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Abstract
In earlier work, we synthesized a cyclic 9-amino acid peptide (AFPep, cyclo[EKTOVNOGN]) and
showed it to be useful for prevention and therapy of breast cancer. In an effort to explore the
structure-function relationships of AFPep, we have designed analogs that bear a short ‘tail’ (one or
two amino acids) attached to the cyclic peptide distal to its pharmacophore. Analogs that bore a
tail of either one or two amino acids, either of which had a hydrophilic moiety in the side chain
(example: cyclo[EKTOVNOGN]FS) exhibited greatly diminished biological activity (inhibition of
estrogen-stimulated uterine growth) relative to AFPep. Analogs that bore a tail of either one or two
amino acids which had hydrophobic (aliphatic or aromatic) side chains (example:
cyclo[EKTOVNOGN]FI) retained (or had enhanced) growth inhibition activity. Combining in the
same biological assay a hydrophilic-tailed analog with either AFPep or a hydrophobic-tailed
analog resulted in decreased activity relative to that for AFPep or for the hydrophobic-tailed
analog alone, suggesting that hydrophilic-tailed analogs are binding to a biologically active
receptor. An analog with a disrupted pharmacophore (cyclo[EKTOVGOGN]) exhibited little or no
growth inhibition activity. An analog with a hydrophilic tail and a disrupted pharmacophore
(cyclo[EKTOVGOGN]FS) exhibited no growth inhibition activity of its own and did not affect the
activity of a hydrophobic-tailed analog, but enhanced the growth inhibition activity of AFPep.
These results are discussed in the context of a two-receptor model for binding of AFPep and ring-
and-tail analogs. We suggest that tails on cyclic peptides may comprise a useful method to
enhance diversity of peptide design and specificity of ligand-receptor interactions.
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1. Introduction
Peptides are useful pharmaceutical agents that can interact with cellular receptors to block or
enhance signal transfers. According to a recent review [44], more than 60 synthetic peptides
are in use to treat an array of pathologies including cardiovascular diseases, arthritis,
diabetes, growth problems, immunity diseases, and many others. In comparison to
antibodies and proteins, peptides are smaller in size, are less immunogenic, have lower
manufacturing costs, are high in activity per unit mass, have greater stability at room
temperature, and in some cases can provide full biological activity after oral administration.
It is important to develop, and have at hand, as many strategies as possible for designing
synthetic peptides.

1.1 Design of Synthetic Peptides
Many approaches are useful for the design of synthetic peptides intended for use as
pharmaceutical agents [38]. When little is known about the target (e.g., a receptor) or the
ligand (the intended synthetic peptide), combinatorial syntheses can be used to identify lead
compounds [7, 8, 20]. Relying on powerful screening methods to identify biological
function, vast libraries of peptides can be scanned rapidly. Rational design approaches can
be useful when there is substantial information available about the ligand or the binding site
with which it interacts [29]. Focused, intentional modifications of existing molecules can
obviate the need for large numbers of syntheses and screenings. While these illustrative
approaches may seem to be at opposite ends of the design spectrum they are by no means
mutually exclusive. Lead compounds identified by combinatorial synthesis can be optimized
through rational approaches to identify the best analog. Similarly, peptides designed through
rational approaches may be optimized by iterative replacement of each amino acid [36].
Molecular modeling contributes importantly to all approaches [9, 28, 31]. Development of
peptides as innovative pharmaceutical agents should utilize a variety of design approaches
[35].

Important reasons that peptides are attractive as potential pharmaceutical agents include the
diversity of constituent building blocks that comprise a peptide, and the minimal toxicity
associated with peptides. The 20 naturally occurring amino acids found in proteins offer a
tremendous number of permutations for a peptide sequence, even though most of those
sequences would have none of the desired biological activity. To enhance the potency of a
lead peptide, additional diversity [18] is available through incorporation of amino acids that
are not typically found in proteins, (e.g., D-amino acids, ornithine, hydroxyproline, etc.) [14,
15, 19] or through structural modifications of peptides. Incorporation of moieties that are not
amino acids, e.g., to generate peptidomimetics, can offer enhanced diversity [35], specificity
and functionality but may come with an attendant risk of toxicity beyond that associated
with simple amino acids. Minimal host toxicity (conceptualized in terms of a continuum
from simple side effects to frank cytotoxicity) is desirable and achievable when using
peptides as pharmaceutical agents because peptides: (a) can offer exquisite specificity to
limit side effects, (b) eventually get metabolized only to byproducts that are non-toxic (i.e.,
amino acids), and (c) deliver sustained efficacy because peptides mimic the epitope-based
action of naturally occurring proteins in regulating biological response. Efficacy without
toxicity is the ultimate goal of drug development, and peptides offer one of the few avenues
by which to approach that goal.

Structural modifications of synthetic peptides (for example, cyclization to induce
conformational constraint) offer another level of diversity in pharmaceutical design. Cyclic
peptides [18] may provide enhanced stability (shelf life, serum stability, etc.) [29], retain
biological activity, provide protection against exopeptidases and have increased
conformational stability [10]. Cyclization of peptides can be achieved through various
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techniques such as formation of a disulfide bond or a peptide bond [6, 10, 27, 40]. Disulfide
cyclizations are easy to generate but require that two cysteines be included in the sequence
which would increase the size of a potential drug (if the linear sequence had no Cys of its
own). Additionally, the disulfide bond may be subject to reduction and re-oxidation in
unintended configurations. C-terminal to N-terminal amide bond formation results in stable
cyclic peptides that need not incorporate any additional amino acids not inherently a part of
the sequence. In the development of AFPep [29], we used the cyclization method of Kates et
al. [26] and incorporated one additional amino acid, namely Asn, to facilitate both synthesis
and cyclization, using the C-terminal to N-terminal amide bond formation thus allowing for
minimal size of the peptide.

Further innovative modifications to peptide structure, and likely to their function, could be
achieved by the addition of an amino acid ‘tail’ to cyclic structures [12, 13]. Noted
biological peptides that have a ring-and-tail structure include arginine vasopressin and
analogs. These are 9-amino acid molecules consisting of a 6-amino acid ring and a 3-amino
acid tail, and are cyclic by means of a disulfide bond (i.e., a side chain bond). In vasopressin,
the 3-mer tail includes a lysine residue. If that residue is exchanged for arginine, the
molecule changes its cellular target, binds to a different receptor and provokes a completely
different response. Delforge et al. [12, 13] used a C-terminus to N-terminus peptide bond
(i.e., main chain atoms) to generate synthetic cyclic peptides, then added a tail of amino
acids for desired functionality (including serving as a linker to an affinity resin). Additional
amino acids, outside of the cyclic portion of the peptide (i.e., attached to a side chain), may
be expected to alter physical properties of the peptide in terms of hydrophobicity or
hydrophilicity (perhaps to enhance solubility) and could potentially do so without disrupting
the pharmacophore portion of a cyclized peptide. A tail could also conceivably have an
effect on orienting a peptide ligand to a receptor. In the very common situation in which two
related receptors accept the same ligand but which lead to differences in biological activity,
amino acid tails might be useful to direct a cyclic peptide to one or the other of the receptors,
thus mimicking the vasopressin observations. Like cyclizations, tails may be useful to
increase molecular design possibilities and outcomes.

1.2 AFPep is a cyclic anti-cancer peptide
Earlier we elaborated an inexpensive, synthetic, 9-amino acid cyclic peptide that is useful
for the treatment or prevention of breast cancer in animal models, and which retains activity
after oral administration [2, 11, 25, 29, 30]. We call this peptide AFPep because it is a
peptide mimic of the anti-oncogenic active site of α-fetoprotein (AFP, a protein to which the
human fetus is exposed in high concentration). AFPep is cyclo[EKTOVNOGN] (in which O
is hydroxyproline). Because background knowledge of AFP provided substantial structural
information, rational design approaches were useful to conceptualize development of the
active site peptide [11, 25, 29]. AFPep is composed exclusively of naturally occurring amino
acids including hydroxyproline (which replaced Pro from the AFP sequence so as to
enhance solubility of the peptide) [11, 29]. There are no peptidomimetic moieties, and
AFPep has shown no toxicity in any animal model [1, 2, 34, 42]. In animal models, AFPep
prevents carcinogen-induced breast cancer [1, 34], stops the growth of human tumor
xenografts [2], is very well tolerated [1, 2, 34, 42], and is active when administered p.o., i.p.,
or s.c. [2]. Although AFPep is anti-estrotrophic, it does not disrupt the estrous cycle,
fertility, or fecundity in rats [42], and has a unique mechanism of action that involves
inhibition of phosphorylation of the estrogen receptor [34, 39, 41]. AFPep can be used as a
stand-alone agent or in combination with other breast cancer agents such as tamoxifen [1].
While AFPep appears to have substantial potential as an anti-breast cancer drug, it may
nevertheless be possible to enhance further the potency and specificity of this cyclic peptide
by employing additional design concepts.
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Earlier we explored the structure-function relationships of AFPep [11] and mapped the
pharmacophore to the amino acids TOVNO [25, 29]. Other amino acids in the AFPep
sequence are available for replacement or modification [11]. In this contribution, we chose
to examine the effect of adding a tail to AFPep, and restricted the tail to being composed
exclusively of amino acids so as to retain the very low toxicity profile of the peptide. We
chose to put the tail on the non-pharmacophoric Asn side chain [i.e., the underlined Asn in
cyclo(EKTOVNOGN)], thus generating analogs of AFPep which have a tail of 1 or 2 amino
acids covalently attached (amide bond) through the side chain of Asn. In addition, we
explored the utility of disrupting the TOVNO pharmacophore so as to generate an
antagonist.

The purposes of this study were to demonstrate the utility, diversity and exquisite specificity
of ring-and-tail analogs of AFPep as peptide drugs and as agents for receptor
characterization. We show that a simple modification in an extra-annular portion (i.e., a tail)
of a cyclic peptide provides surprisingly useful specificity. Further, by modifying the
pharmacophore region, we capitalize on that specificity to develop analogs that can
antagonize one receptor but not a closely related second receptor.

2. Materials and Methods
2.1 Materials

9-Fluorenylmethoxycarbonyl (FMOC)-protected amino acids were obtained from
Calbiochem-Novabiochem (San Diego, CA, USA). Reagents for peptide synthesis,
including 1,1,3,3-tetramethyluronium hexafluorophosphate (HATU), FMOC-PAL-PEG-PS
resin, 20 % piperidine in dimethylformamide (DMF), and diisopropylethylamine (DIPEA)
were obtained from Applied Biosystems, Inc (Framingham, MA USA).
Tetrakis(triphenylphosphine)palladium (Pd(PPh3)4) catalyst, isopropanol, N-4-
methylmorpholine, diethyldithiocarbamate trihydrate (DEDC), anisole, dichloromethane and
chloroform were obtained from Sigma (St. Louis, MO, USA). Trifluroacetic acid (TFA),
acetic acid, ethyl ether, and ethyl acetate were purchased from Fisher (Morris Plains, NJ,
USA). 1,2-Ethanedithiol (EDT) was purchased from Fluka (Milwaukee, WI, USA).

2.2 Methods
2.2.1 Peptide synthesis—Peptides were prepared using FMOC solid phase synthesis as
previously described [25, 29]. Automated or manual approaches were used to assemble the
growing peptide chain on FMOC-PAL-PEG-PS resin beginning with the C-terminus using
Nα-protected amino acids. Activation of the C-terminus of incoming amino acids was
accomplished by treatment with HATU and DIPEA. Peptides were also obtained from
commercial suppliers; for example, AmbioPharm (North Augusta, SC, USA) consistently
produced active AFPep and ring-and-tail analogs of AFPep.

2.2.1.1 Cyclic peptides: After linear peptide synthesis, cyclization was accomplished using
methods described by Kates et a.l [6, 26, 27] as described [25, 29]. Briefly, Nα-FMOC-L-
aspartic acid-α-allyl ester (as the C-terminus of the synthetic peptide) was coupled to the
resin via the γ carboxylic acid. Removal of the Nα-FMOC allowed the remaining amino
acids to be incorporated sequentially into the growing peptide. To generate a free α-carboxyl
group by removal of the allyl group from the C-terminal Asp [17, 26, 29], the peptidyl-resin
was dried and flushed with nitrogen delivered through a septum. A catalyst solution was
prepared separately by mixing 3 equivalents of Pd(PPh3)4 in CHCl3/acetic acid/N-4-
methylmorpholine (37:2:1 v/v) (15 mL/g of resin) and dissolved by bubbling nitrogen
through the solution. The catalyst was transferred to the tube containing peptidyl-resin using
a gas-tight syringe, and mixed for 2 h. Peptidyl-resin was washed consecutively with 0.5%
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DIPEA in DMF and 0.5% w/w DEDC in DMF to remove the catalyst. Subsequently, the
FMOC moiety was removed from the N-terminus which was then coupled to the free α-
carboxyl group (while on the resin) in order to generate the cyclic peptide. The cyclized
peptide was then removed from the resin in such a way as to yield the γ-carboxamido
derivative (i.e., Asn). For AFPep: purity 99.4 %; MW expected: 967.0 Da; MW observed
(mass spec): 968.7 Da; elemental analysis: 49.68 % C, 6.46 % H, 17.38 % N. For
cyclo[EKTOVGOGN]: purity 99.7 %; MW expected 911.4 Da; MW observed (mass spec):
911.6 Da.

2.2.1.2 Ring-and-tail peptides: Peptides were assembled on PAL-PEG-PS resin beginning
with the amino acids that formed the ‘tail.’ The C-terminus of the tail was attached to the
resin and the peptide was assembled in routine fashion. FMOC-Asp-O-allyl was coupled
through its γ-carboxylic acid to the N-terminus of the tail, leaving the α-carboxylic group
protected (with the allyl group) for later cyclization. The remainder of the peptide was
assembled and cyclization was achieved as described above, after the allyl group and the
FMOC protection moieties were removed. The cyclic peptide was cleaved from the resin
which yielded the ‘tail’-forming amino acid(s) outside the peptide ring, and as the C-
terminal carboxamide, attached in amide link through the N-terminal amino acid to the γ-
carboxamido moiety of the branching (non-pharmacophoric) Asn. This methodology is
shown in Scheme 1. For cyclo[EKTOVNOGN]FS, purity 97.1 %; MW expected: 1202.6
Da; observed (mass spec): 1203.3 Da.

2.2.2 Mouse uterine growth inhibition assay—As a rapid, inexpensive, sensitive
surrogate for anti-cancer activity, the anti-estrotrophic activity of the peptides was
determined using the immature mouse uterine growth inhibition assay as described by Festin
et al. [16]. In this screening assay, inhibition of estrogen-stimulated uterine growth is closely
correlated with inhibition of estrogen-stimulated tumor growth in xenograft assays.
Administration of 0.5 μg of 17β-estradiol (E2) intraperitoneally (i.p.) to immature mice has
been demonstrated [32] to double the uterine weight in 24 h (with a corresponding increase
in mitotic figures), and this response (similar to estrogen-dependent cancer growth) is
inhibited by AFPep [3]. Swiss Webster female mice (13-15 day old, 6-8 g body weight;
Taconic Farms, Germantown, NY, USA) were weighed and distributed into treatment
groups typically consisting of five mice each such that groups contained mice of comparable
weight ranges. Each group received two sequential i.p. injections (0.2 mL) spaced 1 h apart.
The first injection contained test substance or vehicle control. The second injection
contained 0.5 μg E2 or vehicle. Twenty-two hours after the second injection, mice were
sacrificed and weighed. Uteri were dissected and immediately weighed. Uterine weights
were normalized to body weight (mg uterine weight per g of body weight) to compensate for
differences between body weights of littermates. There were a minimum of five animals per
group. Inhibition of estrogen-stimulated uterine growth was calculated from the average
normalized uterine weights in each group using the following equation:

Statistical significance of the inhibition of estrogen-stimulated growth was assessed using
the Wilcoxon sum of ranks test. A difference between groups of 15-20 % or greater was
usually significant at the p < 0.05 level.
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3. Results
AFPep analogs were generated, each of which bore a tail of either one or two amino acids,
and with hydrophobic or hydrophilic side chains, or both. Analogs were screened at a single
dose (1 μg/mouse) for their anti-estrotrophic activity, specifically the ability to inhibit
estrogen-stimulated growth of the immature mouse uterus, and the results are listed in Table
1. At this dose, AFPep inhibits estrogen-stimulation of uterine growth by 38 ± 3 %. Analogs
that bore a tail of one amino acid with a hydrophilic moiety in the side chain exhibited
substantially diminished activity, ranging from 17 to 21 % growth inhibition. This is
statistically different from AFPep. Analogs that bore a tail of two amino acids, in which
either of the residues included a hydrophilic moiety in the side chain (i.e., Ser or Tyr)
exhibited even less activity (less than 10 %). On the other hand, analogs that bore a tail of
one amino acid with an exclusively hydrophobic side chain (i.e., Phe or Ile) had as much
activity as did AFPep; an analog with two hydrophobic amino acids in the tail (both F and I)
had slightly better activity than did AFPep in this screening assay. Analogs with a disrupted
pharmacophore had very low activity.

Also shown in Table 1 are the results of an in vitro assay that measures inhibition of
proliferation of human breast cancer cells [25]. Inhibition of T47D human breast cancer cell
proliferation parallels that of inhibition of growth of mouse uterus, suggesting that any
species differences, or differences between in vivo and in vitro assays, are minimal.

Dose-response curves are shown for selected analogs in Figure 1A. AFPep exhibited a
biphasic dose-response curve, with partial loss of growth inhibitory activity at higher
concentrations. These results are similar to those seen by Joseph et al. [25], in which the
observation was ascribed to a two-receptor model. Putatively, a high affinity receptor binds
AFPep at low dose and leads to a desired response, namely inhibition of uterine (or tumor)
growth; a lower affinity receptor binds AFPep at higher doses and leads to an undesirable
response, namely the suppression of growth inhibition. Analogs with hydrophobic tails (in
this example cyclo[EKTOVNOGN]FI) exhibited a sigmoidal dose-response curve without
apparent loss of activity at higher analog doses. This may be because hydrophobic-tailed
analogs bind preferentially to the putative high affinity receptor. Analogs with a hydrophilic
tail (in this example cyclo[EKTOVNOGN]FS) exhibited little activity at any dose, perhaps
because they do not bind well to any receptor or because they bind preferentially to the
putative low affinity receptor.

Two additional analogs proved to be quite interesting, shown in Table 1 and Figure 1B.
Replacing the pharmacophoric Asn (in the TOVNO region) with Gly resulted in an analog
of AFPep (namely cyclo[EKTOVGOGN]) that had very low and statistically non-significant
biological activity. As was shown by DeFreest [11], the pharmacophoric Asn appears to be
essential for activity. An analog with a similarly disrupted pharmacophore and a hydrophilic
tail cyclo[EKTOVGOGN]FS exhibited virtually no activity at all when assayed alone.

These analogs were then used in various combinations to yield the results shown in Figure 2.
The analog with an intact pharmacophore and a hydrophilic tail (namely
cyclo[EKTOVNOGN]FS) decreased the activity of AFPep (Fig. 2A) and decreased the
activity of cyclo[EKTOVNOGN]FI (Fig. 2B), perhaps because this analog binds
preferentially to the low affinity receptor, activates that receptor, and leads to suppression of
the activity stimulated by either AFPep or cyclo[EKTOVNOGN]FI. At the very least, this
observation suggests that the analog with a hydrophilic tail does bind to a receptor, i.e., that
its low level of activity seen in Fig. 1A and Table 1 is not due to lack of binding to a
receptor. On the other hand, an analog with a disrupted pharmacophore and a hydrophilic
tail (namely cyclo[EKTOVGOGN]FS) enhanced the activity of AFPep (Fig. 2C) and had no

Bryan et al. Page 6

Peptides. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



effect on the activity of cyclo[EKTOVNOGN]FI (Fig 2D). These results would be expected
if that analog bound preferentially to the low affinity receptor but did not activate it. Here,
too, this analog must be binding to a receptor.

4. Discussion
The purpose of this paper is to highlight the potential of ring-and-tail modifications in the
design of synthetic peptides to generate desired properties, including biological activity with
exquisite specificity. Mimicking the structure and behavior of biologically derived ring-and-
tail peptides such as vasopressin, synthetic peptides with tails may be useful for
pharmaceutical purposes. It should be possible to generate peptide drugs that are efficacious,
exquisitely specific and which therefore exhibit minimal side effects, and are generally non-
toxic owing to the nature of their metabolites (i.e., simple amino acids). It is not the purpose
of this contribution to characterize thoroughly the two-receptor system that we invoke to
discuss our observations, and it is clear that alternate mechanisms (e.g., receptor
desensitization or enzymatic degradation of peptides) could be considered. Some alternates
may be formally analogous to the existence of a putative second binding site. We note
nevertheless that it is possible to begin probing structure-function relationships of drug
candidates without detailed knowledge of their binding partners.

For this study, we utilized analogs of AFPep, an anti-cancer synthetic peptide developed
earlier. We restricted our design concepts so that only amino acids would be utilized, as
opposed to generating peptidomimetics. Obviously the addition of moieties other than amino
acids would broaden further the design opportunities for ring and tail molecules. We use the
term ‘homobiotic’ (as opposed to xenobiotic) to describe these analogs because they are
derived from a natural human protein and lack non-peptidic moieties. Homobiotic molecules
might be expected to (a) exhibit the biological activity of the protein from which they are
derived, (b) be low in toxicity (because their metabolites are exclusively amino acids) and
side effects (because they have only one epitope/active site), and (c) be less susceptible to
drug inactivation mechanisms such as cellular export (because they presumably function
through natural pathways to mimic a natural biological response). Efficacy without toxicity
may be achievable through use of homobiotic peptides.

AFPep was derived from the naturally occurring protein α-fetoprotein (AFP) [16, 29, 30]
which is produced during fetal development [4, 5, 21] and which exhibits anti-oncogenic
activity [23]. AFP is reported to be the primary agent responsible for a decreased incidence
of breast cancer in populations of women who have experienced a full-term pregnancy
compared to the nulliparous population [22, 24, 37]. In earlier work, a series of parsings [16,
30] of the AFP sequence was utilized to find the shortest fragment that retained the anti-
estrotrophic activity of the parent protein. We showed that EMTPVNPG was the shortest
biologically active peptide, but it exhibited a very short shelf life, probably attributable to
aggregation, and a biphasic dose-response curve [25, 30]. To decrease aggregation,
hydroxyproline was substituted for proline, creating EMTOVNOG, and to increase synthetic
yield and purity, Met was replaced by Lys [11]. REMD simulations [25, 28], studies of
smaller analogs, and the observation that a 7-mer had less biological activity than an 8-mer
led to the idea that 8-mers (but not 7-mers) assumed pseudo-cyclic structures. A logical
conclusion was to cyclize the linear peptide for added conformational constraint. Cyclization
of EKTOVNOGN utilizing the method of Kates et al. [6, 25-27, 29] yielded an active cyclic
9-mer peptide (i.e., AFPep) with impressive stability including significantly longer shelf life
and a less-pronounced biphasic dose-response curve [11, 29]. Continuing the rational design
approach, DeFreest et al. [11] defined precisely the pharmacophore of the cyclic peptide and
demonstrated that TOVNO contained the necessary constituents responsible for the activity
of AFPep; it was especially noted that disruption of the Asn in this region would obviate
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activity. On the other hand, the Asn between the Gly and the Glu (i.e., the non-
pharmacophoric Asn) can be altered or replaced without loss of activity [11].

Interestingly, AFPep yielded a biphasic dose-response curve [25], at least in the anti-
estrogenic screening assay (as opposed to anti-cancer assays), suggesting an opportunity for
further optimization of ligand through peptide design. One common explanation for a
biphasic dose-response in binding of ligand is that there may be two receptors: a putative
high affinity binding site leads to a specific response (in this case, a desired, growth
inhibitory response), and a putative low affinity binding site may diminish that response as it
becomes loaded at higher ligand concentrations. Indeed, a high affinity and low affinity
receptor have been reported for AFPep's parent protein, AFP [33, 43]. In the study reported
herein and elsewhere [25], higher AFPep doses led to an undesirable diminishment of the
inhibition of estrogen-stimulated uterine growth. These data and the autoregulatory two-
receptor systems widely present in biological systems provided direction for the design of
next generation analogs of AFPep. If there were a peptide that would bind preferentially to
(and activate) a putative high affinity receptor, it should yield a sigmoidal dose-response
curve, mitigating the loss of activity at higher drug doses. Similarly, if there were an analog
that would bind preferentially to the putative low affinity binding site, it should not exhibit
the growth inhibitory activity, whether or not that analog was able to activate that receptor.
If an analog were to bind preferentially to the putative low affinity receptor, but not activate
the receptor, it may be useful as an antagonist of the low affinity receptor. Such a molecule
might be useful in combination with AFPep to obviate the biphasic nature of AFPep's
activity profile.

Three types of AFPep analogs are proffered in this communication. (a) An analog with a
hydrophobic tail and intact pharmacophore: cyclo[EKTOVNOGN]FI appears to bind
preferentially to the putative high affinity receptor since it yields a sigmoidal dose response
curve with no loss of activity at high doses (Fig 1A). (b) An analog with a hydrophilic tail
and an intact pharmacophore: cyclo[EKTOVNOGN]FS appears to bind preferentially to the
putative low affinity receptor since it has little activity of its own (Fig 1A), but it can
decrease the activity of AFPep or of cyclo[EKTOVNOGN]FI (Fig. 2A and B). Were it to
bind to the high affinity binding site, it should lead to some biological activity since it has
the correct pharmacophore. In fact, at low dose there is a non-statistically significant amount
of biological activity associated with cyclo[EKTOVNOGN]FS which may suggest that there
is some binding to the high affinity receptor (Fig 1A). cyclo[EKTOVNOGN]FS likely is an
agonist of the low affinity binding site, leading to diminished activity of
cyclo[EKTOVNOGN]FI. (c) An analog with a hydrophilic tail and a disrupted
pharmacophore: cyclo[EKTOVGOGN]FS appears to be an antagonist of the low affinity
binding site in that it may bind to that receptor but not activate it. Combination of this ligand
with AFPep enhanced the activity of AFPep (Fig. 2C), presumably by occupying but not
activating the low affinity receptor, thus preventing AFPep from binding there.
cyclo[EKTOVGOGN]FS in combination with cyclo[EKTOVNOGN]FI had no effect on the
activity of cyclo[EKTOVNOGN]FI (Fig 2D) perhaps because the latter analog does not bind
preferentially to the low affinity receptor.

In view of the identity of the ring portion of cyclo[EKTOVNOGN]FS and
cyclo[EKTOVNOGN]FI, the ability of these analogs to bind preferentially to related targets
must reside in the tail of the peptide, which may interact with a corresponding epitope on the
putative receptors. We predict that the putative high affinity receptor has a region near the
active site that is complementary to the hydrophobic tail of cyclo[EKTOVNOGN]FI; polar
or charged side chains in the tail of these ligands seems to disfavor interaction with this
receptor. A low affinity receptor may lack that epitope or have a mutation in that epitope
such that it interacts preferentially with peptides that have hydrophilic moieties in their tail.
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We note that tails containing positively charged, negatively charged, or polar side chains
yielded similarly low levels of activity (Table 1). These observations suggest that extra-
annular portions of synthetic cyclic peptides may provide another approach to exquisite
specificity of ligand-receptor interactions, mimicking that seen in biological peptides such as
vasopressin. The observation that substitution of a single amino acid (N to G) in the
pharmacophore region of AFPep analogs results in loss of activity suggests that the side
chain of this Asn is involved directly in signaling, i.e., activating the receptor, in keeping
with the concepts explored by DeFreest et al. [11].

As acknowledged earlier, alternate models could be proffered to consider the results
presented here, including differential metabolism of the ligands. Proteolysis of AFPep at
high concentrations should not lead to a biphasic dose-response curve (Fig 1A), but rather to
a sigmoidal curve, even if at a lower level than that for cyclo[EKTOVNOGN]FI.
cyclo[EKTOVNOGN]FI and cyclo[EKTOVNOGN]FS yield very different results, but differ
by only one amino acid in the tail. It would seem unlikely that a differential proteolytic site
exists within the ring portion of these molecules because those sequences are identical. If a
proteolytic site were in the tail of these analogs, proteolysis would convert either analog to
AFPep (if proteolysis occurred on the N-terminal side of the F), or to the same analog
cyclo[EKTOVNOGN]F if proteolysis occurred on the C-terminal side of F. Those events
would not generate the results seen in Figure 1 A. Similarly, it might be postulated that the
ligand with a disrupted pharmacophore, cyclo[EKTOVGOGN]FS, might differentially affect
proteolysis of AFPep compared to cyclo[EKTOVNOGN]FI, but in the absence of two
postulated binding sites, neither enhanced nor inhibited degradation of AFPep would be
expected to lead to the enhanced activity seen in Fig 2C. Thus, differential proteolysis is
considered unlikely, in keeping with the concepts published earlier [25] . The simplest
explanation for the results herein invokes a two-receptor model.

It is noted that opportunities to design a tail portion for cyclic peptides may be non-obvious
in the absence of detailed information about a receptor. For this work, we simply used
hydrophobicity/hydrophilicity variations and changed the length of the tails (1 or 2 amino
acids), and obtained notable alterations of biological response. There seemed to be no need
to go to 3 amino acids in the tails, since it is desirable to minimize the size of potential
therapeutic agents. Obviously, molecular modeling approaches, rational design
considerations, or combinatorial approaches may be employed in the design of effector
regions (tails) of peptides, as warranted by the system under study.

Finally, it should be noted that AFPep has substantial potential as an anti-cancer drug, and
that the biphasic nature of its binding as demonstrated in this uterine growth inhibition
screening assay may or may not obtain when the molecules are used in anti-cancer assays or
for therapeutic purposes. cyclo[EKTOVNOGN]FI generates a sigmoidal dose-response
curve in the screening assay but its results in the more expensive anti-cancer assays (which
utilize many adult animals) have not yet been demonstrated. It may serve as a better agent
than would AFPep, though it is slightly more expensive to synthesize. Alternatively it may
be useful to add an antagonist of the putative low affinity receptor to a preparation of AFPep
to obviate potential loss of activity at higher drug doses. These considerations must await
investigations that utilize the more sophisticated cancer chemotherapy and cancer
chemoprevention biological assays.
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Scheme 1.
Synthetic process for generating ring-and-tail cyclic peptides.
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Figure 1. Inhibition of estrogen-stimulated uterine growth by analogs of AFPep
Panel A: AFPep (open squares) exhibits slight loss of inhibition at higher doses;
cyclo[EKTOVNOGN]FI (open circles, indicated as N-FI) exhibits sigmoidal dose-response
curve without loss of activity at higher doses. cyclo[EKTOVNOGN]FS (open triangles,
indicated as N-FS) exhibits low activity at low dose, even less activity at higher doses. Panel
B: Analogs with a disrupted pharmacophore exhibit very low activity.
cyclo[EKTOVGOGN] (an analog of AFPep with a single point mutation) (closed squares,
indicated as G) exhibited modest activity at low dose, no activity at higher doses, whereas
cyclo[EKTOVGOGN]FS (closed triangles, indicated as G-FS) had no activity at any dose.
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Figure 2. Combination of analogs affect biological responses
The activity of AFPep (Panel A) or of cyclo[EKTOVNOGN]FI (Panel B, indicated as N-FI)
is decreased in the presence of an analog with an intact pharmacophore and a hydrophilic
tail (cyclo[EKTOVNOGN]FS, indicated as N-FS) which may bind preferentially to, and
activate, a putative low affinity receptor. The activity of AFPep is enhanced (Panel C), while
the activity of cyclo[EKTOVNOGN]FI (indicated as N-FI) is unaffected (Panel D) in the
presence of an analog with a disrupted pharmacophore and a hydrophilic tail, (namely
cyclo[EKTOVGOGN]FS, indicated as G-FS) which may bind preferentially to, but not
activate, the low affinity receptor.
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Table 1

Antiestrotrophic activity of AFPep and ring-and-tail analogs.

Analog Tail Amino Acid(s) Nature of the Side
Chain

Inhibition of Uterine
Growtha %

Inhibition of T47D Cell
Proliferationb %

cyclo[EKTOVNOGN] None (AFPep) 38 ± 3* 51 ± 4*

cyclo[EKTOVNOGN] S S Hydrophilic 18 ± 2 22 ± 6

cyclo[EKTOVNOGN] Y Y Hydrophilic 21 ± 2 22 ± 3

cyclo[EKTOVNOGN] K K Hydrophilic 17 ± 3 18 ± 6

cyclo[EKTOVNOGN] E E Hydrophilic 18 ± 3 20 ± 2

cyclo[EKTOVNOGN] FS FS Hydrophilic 7 ± 3 NA

cyclo[EKTOVNOGN] YI YI Hydrophilic 9 ± 5 24 ± 3

cyclo[EKTOVNOGN] F F Hydrophobic 37 ± 2* 46 ± 2*

cyclo[EKTOVNOGN] I I Hydrophobic 39 ± 2* 55 ± 6*

cyclo[EKTOVNOGN] FI FI Hydrophobic 46 ± 4* 66 ± 2*

    Analogs with Disrupted Pharmacophores

cyclo[EKTOVGOGN] None None 14 ± 5 NA

cyclo[EKTOVGOGN] FS FS Hydrophilic 3 ± 7 NA

Peptides with inhibition of more than 25 % significantly inhibited estrogen-stimulated growth.

a
All peptides were administered at a dose of 1 μg/mouse intraperitoneally. Values are presented as mean ± S.E. (n = 5).

b
T47D human cancer cells were treated with the indicated peptides at a concentration of 1 μM. Values are mean ± S.E. (n = 6).

*
Statistically significantly different from saline control; p < 0.05 Wilcoxon sum of ranks test.
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