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Abstract: Breast cancer is the most common cancer among women, and tamoxifen is the preferred drug
for estrogen receptor-positive breast cancer treatment. Many of these cancers are intrinsically resistant to
tamoxifen or acquire resistance during treatment. Consequently, there is an ongoing need for breast cancer
drugs that have different molecular targets. Previous work has shown that 8-mer and cyclic 9-mer peptides
inhibit breast cancer in mouse and rat models, interacting with an unsolved receptor, while peptides smaller
than eight amino acids did not. We show that the use of replica exchange molecular dynamics predicts the
structure and dynamics of active peptides, leading to the discovery of smaller peptides with full biological
activity. Simulations identified smaller peptide analogues with the same conserved reverse turn demonstrated
in the larger peptides. These analogues were synthesized and shown to inhibit estrogen-dependent cell
growth in a mouse uterine growth assay, a test showing reliable correlation with human breast cancer
inhibition.

Introduction

Breast cancer is the most common cancer diagnosed in
women and is the second leading cause of cancer death among
women, closely following lung cancer. In 2006, the American
Cancer Society estimated that 212 920 women in the United
States will be diagnosed with invasive breast cancer and
predicted 40 970 deaths.1 Tamoxifen is the most widely used
drug for the treatment of estrogen receptor-positive breast
cancer, acting through competition with estrogen for binding
to the estrogen receptor (ER).

However, approximately one-third to one-sixth of ER-positive
breast cancers are intrinsically resistant to tamoxifen, and many
more acquire resistance to this drug during treatment.2 Ad-
ditionally, tamoxifen stimulates uterine growth, which can lead
to uterine cancer in a small percentage of women taking this
drug.2 Consequently, there is an ongoing need for breast cancer
drugs with greater efficacy and fewer side effects.

R-Fetoprotein (AFP) is an embryo specific serumR-globulin
glycoprotein that is synthesized primarily by the fetal liver and

circulates through the serum of pregnant women.3 AFP has been
reported to bind and transport ligands, including fatty acids,
steroids, heavy metal ions, phytoestrogens, drugs, and some
toxins.4 AFP is a growth-regulating hormone with the capacity
to stimulate or inhibit growth.5 From fertilization through birth,
AFP holds an important physiological role as a developmental
promoter for the fetus. More recent reports have shown that
AFP has antiestrogenic activity and can inhibit the growth of
estrogen dependent cancer.2,6-8 These data, combined with
epidemiological data showing that elevated levels of AFP are
associated with a reduced lifetime risk of breast cancer,7 have
led to the suggestion that AFP or analogues thereof may be a
useful agent for chemoprevention, as well as for the treatment,
of breast cancer.7,9,10Festin et al.,11 Eisele et al.,12,13and Mesfin
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et al.14 parsed the 70 000 MW AFP into a series of smaller
peptides that retained the same antiestrogenic and antibreast
cancer activities of the original protein. Their work resulted in
the smallest known active analogue, an 8-mer with the sequence
EMTPVNPG (AFPep),14 which consists of amino acids 472-
479 from the human AFP sequence. Amino acid substitution
studies revealed the importance of specific residues essential
for activity.15 All efforts since then to create an active peptide
consisting of fewer than eight residues has resulted in the loss
of antiestrogenic activity.14,15

A receptor for AFP on cancer cell membranes has been
reported,16 and binding of AFP (or AFPep) to this receptor
signals the cell to inhibit its own growth. The steric/electronic
features of the receptor site that permits AFP binding are largely
unknown, making rational development of lead compounds
difficult. We present here a novel strategy for developing new
lead compounds, a strategy that uses molecular dynamics to
explore the allowed conformational space of potentially active
analogues in solution. Rational drug design using molecular
dynamics in this manner involves understanding the conforma-
tional space occupied by the active compounds followed by the
creation of different compounds that sample the same space.
We have used Replica Exchange17,18 Molecular Dynamics
(REMD) techniques19 to explore the conformational dynamics
of several AFPep analogues. Our REMD results reveal that the
peptide’s critical region for activity is a four amino acid
sequence that adopts a Type Iâ-turn conformation. We have
run REMD simulations on several different four and five amino
acid peptides, synthesized those that appeared promising, along
with controls, and tested them for activity using an immature
mouse uterine growth assay.2 Results from the REMD simula-
tions and the experimental activity studies are presented in this
paper and show that peptides as short as four amino acid residues
retain biological activity.

The REMD technique has been successfully used to obtain
energy landscapes for the TRP cage and for the C-terminal
â-hairpin of protein G,20-22 to find the global minimum for
chignolin23 and to explore unfolding ofR-helical peptides as a
function of pressure and temperature.24 REMD has also been
used to explore intrafacial folding and membrane insertion of
designed peptides25 as well as simulations of DNA.26,27Recent

work has focused on use of REMD to determine peptide
structure and peptide and protein folding pathways.28-85 We
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demonstrate for the first time that REMD, besides being an
excellent technique for probing peptide and protein structure,
can be used for a lead compound design.

Methods

We used the AMBER 8 molecular dynamics program package19,86

with a new force field that has been created specifically to improve
the representation of peptide structure.87 Simulations were run in implicit
solvent, using the Generalized Born (GB) model88 implemented in
AMBER89 with the default radii under the multisanderframework.89

It has been demonstrated that the use of continuum solvent models in
REMD can lead to overstabilization of ion pairs that affect the secondary
structure,90,91 but since we do not have salt bridges in our peptide
structure we avoid this potential problem. Adequate sampling of
conformational space was insured through the use of the Replica
Exchange algorithm.17,18REMD was developed as a means to overcome
local potential energy barriers. Compiled under AMBER 8, one-
dimensional REMD explores a generalized canonical ensemble of N
noninteracting replicas that undergo simulation separately but con-
comitantly at exponentially related temperatures, with exchanges
between replicas occurring at a specified time interval. The consequence
of this exchange is that entrapment in local potential energy wells is
avoided. Those replicas that do become trapped within a local well at
one temperature can escape when transitioned to a higher temperature
as part of the exchange process. Thus, accuracy of conformation is
maintained through analysis at low temperatures, while simulations at
higher temperatures efficiently achieve exploration of the potential
energy surface.

The sequences used for the simulations were chosen from the set of
previously synthesized active analogues.15 REMD simulations were run
on the cyclic analogues cyclic-[EKTPVNPGN], cyclic-[EKTPVNPGQ],
cyclic-[EMTPVNPGQ], and the linear analogues EMTPVNPG and
EMTPTNPG. In addition, REMD simulations were run on the smaller
analogues EMTPVNP, MTPVNPG, TPVNP, TPVN, and PVNP. All
sequences were capped using an acetyl beginning residue and an
N-methylamine ending residue. Eight different replicas were used, each
defined initially with the same input structure. Temperatures were
selected to agree with exponential growth such that interchange occurred
within the temperature group tempi, tempo ) 265, 304, 350, 402, 462,
531, 610, and 700 K. The same temperatures were used for each peptide
simulated and controlled using a weak-coupling algorithm as specified
by ntt ) 1. The number of exchange attempts between neighboring
replicas was set to 1000, and the number of MD steps between exchange
attempts was defined as 10 000. Thus, the total length for each
simulation with a time step of 0.002 ps was 20 ns.19 Additional
methodological information can be found in a forthcoming paper.92

The linear peptide analogues shown in Table 2 were prepared using
Fmoc solid-phase synthesis.14,15,93The antiestrogenic activity of each
peptide was determined using the immature mouse uterine growth assay
as described previously.2,7 Intraperitoneal (i.p.) administration of 0.5
µg of 17â-estradiol (E2) to an immature female mouse doubles its
uterine weight in 24 h.7 Swiss/Webster female mice, weighing 6-8
grams at 13-15 days old, were obtained from Taconic Farms. Mice
were grouped so that each group had the same range of body weights.
Each group received two sequential i.p. injections spaced 1 h apart.
The peptide or a saline solution control was contained in the first
injectant, and E2 or a saline control was contained in the second
injectant. 22 h after the second injection, uteri were dissected and
weighed immediately. The uterine weights were normalized to mouse
body weights (mg of uterine/g of body). Experiments used a minimum
of five mice per group, and the mean normalized uterine weight and
standard deviations were determined for each group. Percent growth
inhibition in a test group was calculated from the normalized uterine
weights as given by eq 1.

The significance of differences between groups was evaluated with the
nonparametric Wilcoxon ranks sum test (one-sided). Generally, drug-
induced growth inhibitions of 20% or greater are significantly different
(p e 0.05) from the group receiving E2 alone. Each AFPep analogue
was evaluated for antiuterotrophic activity in three or more experiments,
and the mean growth inhibition( the standard error for each analogue
is reported in Table 2.

Results

Figure 1 shows the conservation of conformational space of
the five active 8-mer and cyclic 9-mer AFP-derived peptides
previously shown14,15to have antiestrogenic activity. This figure
shows the overlay of the most representative peptide geometries
obtained from the conformational family that displays the
common reverse turn motif in each REMD simulation. Four
amino acids, TPVN, are conserved in the conformational space
of the active 8-mers and cyclic 9-mers. The TPVN sequence
forms a reverse turn within the longer peptides, a structure that
is conserved across all five REMD simulations. In a Type I
reverseâ-turn, four amino acids form a turn structure, which is
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Figure 1. Overlay of the cyclic-[EKTPVNPGN] (red), cyclic-[EKTPVN-
PGQ] (blue), cyclic-[EMTPVNPGQ] (orange), and the EMTPVNPG (green)
and EMTPTNPG (purple) peptides from REMD simulations. Each structure
represents theâ-turn motif sampled during the dynamics.
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defined by the phi (φ) and psi (ψ) angles of the second and
third amino acids. An ideal Type Iâ-turn hasφ/ψ values of
-60° and-30° for the second amino acid andφ/ψ values of
-90° and 0° for the third amino acid in the four amino acid
turn sequence. As displayed in Table 1, the cyclic-[EMTPVN-
PGQ] and EMTPVNPG peptides have averageφPro/ψPro and
φVal/ψVal values that fall within 13° of a Type I turn. The other
three simulations of the 8-mer and 9-mer peptides have similar
values (Figure 1).

We ran REMD simulations for the TPVN, TPVNP, and
PVNP analogues to explore the conformational space sampled
by these four and five amino acid peptides. The TPVN and
TPVNP peptides form the same reverse turn seen in the larger,
active peptides. As displayed in Table 1, the TPVNP and TPVN
analogues haveφPro/ψPro values of approximately-67° and
-19°, while theφVal/ψVal values are approximately-91° and
-12°. In contrast, the averageφVal/ψVal, andφAsn/ψAsn values
for the two dominant conformations of the PVNP peptide reveal
that none of the three structures is a turn (Table 1). The structure
that is sampled for 68% of the REMD simulations hasφVal/
ψVal angles of-89° and -8° andφAsn/ψAsn angles of-110°
and 115°. The structure sampled for 27% of the REMD
simulation hasφVal/ψVal angles of-108° and 141° andφAsn/
ψAsn angles of-104° and 128°. Consideration of the average
asparagine angles alone shows that the PVNP peptide does not
form a turn structure.

The representative dynamics of three analogues containing
the conserved TPVN sequence can be visualized in Figure 2.
The top graphs display the distance between the CR atoms of
the threonine and asparagine residues, serving as a definitive
diagnostic for aâ-turn. Twenty-five percent ofâ-turns do not
have an intraturn hydrogen bond, so an alternative definition
of a â-turn is that the distance between the CR carbon atoms of
amino acid residues one and four in the tetrapeptide sequence
is less than 7 Å.94 The TPVN tetrapeptide has a CR(Τ) - CR(Ν)

distance less than 7 Å for 64% of the simulation, indicating a
â-turn. The TPVNP pentapeptide adopts the turn structure for
74% of the simulation, and the cyclic-[EMTPVNPGQ] peptide
is locked into the turn structure for 99% of the simulation. The
bottom graphs in Figure 2 show the corresponding three-
dimensional plots ofφ versusψ. These plots reveal the dynamics
of the φ/ψ values for proline (red) and valine (green) amino
acids throughout the simulation for these three peptides. These
plots confirm that these three peptides adopt aâ-turn conforma-
tion over the course of the simulation.

Several 4-mer and 5-mer peptide analogues containing the
TPVN sequence, or a similar sequence with hydroxyproline (O)
substituted for proline, were synthesized, tested, and compared
to the original 8-mer peptides for biological activity. As shown
in Table 2, biological activity, as defined by inhibition of
estrogen-stimulated growth of an immature mouse uterus, was
retained in the TPVN and TOVN 4-mers and even more so in
the TPVNP and TOVNO 5-mers.

The OVNO and PVNP analogues, which were thought to
represent the pharmacophore region of AFPep,15 did not show
significant activity. Similarly, five amino acid peptides contain-
ing the amino or carboxyl end of AFPep did not have biological
activity (bottom of Table 2). The 7-mer, EMTPVNP, was
slightly less active than AFPep and the smaller TPVNP.

The figures reveal why the TPVNP and TPVN analogues
are active. All active peptides have a conserved reverseâ-turn
motif. Theseâ-turns are formed by the TPVN sequence, with
a hydrogen bond formed between the carbonyl oxygen of the
first amino acid and the amide hydrogen of the fourth amino
acid. The conservation of proline in the second position favors
the formation of a reverse turn. This proline is conserved in
human, gorilla, chimpanzee, horse, rat, and mouse AFP
sequences.15

Discussion

We have used REMD simulations to sample the conforma-
tional space of 8-mer and 9-mer AFP-derived peptides that have
antiestrogenic and antibreast cancer activity. We discovered that
an identical four amino acid sequence had minimal conforma-
tional flexibility, suggesting that this region is essential for the
biological activities of these peptides. The TPVN, TOVN,
TPVNP, and TOVNO sequences were subsequently synthesized
and were found to be biologically active. This is a novel finding
because Mesfin et al.11 and DeFreest et al.15 had concluded that
the 8-mer, EMTPVNPG, was the minimum number of residues
that an AFP-derived peptide can have and still retain significant
antiestrogenic activity. This conclusion was based on the
findings that the 7-mers, MTPVNPG and EMTPVNP, had
relatively less biological activity than the 8-mers. These
investigators concluded that the 8-mer peptide assumed a
pseudo-cyclic conformation, that the middle of the peptide
contained its pharmacophore region (the PVNP sequence), and
that the exterior residues were essential for holding the peptide
in its active conformation. The 7-mers lost activity, which was
assumed to result from the loss of hydrogen bonding between
the first and eighth amino acid residues, suggesting that full
activity must require at least eight amino acid residues. Indeed
the 5-mer, EMTPV, was synthesized and found to have no
significant activity, which supported their conclusion that the
8-mer sequence was the minimal sequence for biological
activity.14 Furthermore, guided by this hydrogen bond hypoth-
esis, cyclic 9-mers were also synthesized and shown to possess
significant biological activity.93 We tested this pseudocyclic
conformation hypothesis by examining the percentage of
hydrogen bond formation between the first and eighth amino
acids for each simulation containing seven or eight amino acid
residues. For all 8-mer and 7-mer simulations, hydrogen bond
formation between the first and the last amino acids is observed
for less than 1% of the simulation if the distance definition for
a hydrogen bond is set at 2.3 Å. This result is contrary to the
original hypothesis.(94) Chou, K.-C.Anal. Biochem.2000, 286, 1-16.

Table 1. Average φ/ψ Angle Values for the Second and Third
Amino Acids for Five Different Sequencesa

φ2 ψ2 φ3 ψ3

type I â-turn -60 -30 -90 0
cyclic-[EMTPVNPGQ] -68 -16 -96 -9

EMTPVNPGb -68 -17 -94 -11

TPVNP -65 -19 -95 -12
TPVN -68 -19 -88 -11

PVNP 68% -89 -8 -110 115
27% -108 141 -104 128

a The four residues in boldface define amino acids one through four for
each peptide. Theφ/ψ angle values for the second and third amino acids
of a four amino acid sequence are diagnostic for aâ-turn structure.b The
sequence of the AFPep peptide.
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The REMD studies reported herein lead to a substantially
different conclusion regarding the requirement for peptide
activity. These studies indicate that the key region is the TPVN
sequence, since this structure retains the turn conformation
common in every active peptide; the PVNP peptide does not
sample a reverse turn structure (Table 1) and shows insignificant
activity (Table 2). The above discovery has profound conse-
quences. First, a 4-mer or a 5-mer peptide that retains biological
activity is less expensive to synthesize than an 8-mer or a 9-mer
peptide, and these smaller analogues are more druglike. Second,
knowing the conformational space occupied by the 4-mer
provides insight into the topology of the unknown receptor site
for these peptides. Based on this study, the receptor site topology
for the AFP analogue peptides is predicted to be a mirror image
of a reverseâ-turn. We note that theâ-turn solution conforma-
tion of these peptides may not be retained when bound in the
active site. However the high correlation between activity and
â-turn conformation coupled with the entropic cost for altering

the conformation upon binding gives us confidence that the
receptor topology will accommodate aâ-turn conformation.
Previous substitutions in the 8-mer sequences reveal that when
threonine, leucine, or isoleucine is substituted for valine,
biological activity is retained, while substitution of valine with
D-valine or alanine results in loss of activity. This implies that
the topology of the receptor is stereospecific, and branched
amino acids are essential for creation of hydrophobic forces that
bind the receptor to the peptide. Finally, it leads to a different
conceptual approach for stabilization of these peptides and the
development of peptidomimetics. Peptidomimetics can be
designed based on the active 4-mer and 5-mer peptides, with
REMD used to ensure that the steric and electronic nature of
the peptides is retained. Developing a peptidomimetic may not
be necessary, for as long as the peptides are bioavailable they
have the advantage of a lower probability of side effects
compared to peptide mimics. The AFP 8-mer and cyclic 9-mer
peptides have already been shown to be nontoxic and bioavail-
able in mice.2 Cancer xenograft assays in mice involved the
administration of 8-mer and cyclic 9-mer peptides twice a day
for 30 days, during which time tumor growth was significantly
inhibited, and there was no change in mouse body weight, cage
activity, fur texture, or body temperature. In addition there were
no changes in size or appearance of major organs relative to
the control group. The uterine growth studies revealed that these
peptides, unlike tamoxifen, did not stimulate murine uterine
growth; indeed they inhibit the uterine stimulated growth
induced by tamoxifen.2,8 Thus, the peptides derived from AFP
represent a new class of potential breast cancer drugs, which
are active through a new, yet to be discovered, receptor.

Because there is excellent correlation between the uterine
growth assay and the human breast cancer xenograft assay with
regard to AFPep peptide inhibition of estrogen-stimulated
growth,2,14 the TOVNO, TPVNP, TOVN, and TPVN analogues

Figure 2. The top graphs depict the distances between the conserved threonine and asparagine CR atoms as a function of simulation time for the TPVN
(left), TPVNP (middle), and cyclic-[EMTPVNPGQ] (right) peptides. The bottom graphs depict their correspondingφ (x-axis) andψ (y-axis) angles as a
function of simulation time for the conserved proline (red) and valine (green) amino acids.

Table 2. Effect of AFP-derived Peptides on Estrogen-stimulated
Growth of Immature Mouse Uterusa

sequence % inhibition ± SE

EMTPVNPG 34( 3b

EMTOVNOG 32( 4b

EMTPVNP 19( 2
TOVNO 31( 4b

TPVNP 26( 1b

TPVN 24( 5b

TOVN 22 ( 1b

OVNO 6 ( 5
PVNP 5( 3
PGVGQ 0
EMTPV 0
EMTOV 0

a Estradiol and peptide injection into immature mice was carried out as
described in Methods. Peptide was injected intraperitoneally at a dose of 1
µg per mouse.b p < 0.05 when compared to group stimulated with E2 alone.
Wilcoxon Rank-Sum Test.
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that are all active in the uterine growth assay are predicted to
inhibit human breast cancer growth. We have begun the
xenograft assays on these analogues to evaluate this prediction.

Conclusions

We have applied and demonstrated for the first time that
REMD simulations can be used as a novel lead compound
design tool. We have shown that REMD predicts a common
conformation that is shared between the active linear 8-mer and
cyclic 9-mer peptides. The predicted common conformation is
a conserved reverseâ-turn, and the smaller peptide analogues
TOVNO, TPVNP, TOVN, and TPVN also contain the same
conserved reverse turn. These analogues are shown to inhibit
estrogen-dependent cell growth in a mouse uterine growth assay,
through interaction with a yet to be discovered key receptor,
and are predicted to inhibit human breast cancer. The 5-mer
and 4-mer peptides are new discoveries that may lead to
promising new antibreast cancer drugs.

Acknowledgment. We thank Carlos Simmerling and Adrian
Roitberg for insightful discussions of the replica exchange
methodology and Steve Festin for his contributions. Acknowl-
edgment is made to the donors of the Petroleum Research Fund,
administered by the ACS, to the Research Corporation, to the
NIH (R01 CA102540 and R15 CA115524), to the New York
State Breast Cancer Research and Education fund through
Department of Health Contract C017922, to the DOD (BC031067
and W81XWH-05-1-0441), and to Hamilton College for support
of this work. This project was supported in part by NSF Grant
CHE-0457275 and by NSF Grants CHE-0116435 and CHE-
0521063 as part of the MERCURY high-performance computer
consortium (http://mercury.chem.hamilton.edu). This work was
first presented at the 2006 International Symposium on Theory
and Computations in Molecular and Materials Sciences, Biology
and Pharmacology, on February 26, 2006.

JA070202W

A R T I C L E S Kirschner et al.

6268 J. AM. CHEM. SOC. 9 VOL. 129, NO. 19, 2007




