crosspeaks, whereas the lower-left and upper-right corners
of each array appear as positive crosspeaks, for each of the
a-protons. This multiplicity pattern provides a "finger
print®" for glycine-residues within a peptide or protein.
Different multiplicity patterns are observed for other types
of residues in the same molecule. This type of experiment
is most useful in highly crowded regions of the spectrum.
However DQF COSY experiment also has drawbacks. Due to the
antiphase nature of the crosspeaks, cancellation of
crosspeak signals can result when two crosspeaks overlap, or
when the line widths of diagonal peaks equal their coupling
constants. In such cases, a TOCSY (total correlation

spectroscopy) experiment can be far superior(147,148).
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The 400-MHz one-dimensional proton spectrum for the
amide region of cyclo 7-'° [Nle!?] a-factor is displayed in
Figure 11, and the corresponding 400-MHz DQF-phase sensitive
COSY in Figure 12. Two characteristic triplets can be
observed in Figure 11, which are attributable to the amide
proton of Gly® (7.73 ppm), and to the side chain cyclic
amide linkage between the Lys’ and Glu'°® residues (7.57

ppm) .

As can be seen in Figure 12, the NH-oCH, (7.73,
3.66),(7.73, 3.60) crosspeaks for the Gly®’ residue exhibit
a typical AA’X multiplicity pattern. The Lys’e¢~NH to
Lys’ «-CH, crosspeaks (7.54, 3.23),(7.54, 2.93) assign the
e-protons of Lys’ to a region where only the g-protons of
aromatic residues are located. If these two triplets were
due to aromatic residues one should not observe any other
crosspeak from this region. However, as depicted in Figqure
13, a very weak crosspeak (2.93, 1.43) which correlates an
‘CH-proton of Lys’ to its 5-protons was observed. This
crosspeak is symmetrical about the diagonal at lower
contours, and is consistent with the expected multiplicity
patterns for these residues. Moreover, the results of the
400-MHz NOESY experiment are consistent with the above
assignments. Specifically, strong sequential connectivities
aCH,-NH, ,, were observed for both of these triplets. As

illustrated in Figure 14, both the o and & protons of the
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Figure 11. Amide region of 400-MHz proton
spectrum ot cyclo’ '“[Nle'‘|-~-factor in DMSO-,. at 25 °C.
Peptide concentration was % mg/ 0.5 ml. Characteristic

triplets of Gly® and Lys are indicated by arrows,



Gly’-NH {

t Lys’-¢NH
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Figure 12. 400 MH:z DQF-phase sensitive COSY of
cyclo” '"[Nle’’)-s-factor ih DMSO-,, at 25 °"C. Peptide
concentration was 5 mg/ 0.5 ml. Displayed is characteristic

AA’X multiplicity pattern for Gly”®.
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Figure 13. 400-MHz DQF-phase sensitive COS5Y of
cycle’ '?(Nle’‘]=-2-factor in DMSO-,, at 25 *C. Peptide
concentration was 5 mg/ 0.5 ml. Displayed is weak

COSY crosspeak for «NH to «CH of Lys .
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Figure 14. 400-MHz 400-msec NOESY of

cyclo’ - '°(Nle'?]-a-factor in DMSO-,, at

25 *C. Peptide concentration was 5 mg/ 0.5 ml.

Displayed are seguential =CH"-NH' NOE'’s for

Gly® and :CH'"'~ ¢NH for Lys’ .
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Table 4. Peak assignments for 400 MHz spectrum cof
cyclo” '"“[Nle’ - )-:-factor in DMSO-,, at 25 *C.

Peptide concentration was 5 mg/ 0.5 mi.



Peak assignments for cyclo’

Besjdue  NH = aCH __BCH
Trp' 7.9% 4.06
2.98
His‘ 6.88 4.68 1.04
Trp' 8.26 4.61 3.19
2.98
Leu® B.41 4.1 1.48
Gln® 8.0% 4 .28 1.87
1. 7%
Leu’ 7.95 4.1 1.41
Lys 7.98 4.51 1.7
1.54
Pro” 4.210 1.96
1.92
Gly” 7.72 3Leh
L6
Glu: !.BY 4. .46 1.44
1.38
Pro' 4.1 1.96
1.92
Nle- - 7.82 4.16 1.58
1.44
Tyr ' 7.87 4.12 2.9
2.74

3.14

~ Due to severe overlap,

unequlyv

aocally.

Table 4

“"[Nle' }=a-factor

..—1CH_ WCH @ other
N' - 10.92
c,- 7.15
C,- 7.57
C.- 6.80
c,- 7.00
C.- 7.32
c,- 8.%2
C. 7.32
N'- 10.82
c,~ 71.17
Cy,~ 7.68
Cc. . ?7.00
c.- 7.12
L5 .84
.11 NH - 7.:2%
&_ 8O
HE 0.82
28~ 1.473- "CH.- 3.2)
2.93
NH.- 7.%4
.82 .69
3.54
04
.97
. B3 1.60
.47
.21 1.21 "CH.- 0.87

c. . 6.98
C, - 6.62
OH 9.20

thls rescnance can‘t be assigned

149
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Pro® residue have strong NOE connectivities to the “NH of
Gly®. 1In addition, a strong sequential NOE can also be
observed between the {CH, of Glu'® to the *NH of the Lys’
amide linkage (7.54,2.09). The assignments based on the COSY

spectra are listed in Table 4.

In order to provide supporting evidence for the
spectral assignments of this cyclic agonist, Relayed-COSY
experiments were also performed (149). As described earlier,
a COSY experiment can yield information on the chemical
shift of neighboring protons in a particular residue.
However problems can arise when well-resolved amide protons
correlate into a number of mutually overlapping oCH
resonances. For example, in AMX and BNY spin systems, spins
A and B as well as X an Y are well resolved, however spins M
and N overlap. In such a case the COSY experiment can not
correlate A to X or B to Y. To circumvent this problem, a
Relayed-COSY experiment can be performed, allowing

correlation of A to X and B to Y.

In this type of experiment, magnetization is
transferred from spin A to spin M, as in the typical COSY
experiment. However, instead of detecting the A-labeled
magnetization on spin M, a delay period before and
subsequent to the application of a 180° pulse results in
refocusing of the magnetization on spin M. Application of

the final 90° mixing pulse results in transferring the
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A-labeled magnetjization to spin X. The end result of such
an experiment enables the transfer of magnetization from
Spin A through a relay spin M to a third spin X, where X is
not directly coupled to spin A. Consequently not only is a
COSY-type amide to «CH crosspeak observed, but more
importantly an NH to BCH crosspeak is detected as well.
Hence the Relayed COSY experiment can allow correlation
between two neighboring protons which are separated up to 3
or 4 bonds in the same spin system(151). Higher order
Relayed-COSY experiments such as Double Relayed and
Triple-Relayed-COSY are also available, which can correlate
neighboring protons as being separated by 5 or even 6 bonds,
respectively(150). These types of experiments allow protons
to be assigned to their respective residues, even though a
number of centrally located resonances are mutually
overlapped, and have been successfully applied in the
spectral assignment of peptides and sugars (145). In order
for the Relayed-COSY experiment to work efficiently, the
delay period must be optimized with respect to the magnitude
of the coupling constant for the relay spin. It must be
short enough with respect to the largest coupling, such that
cos nJA:rs 0, or otherwise this passive coupling leads to
disappearance of the relayed signals(149). Furthermore, long
delays should be avoided in order to keep signal intensity
losses due to relaxation processes at a minimum. 1In
general, the maximum efficiency for the relay transfer

occurs when the delay period is At = 0.5/J.
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Although this type of experiment is particularly useful
in spectral assignments, a TOCSY experiment can ideally
vyield crosspeaks between all the nuclei in a spin system.
The number of nuclei to which magnetization is distributed
is controlled through the spin-lock periods. Short mixing
times produce crosspeaks practically between vicinally
coupled nuclei, whereas longer mixing times result in
relayed and multiple-relayed crosspeaks (145). At the time
of these studies, the 200-MHz Brucker spectrometer was not
capable of applying a spin-lock field, hence it was decided

to perform the relayed COSY experiments instead.

The choice of delay times were such that maximum relay
transfer would occur for peaks exhibiting coupling constants
of 3, &5, 6, 7, 8.3, 10, 12.5, 16.5, and 25 Hz. As
illustrated in Figures 15 and 16, the 200-MHz Relayed-COSY
for optimal 12.5-Hz magnetization transfer displayed
numerous relayed signals which were quite useful in
supporting the reported spectral assignments. As can be
easily seen, the His? residue not only displays the typical
NH-«CH COSY~-type correlation (8.88, 4.68), but more
importantly a NH-8CH relayed-type crosspeak as well (8.88,
3.04). In addition, relayed signals for Leu®’ (8.41], 1.46),
Trp®> (8.26, 3.19) (8.26, 2.98), Glu'® (7.89, 1.44) (7.89,
1.38), Tyr'?(7.87, 2.93) (7.87, 2.78), and Nle'? (7.83,

1.44) can be readily identified in this figure.
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This type of data circumvents the problem of mutually
overlapping resonances and allows peak assignments for
individual residues in highly crowded regions of the
spectrum. The results of all nine Relayed-COSY experiments
are consistent with the reported assignments listed in Table
4. It is also quite interesting to note that both the 3 Hz
and 5 Hz relayed experiments did not yield any observable
relayed signals, even though these experiments were optimal
for the amide triplets of the Gly® and Lys’ residues
respectively. In general, smaller coupling constants require
longer delay times for the relay process to work
efficiently. Consequently, short relaxation times for a
given molecule can become a prominent factor in reducing the
relayed signal intensity to an undetectable level. This may
be one explanation for the absence of relayed signals in the

two above experiments.

Although the results of the CO0SY, NOESY, and ROESY
experiments can circumstantially support the peak
assignments for the Gly® and Lys’ residues, these results by
themselves are not sufficient to unequivocally assign these
two residues. The failure of the Relayed COSY experiments
to remove this ambiguity led us to try a series of
spin-decoupling experiments. However, this approach was
unsuccessful because of severe resonance overlap. In order

to conclusively assign the Gly® and Lys’ residues, synthesis
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of a-deuterated Boc-Gly was undertaken and completed. This
derivative will be used in future syntheses of the
cyclic-agonist, and will result in the unequivocal
assignment for these residues when the

a-deuterated-Gly°’-cyclic agonist is completed.

In order to gain further insight on the conformation
for this cyclic agonist, both 400-MHz NOESY and ROESY
experiments were applied. To this point, the experiments
described dealt with coherent magnetization transfer, or
“"through bond" interactions. These techniques have proven
most useful in the spectral assignments of peaks located in
the 1D-spectrum. However, one of the most important
consequences of modern NMR spectroscopy is the ability to
determine the spatial proximity of groups relative to one
another. This type of data provides major constraints on
the possible folding patterns for a given molecule. Just as
the COSY experiment is a fundamental approach for spectral
assignments, so the NOESY experiment is preeminent for

determining conformational features for a given molecule.
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Figure 15. 400 -MHz Relayed COSY of
cyclo” '°[Nle'?’}-u-factor in DMSO-,, at 25 *C. Peptide
concentration was % mg/ 0.5 ml. Optimal magnetization

transfer was 12.5% Hz for this experiment.
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Figure 16. amide and alpha proton reqion of
400 MHz Relayed COSY of cyclo’ P%[Nle'“]-a-factor in
OM50-~,, at 25 "C. Peptide concentration was

5 mg/ 0.5 ml. Cptimal magnetization transfer was

12.5 Hz for this experiment.
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In a NOESY experiment, incoherent magnetization
transfer results from dipolar coupling. Dipolar coupling is
the interaction of the magnetic moments of two spins through
space, which is both distance and orientation dependent, and
results in the practical consequence of line broadening.

Due to dipolar coupling, the two spins do not relax
independently, but influence each other. Hence, each
deviation of a spin state from equilibrium is transferred to
the other spin state, which therefore also deviates from
equilibrium. This results in incoherent magnetization
transfer, leading to the Nuclear Overhauser Enhancement

(NOE) effect(145).

As in previous two-dimensional experiments, peaks
located on the diagonal correspond to resonances found in
the one-dimensional spectrum. Any off-diagonal NOESY
crosspeak correlates the two perpendicularly related
diagonal peaks as being in close spatial proximity. The
maximum distance for which a NOESY crosspeak can be observed
between two interacting nuclei is dependent on the mixing
time if the molecule is considered to be rigid. lLonger
mixing times result in the observation of NOE connectivities
for nuclei which are separated by larger distances. The
upper limits for the spatial separation of the two nuclei on
the 400-MHz spectrometer with a 400 msec NOESY mixing time
is approximately 3.5 angstroms. Not only has this technique

been successfully applied to the qualitative analysis of
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distances in number of peptides and proteins (155-157), but
more importantly quantitative estimates of distances between
two nuclei can be determined from a series of NOESY
experiments with different mixing times. This type of
analysis can also monitor the undesirable effect of spin
diffusion(152). Spin diffusion is the transfer of
magnetization from nucleus A to a distant nucleus C through
a relay nucleus B, because B is close to both nuclei A and
C. This phenomencon results in the erroneous determination
that nuclei A and C are close in space, even though they are

quite distant.

The NOESY experiment is sensitive to the motional
properties for the molecule under investigation. In
particular, a flexible peptide can exhibit rapid internal
motions of its backbone and side~chain protons, which leads
to a small motional correlation time,:,. This results in
NOE’s which are positive and are in phase with the diagonal,
since the rate of these motions are quicker than its
resonance frequency. This property may also alter the
maxiumum observable distance between two nuclei. In
contrast, a rigid protein exhibits slow internal motions,
which leads to a large correlation time. This results in
NOE’s which are negative or 180° out of phase with respect
to the diagonal, since the rate of these motions are slower
than its resonance frequency{145). When the rate cf these

internal motions approximately equals its resonance
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frequency wv,t.~1., then no observable NOE’s will result.
Under such nulling conditions the NOESY experiment fails to
reveal any through space connectivities. For the 400-MH2
spectrometer, a correlation time of approximately 0.44 nsec

would lead to this condition.

In order to circumvent this problem, investigators
have developed several strategies including lowering the
sample temperature and/or increasing the solvent viscosity
to slow down these internal motions to a level that allows
detection of NOE’s (159). In addition, the sample could be
analyzed on a higher or lower field spectrometer, which
would alter the Larmor frequency w,for the sample. However,
recent advances utilizing spin-locking fields have generated
a powerful variant to the NOESY experiment. The ROESY
experiment, Rotating-frame Overhauser Enhancement
Spectroscopy, also yields spatial connectivities for a
molecule. However the sign of the NOE is always positive and
its amplitude increases with . (153,154). This experiment

is particularly useful for small liner peptides.

In both the 400 msec NOESY and 300 msec ROESY at
400-MHz, a number of long range connectivities can be
observed for the cyclo’ '°[Nle!?]-a-factor peptide. The
most significant long range connectivities are summarized in
Table 5. As can be seen in Figure 17, the ~N-terminal region

for this peptide (His’-Trp’-Leu’-Gln°) exhibits strong
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sequential NH,-NH,,, connectivities. These connectivities
can be indicative of a helical type structure(160).
Furthermore, the C, ring-proton for either Trp'!:'® exhibits a
connectivity to the side-~chain amide of Gln®?, which would be
consistent in a helical type of structure. Moreover, the aCH
of Leu® exhibits connectivities to both the C, of Trp' '’ and
to the C, of Trp’ in the ROESY experiment. In addition, a
connectivity between the C, ring protons of Trp''? and the
aCH of Gln® can also be observed in the ROESY experiment.
These connectivities are highly suggestive for a helical
type of structure spanning residues 1-6. A significant long
range interaction between the Phenolic OH of Tyr'? and the
NH of either Lys’ and/or Leu® can be readily observed in

Figure 17.

A number of long-range connectivities were also
observed for the centrally cyclized region spanning residues
Lys’-Pro®-Gly°-Glu'®, and these are summarized in Table 6.
Connectivities observed in the NOESY experiment include:
the oCH of Pro® to the NH of Gly’, «CH of Gly® to the NH of
Glu'®, «CH of Pro® to the NH of Glu'®, the &CH’s of Pro® to
the NH of Gly®, the NH of Gly® to the NH of Glu'®, the &CH
of Pro® to the NH of Glu'®. the 7CH’s of Glu'’ to the eNH of
Lys’, the oCH of Glu'°® to the BCH of Lys’, the oNH of Lys’
to the NH of Gly®’. 1In addition, strong connectivities
between the ACH’s of Pro® to the «CH of Lys’ indicate a

ttan<—-peptide bond between these two residues. In a
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trans-peptide bond the distance between the «CH, and the
8CH,,, would range 2.0-3.9 angstrom whereas in a cis-peptide

bond this distance would range 4.3-5.0 angstrom(166}.

The above connectivities are consistent for a p I- or B
IT-type turn structure spanning residues 7-10 (79).
Displayed in Figure 18 is the characteristic sequential
amide,, ,~amide,,, connectivity between the Gly® and Glu'®
residues in this peptide, which supports a B-turn in this
region(79,80). However, connectivities between the NH of
Gly® to both the o and 5CH’s protons of Pro® indicate that a
mixture of type I and type Il B-turns may be present in
DMSO. These cconnectivities are summarized in Table 6, along
with the observed intensities. Long range connectivities
are observed between the B-turn region and the postulated
helical region. In the NOESY spectrum, the «CH of Glu'® has
a connectivity to the oCH of Leu?, and in the ROESY, the oCH
of Pro!'! exhibits a connectivity to the NH of Leu®. These
connectivities are depicted in Figures 19 and 20. These long
range connectivities are particularly useful in the
construction of a model, since they may begin to orient

regions of the peptide relative to another.
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Table 5. Interresidue HQOE coi..ecctivities observed in
400-MHz 400 msec NOESY for cyclo’  !“(HNle!'‘)-a-factor,

in DMSO-,, at 25 'C. Peptide concentration was

5 mg/ 0.5 ml.



Table &

Interresidue NOE's(/ to J} for gvclo’ '°INle'’l-a-factor

regsidye !  proton ! . residue .

—

g g e om m

10
10
11
12
12

aCH

C.
C,
<y
aCH
NH
aCH
NH

A CH
KNH
NH
ACH
aCH
NH
NH
aCH
HH
+CH
e NH
aCH
aCH
&CH
#CH
aCH
NH
aCH
NH
1iCH
aCH
NH

S S Y T VU TR T T |

Broton J  structure (nmj

NH

TNH
o CH
oCH
NH
NH
NH
NH
aCH
+NH
tCH
iCH
NH
NH
1CH
xCH
WH
NH
+OH
~CH
NH
TH

HNH
NH
HH
NH
NH
NH
*CH
tCH
NH
NH
NH

a 0.3%, 3,., 0,14
B/extended Q.22
>0.45 orderead str
>»0.45 ordered str
*»0.45 ordered str

2 D.28B, 3,. 0.26

2 0.28, 3,. 0.26
*0.45 ordered str

3 0.28, 3., 0,26
>0.45 ordered str
>0.45 ordered str

a 0.28, 1,. 0.28&
»>0.45 ordered str

20.4% ordered str
>0.4% ordered str
>0.4% ordered str
H-turn 0.34-0.22

H-turn 0.35-0.33
p-turn 0.39-0.43
H-turn 0.25-0.48
fp=turn 0.132

H-turn ¢.23-0.24

»0.45% ordered str
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Figure 17. Seqguential amid- =mide NOE connectivities
obgerved in 400 MHz 400 msec NOQESY for
cyclo’ '?[Nle'*)-o~factor, in DMsSO-,, at 25 °C.

Peptide concentration was 5 mg/ 0.5 ml.
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Figure 18. Expanded sequential amide NOE connectivities
observed in 400-MHz 400-msec NQESY for

cyclo’ ° [Nleu' )-.-tactor, in DMSO-d, at 25°'C.
Displayed is Gly’ to Glu’ connectivity. Peptide

concentration was % mg/ 0.% ml,.
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Table 6. Interresidue NOE connectivities cobserved
in 400-MHz 400-msec NOESY for cyclo’ '°{Nle!‘ ]~
i-factor, in DMSO-d. at 25*C. Peptide concentration
was S mg/ 0.5 ml. Listed are the expected distances
for residues 1n a t-turn, along with our observed

NOE intensities for the cyclic agonist,

170



Table &
Connectivity Interproton distance f-sheet Lys -Pro
B-turns (Angs.) (extended Gly-Glu'”®
Tyre 1 Pype 110" chain)” NOE'’s
observed!
dyn{2.3) 3.4 2.2 2.2 strong
d,;n(3,4) 1.1 3.1 2.2 strong
Aen(2,4) 3.5 1.3 5.5 veak
deg,(2,17) 2.5 4.8 4.7 weak
dyn(3,4) 2.3 2.4 4.1 medium
d: ,(2,4) 1.G 4.3 6.8 weak
N ¢ PRI . . ' Lrel 241 ssfprr iment a. |y
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Figure 19. Long range NOE connhectivity observed

between Glu'® and leu* in 400-MHz 400 msec NOESY for

cyclo '"[(Nle'‘]-a-factor, in DMSO-,, at

25 *C. Peptide concentration was S mg/ 0.5 ml.
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Figure 20. long range NOE connectivity observed
between Pro' ' and lLeu® in 400-MHz 300-msec ROESY
for cyclo ' [Nle':]-:-factor, in DMSO-d. at
25 ¢. Peptide concentration was % mg/ 0.5 ml.
Depicted in this figure is the NH- :CH region of

the ROESY spectrum.
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For the C-terminal region of this peptide spanning
residues Glu'®-pPro''-Nle!?-Tyr'?, several long range
connectivities are observed which may suggest that a second
turn structure may be present as well. These connectivities
include the NH of Nle'? to the NH of Tyr!?, the oCH of Nle'?
to the aCH and NH of Tyr '?, the oCH of Nle'? to the NH of
Glu!®, the aCH of Pro'' to the NH of Nle'?., 1In addition,
strong connectivities between the SCH’s of Pro'' and the «CH
of Glu'® indicate that this peptide bond is also ¢rans.
These NOE connectivities may be consistent for a turn
similar to a type II1 B-turn spanning the C-terminus.
However, not all of the NOE’s expected for such a structure
are present in these experiments. This result may be a
consequence of conformational averaging in this flexible
peptide. It is also most noteworthy that a long-range
connectivity between the phenoclic OH of Tyr'®’ and the NH of
Leu® and/or the “NH of Lys’ can also be observed in the
NOESY experiment. These connectivities are summarized in

Tables 5 and 7.

To further characterize this peptide, Juu «cy coupling
constants were calculated from the 400-MHz spectrum, after
applying resolution enhancement weighting functions.
Furthermore, amide temperature shift coefficients were
measured from a series of six two dimensional absolute-value

COSY experiments at 200-MHz (see experimental section). The
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results of these experiments are reported in Table 8.
Although most of the backbone amide protons exhibited
coupling constants which may be indicative of
conformational averaging (158), several amide coupling
constants were significantly lower. Most notably, the Gly”®
and the Glu'® backbone amides (3.93, 5.13) and 5.91 Hz,
respectively. These were noticeably lower than all other
backbone NH’s(6.90-8.21 Hz). In addition the side chain °©N
amide of Lys’ was also rather low (4.9 Hz). The low value
obtained for the vicinal coupling constant of the Gly°®
residue was to be expected, since the Pro-Gly sequence has a
high propensity to form a type Il B-turn (79,80}. In such a
structure, glycine would occupy the i+2 position and would
generally exhibit a NH-aCH coupling constant of
approximately 5 Hz(158). In contrast, the low value for the
Glu'?® amide is not easily rationalized. This value does,
however, suggest that the Glu'’ residue may also participate
in a turn type structure which would be consistent with the
NOE data, and that a turn structure in the C-terminal end

may also be present.



Table 7. Interresidue NOE connectivities observed
in 400-MHz 400-msec NOESY for cyclo’ '"[Nle’ " j-
i-factor, in DMSO-d. at 25°C. Peptide concentration
was 5 mg/ 0.% ml. Listed are the expected distances
for residues in a »-turn, along with our observed

NOE intensities for the cyclic agonist.
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Table 7
Connectivity Interproton distance H-sheet Glu'"-Pro

f-turns (Angs.) {extended Nle-Tyr'’

Type 1 Type 11 chain) NOE’s
observedh
d,y(2,3) 1.4 2.2 2.2 strong
d,u{23,4) 3.1 3.1 2.2 etrong
d.p(2,4) 3.9 3.1 5.5 ? weak
dsp(2,3) 2.5 4.8 4.7 -——-
d,.(3,4) 2.3 2.4 4.1 strong
de,(2,4) 1.9 4.3 6.8 feer g

? = Indicates crosspeak in a region where severe resohance
overlap occur. * “ L 4 . : bover et

PR ment o4 . (s . + o i 500
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Table 8. Amide coupling constants and temperature
shift coefficients for cyclo’ !“[Nle'?)-a-factor, in
DMSQ- ,, at 25 °"C. "eptide concentration was

S mg/ 0.5 ml.



Table 8

Amide coupling constants and temperature

shift coefficients for cyclo’™

_Residue  'nHacH

Trp'-'NH
His”
Trp'~""NH
Trp'-'NH
Leu*
Gln - *NH
“Gln~~'NH
'Gln - "NH
Leu”

Lys ='*NH
Lys -“NH
Gly~

Glu'
Nle' ' -'NH
Tyr' '-"'NH
Tyr' *- OH

.13

'“(Nle'?l-a-factor

L A&/Ar

‘lrdc\

E o1 e
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The results for the amide temperature shift
coefficients appear to be extremely interesting. 1In
particular, the backbone amide of Gly” and the side-chain
amide of Gln° appear to be involved in potential
hydrogen-bond interactions, -3.1 and -1.4 ppb/K
respectively. These values were significantly lower than all
other NH’s, which were in the range for solvent exposed
protons (6.1-9.6 ppb/K). The results of this study may
begin to explain the significant upfield shift for the Gly°’
amide, since hydrogen bonding has also been associated with
an upfield shift in a recent report (139). The extremely low
value obtained for the side-chain amide of Gln® (-1.4 ppb/K)
is particularly significant. To date, this finding has not
been previously reported. It is possible that this hydrogen
bond may be crucial in stabilizing the overall structure,
which will be discussed further in the discussion section in

the light of generating a potential model.
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Discussion:

From the results of the DQF-phase sensitive CO0SY, nine
Relayed-C0OSY’s, the 400 msec NOESY, and 300 msec ROESY
experiments, the assignments reported herein should be quite
reliable. The only ambiguities that appear to exist at
present are the chemical shift assignments for the Gly’ and
Lys’ residues. Strong sequential NOE’s from the «CH of Pro®
to the NH of Gly®, and from the ;CH’s of Glu'® to the NH of
Lys’ suggest that these residues have been properly
assigned. Failure of the spin-decoupling experiments to
distinguish between these two residues, due to severely
overlapping side-chain protons from other residues, have
hampered our efforts to conclusively assign these
resonances. Synthetic efforts to o-deuterate the Gly”’

position in order to resolve this ambiquity have already

been initiated.

The assignment of the Trp' and Trp’ side-chain
resonances is complicated by the lack of COSY connectivities
between main chain and side-chain protons. The NH and oCH of
Trp' and Trp® were distinguished on the basis of sequential
«CH,-NH, ,, NOESY connectivities, the presumed absence of the
aNH,' signal for Trp', and the use of [‘H-Trp’]-a«-factor. In
order to assign side-chain resonances, NOESY connectivities
to the NH and «CH protons were utilized. I attribute the

downfield indole resonance to Trp'(10.92), whereas previous
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reports assign the downfield indole to the Trp°
residue(10.91) (84). My assignments rely upon intraresidue
NOE’s from both the C,-proton and the C,-proton of the
indole ring to the BCH’s within the same residue. The
maximum separation that both BCH’s can simultaneously assume
from the C,-proton would be 3.7 angstroms, as judged from
the molecular modeling program PCMODEL. However, when this
is the case, the BCH’s are then 2.8 angstroms from the
C,-proton. When these distance relationships are reversed,
the BCH’s are 3.7 angstroms from the C,-proton and 2.95
angstroms from the C,-proton. The upper and lower limits
that any one B-preoton can assume from the indole C,-proton
of the same residue is 4.11 and 2.83 angstroms,
respectively. Since the maximum observable separation in a
NOESY or ROESY experiment is approximately 3.5 angstroms,
one would expect to observe at least one BCH to
C,-connectivity or cone BCH to C,-connectivity within the
same residue. In the ROESY experiment, clearly observable
C,H to BCH and C,H to BCH connectivities are present for
each residue. No interresidue NOE’s can be seen between
either the C, or the C, protons to the BCH’s of the other
tryptophan residue. Intraresidue NOE‘’s between the C,-proton
and its «CH, and the C,-proton to its «CH can also be
observed for each of the tryptophan residues. Once the C,H
and C,H protons were assigned as above, the COSY spectra

correlates the ring CH to the indole NH. We believe that
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althocugh our assignments differ from those in the
literature, we have sufficient experimental evidence to feel

confident that they are correct.

With the exception of the Gly’ amide, the remaining
spectral assignments are strikingly similar to those
previously reported for the linear pheromone(89), and this
is probably reflected in its comparable activity(92). It
does not appear that cyclization of the central residues
7-10 results in a dramatic alteration of the overall
structure for this c-factor analog, in comparison to the
native pheromone. This conclusion is supported by both the
comparable activity of this analog with respect to the
linear o~factor, and the similar chemical shifts observed
for the linear versus the cyclic peptide. I conclude that
the observed similarities reflect the fact that a turn
spanning residues 7-10 is a bioclogically significant

structural feature for the a-factor molecule.

Despite the similarities in assignments there are
several significant differences in the present study
compared with those previously reported for the linear
x-factor(89). 1In particular, the oa-amide of Gly’ is shifted
upfield by 0.47 ppm in the present report, and the
assignment of the aNH and o«CH of both the His? (oNH 8.88,
«CH 4.68) and the Trp® (oNH 8.26, oCH 4.613) resonances

appear to be reversed. In order to check the consistency of



the reported assignments for this cyclic peptide, an
fa-deuterated Trp’]-o-factor was analyzed. The results with
the deuterated-peptide confirm the chemical shifts found in

this study.

The significant upfield shift for the Gly’ amide
resonance may have resulted from its participation in
hydrogen-bonding as deduced from the temperature-shift
coefficient studies (139). However, this result could have
also arisen from local magnetic field anisotropies. More
importantly, this upfield shift of 0.47 ppm from the native
pheromone may reflect a different conformational
environment, which may explain the modest reduction of
biological activity exhibited by this cyclic agonist.
However, the remarkable similarity in chemical shifts for

all residues except Gly’ suggest that the overall
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conformation of the linear and cyclic o-factors appear to be

extremely similar.

The results of the NOESY and ROESY experiments
have generated a highly speculative model, which is
consistent with the observed NOE connectivities in this
study (Figure 21). In this model, the N-terminal region
spanning residues 1-6 is helical, residues 7-10 form a
f-turn, and residues 10-13 form an additional turn
structure. The molecule may be stabilized by hydrogen-bonds

between the side-chain amide of Gln® to the terminal
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carboxylate of Tyr'!?®, and between the imidazole ring of His?
to the side-chain carbonyl of Gln®. Since the phenclic OH of
Tyr'? may be in close proximity to Leu® and Lys’, it is
possible that in the native pheromone an additional
hydrogen-bond between the phenolic OH and the side-chain

€ NH,* of Lys’ may also be present. This would place the
side-chains of His?, Gln®, and the terminal carboxyl group
of Tyr'? all on one side of the molecule. This orientation
which is depicted in Figure 21 may be consistent with the
previous SAR results indicating that His? and Tyr'’ appear
to be important residues for activity of the «-factor. In
particular, the imidazole ring of His’ is required for
activity, as judged by the antagonistic results obtained on
a truncated pheromone, [ des-Trp',des-His?’] -a-factor,
whereas the terminal carboxylate of Tyr'’> may be required
for binding, since removal of residues 12 and 13 in the
(des-Tyr'!?, des-Nle'!?]-a~-factor peptide resulted in loss of
pheromone binding (73). It is interesting that the
gamma-carboxamide of GIln® and the terminal carboxylate of
Tyr'? are close in proximity in this hypothetical model, and
may reflect GIln’ participation in the potential hydrogen
bond interactions deduced from our temperature coefficient
studies. Also l1llustrated in this figure are the long range
connectivities observed in this study depicted by the
double-sided arrows. This model is by no means proven by
the NMR data; however, it is consistent with our results and

provides readily testable hypotheses that can be determined
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experimentally, through the design of structurally
constrained analogs. The results of these subseguent
analyses may shed some insight into the biclogically active

state for this pheromone.

For the N-terminal region of this peptide, strong
and clearly resolvable segquential NH,-NH,,; connectivities
can easily be observed spanning residues (His? - Trp® - Leu*
- Gln®), as well as a less resolvable Gln®> - Leu®
connectivity (Figure 17). Jelicks et al.(89,90) also
observed several amide-amide connectivities in the
N-terminus. These connectivities are highly suggestive of a
helical type of secondary structure spanning these residues
(160). In an extended type of structure this connectivity
should be approximately 4.68 angstroms (158). Conseguently,
these connectivities should not be observed under the
conditions of our experiment. In addition, potential NOE
connectivities between the C,!'? ring protons to the «CH and
1CH of G1ln®, as well as a C,!*? connectivity to the «CH of
Leu® were observed. These connectivities would lend further
support to this hypothetical folding pattern. However, since
these NOE’s appear in crowded regions of the spectrum, the
NOE interpetations cannot be considered irrefutable. The
N-terminus of this peptide was reported to have a high
propensity to form an «-helix according to Chou-Fasman
considerations(76). Jelicks et al.(90) also reported similar

connectivities when a-factor was bound to lipid vesicles.
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Several of the earlier NMR reports on this pheromone in
solution or in lipid suspensions also indicated that these
residues may be in close proximity, and that Trp! and His?

may be close to Leu* and Gln® respectively(84-88).

Although there are several pieces of evidence to
suggest a helical structure for the N-terminus, not all of
the expected connectivities for such a structure were
observed. Specifically, connectivities such as d,,(i, i+3) =
2.5-3.1 angstroms and d, (i1, i+3) = 3.3-3.4 angstroms were
not detected. Furthermore, both the amide coupling constants
and temperature coefficients for this region of the peptide
would not support the predominance of this structure in
DMSO. Thus it seems clear that significant conformational
averaging is occurring for this peptide and the J and 45/4T
values reflect a weighted average structure for
cyclo’ - '?[Nle!?]-a-factor. Since the NH,-NH,,; NOE’s we do
observe have alsoc been associated by some investigators with
a random peptide these connectivities cannot be used
definitively at present, and this model is only presented to

suggest the possibility of such a folding pattern.
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Figure 21. Model for cyclo °"[Nle'?]-s-factor,
1llustrating observed NOE connectivities in DMSO-d. at

25 'C.
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In contrast to the N-terminus, the central portion of
this peptide 7-10 appears to form a pg-turn. This is
supported by observing all NOE connectivities expected for
such a structure. Most notably, the medium range doN{i,i+2)
connectivity between Pro®and Glu'°residues and the
connectivity between a 8CH of Pro® and the NH of Glu'® are
expected for a turn. Moreover, the coupling constant of the
Gly’amide is approximately 5 Hz, as would be expected for
the residue in the i+2 position of this turn. However, the
observation of connectivities between both the NH of Gly”®
and the oCH of Pro®, and between the NH of Gly® and the &CH
of Pro®, indicates that a mixture of type I and type II
f~turns is present in this peptide. Since a mixture of
p-turns is present, this result may reflect the modest

reduction in activity exhibited by this cyclic peptide.

Cyclization may have influenced this region of the
peptide since the amide temperature coefficient for the Gly°*
residue was -3.1 ppb/K, whereas the Glu'°® residue was -6.3
ppb/K. A low value of the temperature coefficient is
suggestive of an NH which participates in a hydrogen bond.
Generally, values of -2ppb/°K or lower are taken as an
indication of hydrogen bonded amides(158). In both type 1
and type Il B-turns, the Glu'® amide, and not the Gly®’ NH
should be involved in a stabilizing hydrogen bond. It is

possible that in a type I p-turn, the amide of Gly’ may
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hydrogen bond to another region of the peptide, or may be
involved in an inverse y-type turn structure. In an inverse
y-turn structure, the i+2 residue is involved in a hydrogen
bond to the carbonyl of the ('" residue, whereas in a B-turn
the i+3 residue hydrogen bonds to the carbonyl of the i'h
residue.Although this result is equivocal, we favor the
conclusion that a p-turn structure spanning residues 7-10 is

the most probable conformation for this peptide.

For the C-terminal end of this peptide, Glu'°-Tyr'?,
there is evidence to suggest that a second turn may be
present in this molecule. Connectivities between the oCH of
Nle'?’ and the NH of Glu'", and the NH of Nle'‘ to the NH of
Tyr'’® are suggestive of a turn. However, these potential NOE
connectivities are in highly crowded regions of the
spectrum, and are not sufficient to conclusively define the

conformation of this region of the peptide.

In contrast, a long range NOE connectivity between the
phenolic OH of Tyr'’ and either the NH of Leu® or the NH of
Lys’ would orient the side-chain of Tyr'’ towards Leu® and
Lys’, and may result in orienting the terminal carboxylate
group toward the His?’ and Gln® residues. This carboxylate
group may be involved in the potential hydrogen bond
interaction observed for the side-~chain amide of Gln°, and
explain its low temperature coefficient. Earlier reports on
1

protonation of the carboxylate of Tyr resulted in a
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noticeable change in chemical shift for the NH proton of
Leu®, whereas protonation of the imidazole ring of His?
resulted in changes in chemical shift for the side-chain
amides of Gln®, and the NH’s of Trp®, Leu*, Gln’, and

Leu® (84). These results suggest that Tyr'’® may be in close

proximity to Leu®, and that His? may be near Gln°.

An important result from the ROESY/NOESY analysis is
the observation of long range connectivities between the
f—-turn region and the postulated helical region. In the
NOESY, the oCH of Glu'®” has a connectivity to the oCH of
Leu?, and in the ROESY, the a«CH of Pro'' to the NH of Leu®
connectivity can be observed. A long range NOE connectivity
between the phenclic OH of Tyr'® and either the NH of Leu®
or the NH of Lys’ was also observed. These results may
orient the turn region(7-10) to the potential helical region
(1-6) and indicate that residues far apart in the main chain
are interacting. Hence the turn about residues 7-10 not only
results in a chain reversal, but most importantly it may
allow the ends of this peptide to interact. These results
extend previous studies on the ao-factor and may begin to

elucidate the bicactive conformation.

Although we have presented one possible folding pattern
for this cyclic peptide which would be consistent with the
observed NOE’s, the ultimate test of this hypothetical

model will be derived from structure/function type studies.
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In particular, this model can be used to design analogs to
support its bioclogical relevance. In this model, His?, Gln?®,
and Tyr'® would appear to be the critical residues for
interaction with the STE-2 receptor. The helical structure
spanning residues 1«6 may only be required for proper
alignment of residues 2 and 5. If this interpretation is
valid residues Trp'!, Trp®’, Leu’, and Leu® may be replaced
by residues which are readily accommodated in a helical type
structure with retention of biological activity. A number of
studies have indicated that the a-aminoisobutyric acid (Aib)
represents an excellent choice for building up 3,, helices,
a-helices, and type III/I p-turns (161). Accordingly,
analogs in which residues 1, 3, 4, or 6 have been replaced
by one or more Aib residues should be quite active, and

would lend further support to this hypothesis.

It appears that Gln® participates in stabilizing the
whole structure and maintains proper alignment of the Tyr!'’
and His? residues through hydrogen bonding with the Tyr!'?
COO . Substitution of Gln’ with glutamic acid should result
in an analog ([{Glu’]-a~-factor) with diminished activity,
since the side-chain carboxylate should destabilize this
structure. Further support could be derived by comparing the
activity of a [Asn®]-o-factor versus [Asp’]-a=-factor. It
would be also interesting to determine the relative activity
of a (Ser’)-a—-factor and [Cys®]-a-factor with regard to

potential hydrogen bond interactions.
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In conclusion, a detailed conformational analysis has
been performed on a cyclic agonist of the a-factor. The
results of this study has generated a model, in which the
N-terminal region is helical, and the central and C-terminal
regions forms two turns. Although cyclization has reduced
the conformational flexibility for this a-factor agonist,
this peptide still exhibits significant conformational
averaging in DMSO. Consequently, this hypothetical model can
only describe one out of potentially many other possible
folding patterns for this molecule. Analogs which can
further restrict this freedom have been proposed. Due to the
flexibility of this pheromone in solution, future
conformational analyses are planned in the presence of the
a-factor receptor and will be aimed at determining the
biologically active form of this pheromone while it is bound

to its receptor.
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V ) 2ID-NMR studies on
[Glus, NMePhe?, Aib® ]-

Substance P ¢ 't in I)NI‘SO—d‘s
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Introduction;

Substance P is an undecaneuropeptide, Arg-Pro-Lys-Pro-
Gln-Gln-Phe-Phe-Gly~Leu-Met-NH,, which is thought to be
involved in pain-perception within the mammalian brain. This
neuromodulator is an important member in a family of
neuropeptides known as the tachykinins. All of these
peptides share a common C-terminal segquence
Phe-X-Gly-Leu-Met-NH,, and are widely distributed in
different regions of the mammalian nervous system, where
they exert different actions(94). Two other naturally
occurring mammalian tachykinins have been elucidated, and
these decapeptides have been classified as Neurokinin A

(NKA} and Neurokinin B (NKB).

These molecules have been shown to interact with at
least three independent receptors designated as NK1l, NK2,
and NK3, where the preferred agonist is substance P, NKA and
NKB respectively (30). However only modest selectivity is
exhibited by these peptides, since each one shows
appreciable activity on the other two receptors. Recently,
several independent studies on the synthesis and
characterization of Substance P analogs which are selective

for individual receptors have been reported (64,65). Among
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the most selective of these are Ac~-Arg°®-Phe-Phe-
Gly-Leu-Met''-NH, and pGlu®-Phe-NMe Phe-Aib-Leu-Met''-NH,.
These hexapeptides are 1000 fold and 30,000 fold more active

against NK1 and NK3 receptors respectively.

An important problem in the field of endocrinology is
determining the biologically active conformation of the
signal molecule. Many mammalian peptides interact with a
variety of receptors, and it is difficult to extend studies
on the conformation of such molecules in solution to the
biologically active state. In such cases it would be very
advantageous to examine analogs which are highly selective
for a given receptor. Since [pGlu®-NMe Phe®)SP6-11 has been
found to interact specifically with the NK3 receptor, it
would appear to ke an ideal model for determining the
conformation of Substance P bound to this receptor subtype.
However, [(pGlu®,NMePhe®|SP6-11 is a relatively flexible
molecule and probably assumes a distribution of
conformations in sclution. Recently, a new analog of
Substance P, pGlu-Phe-NMePhe-Aib-Leu-Met-NH2, which is also
highly selective for NK3 has been generated. Since this
molecule contains both Aib and N-MePhe residues, its
conformation is expected to be significantly more restricted
than any of the other hexapeptide analogs. In the following
section, a detailed NMR analysis on pGlu-Phe~-NMePhe-

Aib-Leu-Met-NH, in DMSO-d, is presented.
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Results:

Upon first inspection of the one-dimensional proton
spectrum for pGlu-Phe-NMePhe-Aib-Leu-Met-NH2,, which is
illustrated in Figure 22, it was noticed that the spectrum
exhibited significantly more peaks than expected based on
the primary structure for this peptide. As shown in Figure
23 which focused on the 7-9 ppm region of the spectrum, at
least 10 resonances were observed which can be attributed to
NH protons. Similar complexity was observed in the «CH
region of the spectrum which is depicted in Figure 24. At
least seven oCH resonances were observed, even though the
primary structure would predict five. This additional
multiplicity was also observed throughout the rest of the
spectrum. Furthermore, the integration ratios of the peaks
did not correlate with the expected peak ratio. The
observation of small peaks with integration values of less
than one proton was indicative of the existence of more than
one averaged conformation for this hexapeptide in DMSO. The
proton NMR spectra were also examined at different
concentrations, from 12 mM to 0.1 mM. No differences in
chemical shift or linewidths were observed, suggesting that
aggregation did not occur at the concentrations examined.
Furthermore the peak multiplicity was not a result of

aggregation which leads to dissymmetric structure.
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A small peptide in solution can exist in a number of
low-energy conformations (162). As well documented in the
literature, a peptide which contains N-alkylated amino-acids
such as proline or N-methylated residues can exhibit
cis trans isomerization about their peptide bond (163-165}).
Cur original hypothesis was that the additional peaks were
the result of cis-trans isomerism about the Phe’ ~NMePhe®
peptide bond. To provide supporting evidence that cis-rrans
isomerization resulted in two distinct populations of
structures, the proton spectrum was measured over a range of
temperature. As illustrated in Figure 25 , when the
temperature was raised from 300K to 400K the two sets of
peaks in the oCH region and the BCH region coalesced. This
coalescence was reversible upon cooling the sample back to

300 K.

The substance P(SUBP) analog was homogeneous an
reversed phase HPLC and a FAB-mass spectrum gave an
experimental molecular ion which agreed nicely with the
calculated value, (calculated 765, found 766). Thus the peak
multiplicity was not due to a side-product from the chemical
synthesis, and it is reasonable that it is due to cis trans
isomerization about the Phe’-NMePhe® peptide bond. Careful
inspection of various peaks suggested that the two isomers

are present in a 60/40 ratio.
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Figure 22. 400-MHz 'H-NMR spectrum of
pGlu®, NMePhe®, Aib*]1-SP* '' in DMSO-d,

at 25 "C. Peptide concentration was 5 mg/ml.
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Figure 23. Amide region of 400-MHz

"H-NMR spectrum of [pGlu®, NMePhe®, Aib®]-sp® '
in DMSO-d, at 25 °C. Peptide concentration

was 5 mg/ml. Displayed are 10 amide resonances
where the primary structure would indicate 7

amide signals.
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Figure 24. Expanded alpha proton region of 400-MHz
"H-NMR spectrum of [pGlu®, NMePhe®, Aib”)-Sp¢ 1!!

in DMSO-d,. at 25 °C. Peptide concentration

was 5 mg/ml. Displayed are 7 alpha proton resonances
where the primary structure would indicate 5 alpha

proton signals.
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Figure 25. Expanded proton region of 200-MHz
'H-NMR spectrum of [pGlu®, NMePhe®, Aib®]-Sp® !
in DMSO-d, at 300 K(top) and at 400 K{(bottom).
Peptide concentration was 5 mg/ml. Reversible
coalescence of . i</ /t: a1+ resonances are

exhibited at higher temperature.
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Peak assignment of the proton NMR spectrum was
accomplished by a combination of two-dimensional homonuclear
DQF-phase sensitive-COSY(Figure 26), Relayed-COSY(Figure
27), and ROESY experiments(Figure 28). The DQF-phase
sensitive-COSY and Relayed-COSY spectra were interpreted
assuming the presence of a mixture of cis/trans
diastereomers for this hexapeptide. ROESY connectivities
were also very helpful in distinguishing between these
isomers. As depicted in Figure 29, when the Phe7-NMe PheS8
peptide bond is cis, the «CH of both residues 7 and B are
close in space, whereas the «CH of residue 7 is much farther
from the N-CH3 on residue 8. Conversely, when the peptide
bond is trans, the distance relationships are reversed.
Hence, a strong ROESY connectivity between resonances at
5.03 ppm and 4.61 ppm, indicates that these «CH’s are
associated with the c/s isomer. This conclusion is supported
by the fact that the resonance at 4.61 ppm does not exhibit
a connectivity to the N-CH, of residue 8. In contrast, the
resonance for the t(rans «CH of residue 7 at 4.76 ppm, has a
strong connectivity to the N-CH, group of residue 8 at 2.82
ppm. Using the above reasoning, peak assignments for all
residues in both diastereomeric forms of this hexapeptide
are reported in Table 9. The results are consistent with a
mixture of diastereomers in DMSO, corresponding to 60% cis
and 40% rrans. The chemical shifts for the NH protons for
the Phe’ and Aib*’ residues of the (/s diastereomer are

shifted downfield by more than 0.5 ppm in comparison to
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those in the trans isomer. Furthermore, the BCH protons of
Phe’ in the cis isomer differ in chemical shift by more than
1 ppm. These differences may reflect conformational
preferences which are characteristic of the individual

diastereomers.

To further characterize this hexapeptide, a detailed
analysis of J,cH-NH and Ju-g coupling constants was
performed. Coupling between o and 8 protons was measured by
utilizing selective-saturation experiments to simplify
«CH-BCH spin-systems, and processing the resultant FIDs to
optimize peak resolution. Analysis of the coupling constants
demonstrated that the J,cH-NH values are between 6 and 8 Hz
for residues 7-11, and less than 1 Hz for the pGlu® residue
(Table 10). These values were then corrected for
electronegativity effects({(166) and utilized in a Karplus
type equation to generate possible ¢ and ¢ angles(158),
which are also listed in Table 10. In order to determine the
most likely ¢ angle that a particular residue may assume, we
utilized intraresidue NH,-aCH, NOE connectivities to
distinguish the relative angle between the two nuclei
involved. Those values listed in boldface in Table 10 are

the most likely candidate angles assumed by this peptide.
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Figure 26. 200-MHz DQF-phase sensitive COSY of
[pGlu®, NMePhe®, Aib®]-SP* '! in DMSO-d,

at 25 °C. Peptide concentration was 5 mg/ml.
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Figure 27. 7.5 Hz Relayed COSY at 200-MHz for
[pGlu®, NMePhe”, Aib")-SP® '' in DMSO-d,

at 25 °C. Peptide concentration was 5 mg/ml.
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Figure 28. 400-MHz 250 msec ROESY of
[pGlu®, NMePhe", Aib”1-SP® '' in DMSO-d.

at 25 "C. Peptide concentration was 5 mg/ml.
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Figure 29. Expanded alpha proton region of

400-MHz 250 msec ROESY of [pGlu®, NMePhe®, Aib®]-sp® 1!
in DMSO-d, at 25 °C. Peptide concentration was 5

mg/ml. Characteristic NOE connectivities observed for
cis/rran< 1somerism about the Phe -NMePhe® peptide

bond.
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As illustrated in Figure 30, if approximately
equivalent values of less than 4 Hz were obtained for both
J«pg1 and Jqp2, one could assign the side-chain of Phe’ in
the trans diastereomer as being predominantly in
rotamer-state III. In contrast, both rotamer I and I1 would
exhibit Jig values of less than 4 Hz and greater than 9 Hz.
To differentiate between rotamer I and II, distance
dependent through space connectivities from the ROESY
spectra can be applied. All spatial connectivities with the
expected intensities were observed for this rotamer,
supporting our assignment that the Phe’ trans isomer assumes
x'-angles which are consistent with the rotamer III state,

these results are depicted in Figures 31-33.

Specifically, equivalent afl (4.76,2.91) and op2
(4.76,2.77) through space connectivities were
observed(Figure 31), whereas only the NHB2 (8.19,2.77)
connectivity could be detected in the ROESY(Figure 32).
Furthermore, an NH-ortho-ring proton (8.19,7.11)

connectivity was also observed(Figure 33}.

NOE’s and coupling constants consistent with the
rotamer 11 state were observed for the cis-Phe’ residue. For
example, only the af2 (4.61,1.47) connectivity(Fig. 32) and
the NHB1 (8.60,2.52) connectivity(Fig. 32) could be observed
in the ROESY. Furthermore, the magnitude of the «fil (9.92

Hz) coupling constant was greater than the «p2 (3.87 Hz)
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coupling constant. Moreover, an NH-side~chain (8.60,7.00)
and o«CH-side-chain (4.61,7.00) connectivities were also

observed (Figure 32 and 33, respectively}.

Support for both isomers of the NMePhe® residue
residing predominantly in the rotamer 1 state was obtained
by observing equivalent NHA1 (4.91,3.20)}'"*"*,(5.02,3.02)°'*
and NHR2 (4.91,2.93)'7*"%,(5.03,2.91)°'* connectivities,
whereas only the «Bl (4.91,3.20)'7*"*,(5.03,3.02)°"'?*
connectivities could be detected for the trans and cis
isomers, respectively(Figure 31). Moreover, the fCH coupling
constant for the «fl connectivity was less than 4 Hz,
whereas the «B2 value was greater than 9 Hz in both isomers,
see Table 10. In addition, an aCH-side-chain
(4.91,7.14)'7*"%,(5.03,7.25)°'* connectivity was also
observed for both diastereomers(Figure 32). By employing
this strategy, we have also concluded that the Leu'® and
Met'' residues are predominantly in the rotamer III state

within both diastereomeric forms of this peptide.
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Figure 30. Expected coupling constants and NOE
connectivities for each of the side-chain rotamer

states.
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I I [11
a1 < 4Hz » 10 Hz « 4 Hz
Ju”_. =10 Hy « 4 Hz « 4 Hz
NOEs apl > ap? afll < afl ail ~ ap.

NOEs  NH,, ~ NHg, NH,, < NH, NHy, > NH
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Figure 31. Evidence for diastereotopic configuration of
beta-methylene protons for (pGlu®, NMePhe®”, Aib®*]-5p°® !
in DMSO~d, at 2% °'C, the CH-#CH region of 400-MHz

250 msec ROESY is displayed.
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Figure 32. Evidence for diastereotopic
configuration of beta-methylene protons for
(pGlu®,NMePhe”, Aib”]1-5P° '' in DMSO-4, at 25 °C,
the NH-»CH NH-iiCH region of 400-MHz 250 msec ROESY

displayed.
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Figure 33. Evidence for diastereotopic configuration of
beta-methylene protons for [pGlu”®, NMePhe®, Aib®)-sp* '!
in DMSO-d, at 2% "C, *he NH-side-chain ring proton region

of 400-MHz 250 msec ROESY is displavyed.
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Table 9. Spectral assignments for [pGlu®, NMePhe?®,

Aib”]-8SP" '! in DMSO-d,. at 25 °C.



Table 9.

Paak Assignments for Protons of

pGlu®,NMePhe® ,Aib*15P* '' in DMSO-, *
Residue HN aHC fAHC yHC LHC Other
pGlu#e {t) 7.66 1.94 2.18-~: 2.01-
1.66"Il?
pGlute (cy  7.61 31.94 2.10-..: 1.95-
1.62- .4
Pheid? (t) 8.19 4.76 2.91 P $7.26,7.24-7.13
2.77 [ 3 .11~
Phe#? (<) B.6GU 4.61 FARIY ' ¢ 7.27,7.20=7.02
1.47 1 7.00-
N-Me-FPhe#¥d () 4.91 1,20 ! N-Me 2.82
2.9} v
N-Me-Phe#8 () .00 3. 02 H-Me 2.80
2.91 .
Alb#ey (t) LA t-Me 1.34,1.29-
Alb#9 tc] 8. 1n r-Me 1.31,1.30-
Leudio (t) T.87 4,14 1.6} 1 1.%8 »-Me 0.89,0.84
1.5%4 '
Leutld [A rorg 3.14 1.63 4 1.5%8 r—Me 0.B9,0.R8)
1.52
Met £11 () FA §4.21 2.0~ 2.8 S~Me 1.99
1.H7~ 2.45 amide 7.05-
7.20-
Met#ll () 7.62 4.21 2.03- 2.138 S-Me 1.99
1.B7- .4 2.45% amide 6.93
7.13-
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Table 10. Vicinal coupling constants and potential
dihedral angles for [pGlu®, NMePhe®, Aib”]-s5p¢ !!

in DMSO-d, at 25 °C.
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Table 10.
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Fhe $7 {c) 7.20 -156&, -84 9,497
.87
N-Me-Fhe#B [t) 8.85
6,451
N-Me-FhesB (C) 8.24
.14
Leusld (t) 7.4% -15%4,~-86 5.45%
3.97
Leukio (C) &.94 =158, =82 4.19
1.18
Met#l11 (t) 8,310 ~15%0,~94 4.5%3
2.68
Met#ll (c) &6.21 -164,-76, 4.56
40,80 .62
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Table 11. Coupling constants and rotamer populations
for aromatic side-chains of [pGlu®, NMePhe®, Aib”)-Sp°® !'!

in DMSO-d. at 25 °C.
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1 3 11

Table 11.
Rotamer populations of Phe’' and
NMe Phe” side-chains in DMSO-a4.*

Residue J.,. J,. Rotamer 1 Rotamer 11 Rotamer II1I
Phed7 (t) 1.4% 2.68 < 1 % < 1 % 99 §
Phe#7 (c) 10.22 3.99 < 1 % 78 % 21 %
N-Me-FPhe#8{t} 9.12 6,71 60 % g9 % < 1%
N-Me-Phe#8{c) B.49 5.50 545 ¢ 29 % 16 %

*) values corrected for electronegativity effects,
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Analysis of coupling constants and ROESY connectivities
have not only resulted in determination of the side-chain
orientation for residues in this hexapeptide, but more
importantly, they have also allowed the sterecspecific
assignments for the g-protons as well. These assignments
are very useful in the construction of a model for the

tachykinin analogs.

The rotamer populations are interesting in that the
Phe’ side-chain in the trans diastereomer is calculated to
be exclusively in Rotamer II1, which is the most sterically
hindered of the three staggered forms. In contrast, the
same side-chaln in the trans isomer prefers Rotamer II. In
both isomers, the NMe Phe® side-chain appears to assume a
much broader distribution of x1 angles, but appears to
prefer the Rotamer I state. These rotamer populations were
calculated by the method of Pachler(105) and are listed in
Table 11. In addition, both the Leu'® and Met'! side-chains
seem to prefer the Rotamer III state, in both diastereomers.
However, since these residues are located in very crowded
regions of the spectrum, the assignments for their
predominant rotamers can not be considered unequivocal, and

are not listed in Table 11.

To determine the possible involvement of amide protons
in hydrogen bond interactions, temperature coefficients for

the NH protons were measured from 300K to 325K, low
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coefficients, ~ -2 ppb/K, were observed for the Met'' NH of
the rrans diastereomer,and for the terminal carboxamide in
both diastereomers. The coefficient of the Met'' NH for the
cis isomer -3.75 ppb/K, was significantly lower than those
measured for the remaining NH’s in this isomer. However this
value is not in the definitive range for hydrogen bonding.
The values for all other residues were in the range expected
for solvent exposed protons, 6-9 ppb/K. 1In addition, the
standard deviation of each slope was calculated, and these

values are reported in Table 12.

Through space interactions are used to gain information
which helps define the conformational space available to a
linear peptide. NOESY experiments have been widely employed
to determine such connectivities (155-157). The NOESY
spectra for pGlu‘-Phe-NMePhe-Aib- Leu-Met''-NH, in DMSO-d,
at both 200-MHz and 400-MHz exhibited almost no
connectivities. It is believed this was due to a
correlation time problem, and 91 connectivities were
observed for this hexapeptide in a 250 msec ROESY at
400-MHz. The most significant of these dipolar interactions

are summarized in Tables 13 and 14.
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Several long-range interactions are observed within
both diasterecmeric forms of this peptide. Most notably, the
long range connectivity between the pro-S BCH of Phe’and the
YCH of Met'' in the cis isomer(1.46,2.45), and between the
aCH of pGlu® with both methyl groups of Aib®* in the t(rans
diastereomer (3.94,1.34), and (3.94,1.30). These
connectivities indicate that both diastereomers of this
hexapeptide exhibit a predominant conformation which must be

bent in solution.

Several other connectivities can circumstantially
suppert our contention that the hexapeptide is bent in DMSO.
However, since these regions are very crowded, these
connectivities could not be used definitively. For the cis
isomer, these connectivities include: the BCH of pGlu® with
the NH of Leu'®°(1.61,7.75), the NH of Phe’ with the ACH of
Leu'®(8.60,1.64), and the S-CH, of Met'' with both methyls
of Aib*(1.99,1.34 and 1.30). Long range conhectivities
associated with the t(rans diastereomer are the ring protons
of either Phe’ ® with the NH of Met''(7.26,7.71), and much
weaker connectivities observed include the NH of pGlu®(3.94)
with the methyls of Aib’(1.34,1.30), the oCH of pGlu® with
the NH of Aib%(7.65,7.74), and the NH’s of Leu'® and Met'!'

with the »CH of NMe-Phe®(7.56,4.90)(7.71,4.90).
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Table 12. Amide temperature shift coefficients for

[pGlu®, NMePhe®, Aib®*]-SP° '!' in DMSO-d, at 25 ‘C.



240

Table 12.
Temperature Shift Coefficients for
{pGlu® ,NMe Phe®,Aib*)SP* ''! in DMSO-,,
Residue ak/t ppb/k on
pGlu#s (t) -6.44 v - 0.22
Phed7 (t) -7.75 +/- 0.35
Alb¥9 (t} -8.76 +/- 1.03
leusl10o (t) -5.59 +/- 0.39
Met®11 (t) -2.29 +/=- 0.66
amide (t) -2.14 +/- 0,28
pGlu#e (c) -6.35% +/~ 0.34
Phe#7 {C) -9.,21 +/- 0,46
Aib¥#9 (C) -7.132 +/- 0.24
Leu#i0 {cC) -7.60 +/- 0.34
Met#ll (C) -3.7% +/- 0.31

amide () -2.74 +/- 0.91
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Discussion:

In this study, aggregation has been ruled out as a
contributor for the observed NOE connectivities found in
pGlu®~-Phe-NMePhe-Aib~- Leu-Met'!'-NH,. Furthermore, this
peptide exhibits cis-:rrans isomerization due to the presence
of the Phe’-NMePhe® peptide bond. Support for this
conclusicn has been derived from both the reversible
coalescence of the two distinct sets of peaks in the
one-dimensional spectrum and ROESY connectivities which also

allowed us to distinguish between the two isomers.

Based on the results of the DQF-phase sensitive-COSY,
Relayed-COSY, and ROESY experiments, complete resonance
assignments for all residues in this peptide have been
determined. The results of the ROESY experiment allowed us
to complement our spectral assignments through the use of
sequential connectivities. Since some of the oCH’s and
amide protons were well resolved in the 1-D spectrum,
integration ratios for each diastereomer were calculated
indicating that a 60/40 mixture of cis-trans isomers is
present in DMSO at 25°C. When ambiguities arose for peak
assignments in highly crowded regions of the spectrum, the
final criterion for assigning resonances to either the «is
or ¢rans—diastereomer was based on the integration ratios of
the respective peaks. This has led us to the reported

values listed in Table 9. This resulted i1n assigning the
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downfield set of peaks to the cis-isomer, whereas the
upfield set of resonances are attributable to the trans

diastereorer.

In the ROESY experiment, unique NOE connectivities
were observed which can be attributed to either the cis or
trans diastereomer. As previously stated, all NOE’s
expected for a cis-peptide bond were observed, most
importantly, an intense «CH’ - aCH® crosspeak, which was
also the strongest connectivity observed in both the NOESY
and ROESY experiments. Furthermore, a strong aCH’ - NMe®
crosspeak was observed for the :rans diastereoner.
Conversely, an extremely weak oCH’ - «CH® connectivity was
observed for the trans isomer, as well as an extremely weak
aCH’ - NMe® crosspeak for the cis-isomer. We believe these
unique NOE connectivities are sufficient to assign the two

diastereomeric forms of this peptide.

Since both the BCH’s of Phe’ and NMe-Phe® were well
resolved in the one-dimensional spectrum for this
hexapeptide, we also calculated the rotamer population of
the aromatic side-chains (105). The data cculd be used to
refine the model for the solution-state conformation of the
NK3 selective agonist. Utilizing selective saturation
experiments to simplify «CH-PCH spin systems, a-gl and a-p2
coupling constants were calculated. 1In this study, the most

unusual finding was that the Phe’ side-chain for the
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trans—-isomer was almost exclusively in its highest energy
rotamer state (Table 11). This result must represent a
unique conformational feature present in the
rrans-diastereomer. The aromatic side-chains in all other
isomers exhibited a wider distribution of rotamer values.

In addition, diastereotopic assignment of the p-protons ware
determined from unique NOE connectivities; see results
section. From these results, we were able to determine that
the Met residue is also predominantly in its highest energy
rotamer state within both diastereomers. All values for the
a~fB1 and «-82 coupling constants were corrected for
electronegativity effects (166) and used in a Karplus
equation to generate possible x!' angles (158), which are

reported in Table 10.

Although the angular dependence of the vicinal coupling
constant can relate the spatial proximity of protons
attached to adjacent carbon atoms, the results of these
calculations cannot uniquely define a particular angle. At
least two and possibly four angles can be calculated for a
given coupling constant(158). In general, these angles are
reported as possible ranges assumed by protons on
neighboring carbon atoms. Upon first inspection, these
angular values would appear insignificant; however, these
values can be utilized to either corroborate or negate
possible conformations. In order to reduce the number of

possible angles assumed by a pair of vicinal protons, we
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utilized through space connectivities to distinguish between
various possibilities. In particular, if two protons have a
small angle between them, then one would expect a strong
through space connectivity, whereas a larger angle between
these protons should result in a weaker connectivity. Of the
values listed in Table 10, those which appear in boldface
are believed to be the most likely candidates for angles

assumed by this peptide as determined by ROEBSY

connectivities. Most notably, a weak NH,-aCH, connectivity
is observed for the Phe’ residue. 1In contrast, both the
Leu'® and Met'' residues have strong intraresidue NH,-«CH,

connectivities. Hence we believe that the Leu'® and Met!''
residues assume a much smaller angle than the Phe’ residue.
As such, we believe that the Leu'’ residue assumes a ¢ angle
in the approximate range of -80, whereas the Met'' residue
is in the approximate range of -80 to 80 degrees. In
contrast, we believe the Phe’ residue assumes an angle in

the range of -156° .

In order to determine the possible involvement of amide
protons participating in hydrogen-bond interactions,
temperature shift coefficients were measured. The terminal
carboxamide of Met!' exhibited very low values in both
diastereomers, -2.74 ppb/K (cis) and -2.14 ppb/X (trans}).
The peptide NH of Met''in the rrans-isomer was also in the
range for hydrogen-bending,-2.29 ppb/K. Although the peptide

NH tor the ., Met!' residue is low, -3.75% ppb/K, this value
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is not definitive. Nevertheless, we believe that the Met'!
NH is probably involved in a weak hydrogen bond, since all
other NH’s are significantly higher and are in range for
solvent exposed protons. The participation of the amide and
carboxamide of the Met'' residue in hydrogen-bonded
interactions is a significant structural feature which must
be accounted for in any model of the NK3 selective agonist.
Many other tachykinin peptides also exhibited low
temperature coefficients for the terminal carboxamide of the
C-terminal methionine residue(30), and this may be a common
structural feature for this class of peptides. These values

are listed in Table 12.

In contrast to the carboxamide, involvement of the NH
of Met'' in a hydrogen bond was not previously reported for
NK3 selective neurokinins. In a previous report, the
temperature coefficient for this group was in the same range
as those ascribed to be solvent exposed(158). However, in
the same report, analysis of an NKl selective agonist
suggested the possible involvement of the Met'' NH as well
as the terminal carboxamide in hydrogen bonding. It is still
not clear how one should interpret these results. It may be
possible that the flexible nature of the Gly’ residue in the
NK3 selective agonist studied previously(30) promotes a

wider distribution of possible conformations for this
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Table 13. NOE connectivities cobserved in NOESY/RQESY
analysis of [pGlu®, NMePhe®, Aib®)-SP*® '!' in DMSO-4d,

at 2% °C, for the  is-diastereomer.
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Table 14. NOE connectivities observed in
NOESY/ROESY analysis of [pGlu®, NMePhe®,
Aib®]1-SP® '! in DMSO-d, at 25 °C, for the

trans—-dliastereomer.
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peptide, thus leading to a higher value for the temperature
coefficient. In the NK1 selective agonist, a proline residue
occupies the Gly®’ position and may reduce the distribution
of allowable conformations to a level which permitted

detection of this group’s involvement in hydrogen bonding.

Although conjecture, this may be one plausible reason
for the observed results in the earlier report. It may be
interesting to compare the receptor selectivity of an Ala®
versus Val® analog. If the Ala’ analog were an agonist for
both the NK1 and NK3 receptors, whereas the Val’ analog was
an agonist only for the NK1 receptor, one could argue that
both the Vval® and Pro® analogs are blocking association of
these peptides as a result of steric factors due to this
particular position within the binding pocket of NK3
receptor. Furthermore, if both the peptide NH and
carboxamide of the Met'' residue in both of these analogs
display characteristic hydrogen-bonding values, then it is
possible that all of these analecgs have a similar C-~terminal

conformation which may be required for activity.

As previocusly mentioned, several long range through
space connectivities were observed for this hexapeptide.
Most notably, the connectivity between the oCH of pGlu‘® and
the methyl groups of Aib°® in the :rrans-isomer, and between
the pro-S RCH of Phe’ to the CH of Met'!' in the ¢is-isomer.

These connectivities are indicative of a chain reversal or
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"turn" conformation for the backbone atoms of this peptide.
To gain further insights into the nature of the turn, the
ROESY experiment was carefully inspected for NOE
connectivities which were indicative for a classically
defined type of secondary structure. These structures
included B-turns, y-turns, 3-10 helix, a-helix, B-sheet,
etc. A number of interresidue NOE’s were observed for the
N-terminal region of pGlu®-Phe-NMe Phe-Aib®, which at first
glance would predict a type 11 B-turn spanning these
residues in the rrans isomer, and a type B VIb for the
cis—-isomer(Tables 15 and 16). These types of turns can
readily accommodate an N-methylated residue in the i+2 and

i+3 positions, and are consistent with the peptide bond

between Phe-NMe Phe assuming a :(:4ns and cis conformation
respectively (79,80,167). However the most diagnostic
connectivity, dyN({2,4) = 3.3 angstroms for the g II turn and

1.9 angstroms for the # VI b turn were not cbserved.
Furthermore, the temperature coefficient for the amide of
Aib® is not in the range for a hydrogen bond, which would be
expected in this type of structure. In addition, the most
likely candidate ¢ angle for the Phe’ residue is ~ -160,

which would be inconsistent for this type of turn.

Moreover, the intensity of the observed NOE’s did not
correlate well to the expected distances in these types of
turns. Although these turns were the best-fit model for the

empirically observed NOE’s, I believe this reqion of the
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peptide does not assume the angles which classically define
these types of turns. However, many B-turns do not require
a stabilizing hydrogen bond to generate these types of
structures (80). There appears to be an inherent stability
in a B~turn, possibly arising from the orientation of bulky
side chains in the i+l and i+2 positions into conformations
which are equatorial and axial respectively to the plane of
the turn. Hence the Phe’-NMePhe® side chains may be
oriented in a similar fashion to reduce steric interactions
between these bulky side-chains, which may result in a lower
energy state. I believe this is particularly relevant for
the trans-isomer, where the observed oCH-pGlu®- Methyls”’
connectivity reflects that the N-terminal region must be

pent in order for this connectivity to be generated.

Turning our attention to the C-terminal end of this
hexapeptide, th: Leu'” and Met'' residues appear to be in
the same local conformational environment in both
diastereomeric forms of this peptide. This is evidenced by
the fact that for each diastereomer, well resolved peaks are
observed for the Phe’, NMePhe®, and Aib’ residues, whereas
the Leu'® and Met'' residues do not exhibit this trait. It
is reasonable that the ends of this peptide would be more
flexible than the conformatiocnally restricted residues in
the center of the peptide. This possibility is supported by

the fact that the pGlu® rescnances in both diastereomers are
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extremely similar, and that similar coupling constants and
psi angle ranges are found for the terminal residues in both

diastereomers.

The connectivity between the pro-S BCH of Phe’ to BCH
of Met!! in the cis-diastereomer supports our contention
that this hexapeptide must be bent in DMSO. However, the
"turn” structure proposed for the N-terminal domain is not

sufficient to bring these two residues into close proximity.

As such, we believe there may be an additional turn
structure for the C-terminal domain. Supporting evidence for
a turn structure in the ci:-isomer comes from NOE
connectivities between the #CH of pGlu® with the NH of
Leu'”(1.61,7.75), the NH of Phe’ with the BCH of
Leu'”(8.60,1.64), and the S-CH, of Met'!' with both methyls of
Aib"(1.99,1.34 and 1.30}. Long range connectivities
associated with the ¢ran: diastereomer are the ring protons
of either Phe’ - ® with the NH of Met''!'(7.26,7.71), and much
weaker connectivities observed include both NH’s of Leu'!° and

Met'' with the «CH of NMe-Phe®(7.56,4.90)(7.71,4.90).
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Table 15. Theoretical interresidue distances for type 1
and type II B-turns, and observed NOE conhectivities for

the rrans—-diastereomer of (pGlu®, NMePhe®, Aib*®]-sp¢ !!

in DMSO-d, at 25 °C.



Table 1°F.
Connectivity Interproton distance F-sheet pGlu®~Phe
f-turns (Angs.} (extended NMePhe-Aib
Type 10 Type 1! chain) NOE’s,
h
fftrans;
d,.s{2,3) 3.4 2.2 2.2 strong
d..{3,4) 3.1 1.1 2.2 medium
d,n(2,4) 3.5 1.1 5.9  —me—es
dun(2,3) 2.6 4.5 4.7 medium
dyn(3.,4) 2.3 2.4 4.1 weak
d,,.(2,4) 3.8 4.3 6.8 00 emmaa-
-~== Indicates no observable NOE connectivitv.
4 » R A Y t ‘t1erved exper iment a: !y
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Table 16. Theoretical interresidue distances for type VIa
and type VIb pB-turns, and observed NOE connectivities for
the c¢is-diastereomer of (pGlu®, NMePhe®, Aib®)-spP¢ '! in

DM50-d, at 25 °C,



Table 16.
Connectivity Interproton distance p-sheet pGlu®-Phe
B-turns (Angs.) ({extended NMePhe-Aib
Iype Via Type Vit chainy)’ NOE's,
[szJh
d,.{2,3) 1.9 1.6 5.5 strong
doau(2,3) 4.5 4.0 2.2 weak
dan(2,4) 1.9 2.8 5.5  me-——-
dyn(3,4) 2.5 2.1 2.2 medium
d.n(3,4) 4.3 5.4 4.1 weak
NH*. .OC! 2.6 2.9
T w(2) 2.3 Hz 7.9 Hz
--- Indicates no observable NCE connectivitw
. N R O I T N t ‘ti1ervel e¢xper . ment a. .y
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From analysis of the above NOE’s we have concluded that
in both diastereomers of this hexapeptide there is probably
a turn structure spanning the C-terminal region as well. 1
believe the most important NOE’s to distinguish the turn
type are the following: strong intraresidue «CH,-NH, and
sequential CH,-NH,,, connectivities for both the Leu'® and
Met'!' residues were observed. A medium strength connectivity
between the NH of Leu'? and NH of Met'' was found in the
trans diastereomer, and the absence of any other NOE
connectivity to the terminal carboxamide except for its own
sequential connectivity. This latter finding is most
significant because in any of the classical fp-turn
structures, the terminal carboxamide would be in close
proximity to the methyls of Aib°®, as well as to the NMePhe®,
and Leu'!? residues. However, interactions between the
carboxamide and these residues were not observed. Mcoreover,
bulky p-branched hydrophobic¢ residues are not tolerated well
in the i+2 position of pA-turns, which would suggest that
Leu'” or Met'' would not assume this position(79,80).
Although I conclude that a classical B-turn is not
indicated, all ©f the observed NOE connectivities would be
consistent with a consecutive C, conformations spanning

residues Aib’-Leu-Met'!'-NH,.

A consecutive C, conformation is comprised of two fused
—turn structures, where Aib” would occupy the i position,

leu'" the it+]l, and Met'' the i+2 position for the first
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inverse y-turn. The peptide NH of Met'!'' would hydrogen-bond
to the carbonyl of Aib’ to stabilize the first ;-turn. The
second inverse y-turn then overlapse the first where Leu!®
would occupy the i position, Met!' the i+l, and the terminal
carboxamide would occupy the i+2 position. The 3-1
stabilizing hydrogen bond would be formed between the
carbonyl of Leu'? and the terminal carboxamide. Hence low
temperature coefficients for both the peptide NH and the
terminal carboxamide for the Met'' residue would be expected
in such a structure, which 1s consistent with our observed

results.

In a consecutive y-turn conformation(168), strong

intraresidue connectivities, d,, xcu=2.3 A, for the Leu'’and

Met'' residues would be expected. In addition, strong
sequential connectivities, d ,-4, wnu:,,:=2.4A, should also
be observed for the lLeu!”, Met'!, and terminal carboxamide.

Strong intraresidue connectivities, (dNH-aCH) are observed

for the Leu '" and Met'' residues, and strong sequential
connectivities (dy.y, wn.+ ,. are cbserved for the Leu'"”,
Met''!, and terminal carboxamide. Furthermore, the relative

intensities for both the intraresidue and sequential
connectivities are all approximately equivalent, indicating
the spatial distance between these groups are approximately
the same, under the assumption that the flexiblity of this
region is constant. These results are consistent with the

expected distances for an inverse ;-turn structure,
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Moreover, the psi and phi angles defining this type of
structure ¢ = -80, ¢,= 86, ¢,= -B0, ;= 80, are consistent
with the psi angle ranges we proposa for the Leu'® and Met'!'!
residues, (-80)-(-90). In addition, these angles would
ocrient the terminal carboxamide away from the Leu'®° residue,
thus explaining the lack of interresidue NOE’s. An earlier
report also lists ¢ angle values, for both the NK1 and NK3
agonists that are compatible for this type of structure(30).
Summing up all arguments, we believe that a pseudo g-turn or
loop" structure, similar to a type II pg-turn for the
trans-isomer, and a type VIb B-turn for the ¢is-isomer, may
be a predominant conformational feature for the N-terminal
region spanning residues 6-9. In addition, we believe the
C-terminal region may be assuming a consecutive inverse
y-turn conformation spanning residues 9-11 in both
diastereomers of this hexapeptide. This results in bringing
the ends of this hexapeptide in close proximity, and may
reflect a biologically significant conformational feature

for this class of peptides.

Interestingly, the consecutive y-turn structure
proposed for the C-terminal domain for this hexapeptide
might begin to explain the receptor selectivity exhibited by
several other analogs. In particular, modification of the
Gly® position by bulky amino acids such as proline or

sarcosine, results in a dramatic decrease in activity
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towards the NK2 and NK3 receptors. However, these analogs
are still potent agonists for the NK1 receptor. One
hypothesis to explain these results is that the NK2 and NK3
receptors are sensitive tc the size of the side-chain in
position 9., Bulky amino acids at this position may not be
readily accommodated within the binding pocket of these

receptors.

However, the NK1 receptor is not as sensitive towards
position 9 replacements in the peptide. 1In fact,
replacement of the terminal carboxamide with either the free
acid or a methyl ester accompanied by a bulky amino acid at
position 9 or the entire Substance P sequence, respectively,
gives rise to extremely potent NK1 agonists. In contrast,
these same analogs are devoid of activity towards the NK2
and NK3 receptors. In the study by Teitelbuam et al.(30), a
lower temperature coefficient was observed for the peptide
NH of Met'' when proline occupied position 9. Temperature
coefficients for both the peptide NH and the terminal

carboxamide were -3.% ppb/K and -3.2ppb/K respectively in

the (pGlu®. Pro”)] SP" '' analog suggesting their involvement
in hydrogen bonding. In addition, the vicinal coupling
constants for the Leu'” and Met''! residues are consistent

with a psi angle of =~ -80. It is plausible that when a
bulky or conformationally restricting residue (i.e. Pro?®,
Aib?, or Sar®), occupies the 9 position, this results in

favoring the inverse ;-turn spanning residue 9 to 11. This
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y-turn may be minimally sufficient for eliciting the proper
conformation of these analogs for the NK1 receptor.
According to this hypothesis, the activity of a [pGlu®-Aib’]
Sp¢ !'!'-OMe analog should be active with at least the NK1 and
NK3 receptors, since Aib may restrict the conformational
flexibility of this analog,whereas the flexible [pGlu‘-Gly’]
SpP® '!-OMe should be inactive with the NK1 and NK3

receptors.

Several tachykinin peptides have been previously
analyzed by NMR spectroscopy. In particular, the
pGlu-Phe-NMePhe-Gly-Leu-Met-NH, analog studied by Teitelbuam
et al (30) can be thought as the parent peptide to the
present study, in which the Glycyl residue has now been
replaced by Aib in the present report. Their study provides
an opportunity to make direct comparisons with our analyses,
which may result in elucidating common structural
characteristics possessed by both of these NK3 selective
analogs. These structural features may be critically
important in the transmission of information from the
peptide to the NK3 receptor, which has remained the central

gcocal of both these studies.

A similar appruach was employed ‘n the previous
report for the spectral assignments of [pGlu®,Pro®)sSp® !'!,
This resulted in assignment the downfield set of peaks to

the (: in- diastereomer, and the upfield set to the
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cis=lsomer. In contrast, we conclude that the downfield set
of peaks is attributable to the ci/s-isomer, and the upfield
set to the trans diastereomer. Although these peptides are
intrinsically distinct, Gly® in the previous report versus
Aib® in the latter, we do not beljieve this difference would
lead to a complete reversal of chemical shifts for the two
sets of isomers. The previous report distinguished between
the two diastereomers based on the Junw-a ¢cn of Phe’, and
NOE’s which were indicative of a type VIb g-turn. This type
of turn is exclusive for a cis-proline (167) or

N-methylated residue in the i+2 position. In addition,
NOE’s indicative of a y turn were observed for the downfield

isomer, which would be consistent with a trans peptide bond.

However we believe these conformations are still too
speculative. The ¢ angles for both isomers in the previous
report are consistent with o 7 turn conformation, where the
i + 1 and i + 2 residue would be approximately -90° .
Furthermore, the previous report never mentions the most
prominent crosspeak, an intense a«CH -us-CH® connectivity
whose distance would range 1.6 - 1.9 angstroms apart in a 8
V1l turn. Moreover, the models proposed for both
diastereomers would involve the amide of Gly®’ in a
stabilizing hydrogen bond. This appears contradictory to
their own temperature coefficient data. The temperature
coefficient for the Gly® amide, -4.4 (rrans) and -5.3 (cis),

is in the same range tor all other peptide bond NH’s, except
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for the rrans NH of Leu'’, which in even higher at -7.3. The
only coefficient in the range for a possible hydrogen bond

is the terminal carboxamide of Met'!, -2.9 (trans) and -0.5

{cis).

Although it must be emphasized that a H-bond is not
mandatory for several beta-turns(80), we believe the
previous results are not sufficient to conclusively define
the conformations for these diastereomers. In order to
refine the existing model for the NK3 selective agonist, the
Gly® residue was replaced by a conformationally restricting
Aib moiety. This sterically hindered residue would restrict
the distribution of allowable conformations for this
hexapeptide to assume. The flexible nature of the Gly"®
agonist may have been a shortcoming in the previous report,
and may have led to the observed ambiguities in the earlier

results.

It is particularly interesting to note that in the
previous report a connectivity between the NH-pGlu® and
NH-Gly® was observed in both of their diastereomers. These
connectivities would further support our contention that the
N-terminal region spanning residues 6-9 is bent in DMSO.
Other long range connectivities observed in the earlier

report include the NH of Met'' to the NH Phe’, and the NH of
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Phe’' to the NH of Leu'®, for their proposed-:trans isomer.
Whereas the proposed cis-isomer exhibited dipolar couplings

between the NH-PGlu® to the NH-Met!!.

The long range connectivities observed for the proposed
trans isomer in the earlier report are the similar
connectivities we observe for our cis—-isomer in the present
study. Connectivities associating residues 6 to 9 and 9 to
11 in their ¢ : isomer, are the same interacting residues we
observe for our trans isomer. Taking into consideration
that similar chemical shifts were observed for both agonists
by ignoring the i:s-trans distinction, it appears that if
one again ignores the cis-trans designation, similar NOE’s
are observed in both reports. Summing up these points, we
believe that the cis/trans assignments in the previous

report should be reversed(30).

In conclusion, we have presented a detailed
conformational analysis for pGlu®-Phe-NMePhe-
Aib~-Leu-Met'!'-NH., utilizing a variety of spectroscopic
approaches. The results of our studies are now being
employed in internal energy minimization routines to
generate a "first generation" model which accurately
describes the conformation of this NKJ selective agonist.

It is hoped these studies will lead to a better
understanding on the activity of this NK3 selective agonist,

as well as this whole class of tachykinin peptides.
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