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Introduction
Ralph F. Hirschmann has been a leader in efforts to

harness the therapeutic potential of peptides for 40
years. He recognized the importance of synthetic organic
chemistry and peptide conformation in peptide research,
and he and his collaborators have made numerous
important contributions in this field. He has been an
inspiration to my research in peptides and related areas,
and I am honored to join the distinguished group of
chemists who have received the Ralph F. Hirschmann
Award in Peptide Chemistry. This award is especially
significant for me as well because my own research in
peptide chemistry began when I joined Merck in 1975
while Ralph Hirschmann was head of the Department
of Medicinal Chemistry in West Point.

Biologically active peptides are recognized to have
significant therapeutic potential but serious limitations,
especially for oral dosing. The challenge continues to
be to overcome these limitations in order to develop
useful therapeutic agents. Our group at Merck has
taken two general approaches to this problem. The first
is a structure/conformation/activity strategy based on
the structure of the native peptide. This approach
requires the integration of chemical synthesis, biological
assays, and conformational studies, including spectro-
scopic analyses and molecular modeling. A number of
our programs have begun with a second approach
involving screening of natural product and synthetic
collections for novel structural leads. The majority of
these latter projects targeted peptide receptors, but they
involved mostly non-peptide chemistry and will not be
covered in this article. An unrelated approach has

utilized peptide substrates for enzymes in a prodrug
tumor targeting strategy for parenterally administered
cancer chemotherapy.

Covered in this article are two areas of research under
the first general approach involving our design and
synthesis of dipeptide lactams as conformational con-
straints for peptides and our development of cyclic
hexapeptide somatostatin agonists. Under the third
strategy, the design and synthesis of prostate-specific
antigen substrate-cytotoxic drug conjugates as applied
to doxorubicin and vinblastine will be described.

Dipeptide Lactams
The idea to utilize dipeptide lactams as conforma-

tional constraints in peptides originated in a study of
C3 symmetric cyclic hexapeptides that were of interest
for potentially improving feed efficiency in ruminant
animals. These cyclic hexapeptides, typified by cyclo-
(Ala-Sar)3 (1), have cation binding properties, and they
shift ruminant stomach bacterial fermentation toward
the production of less volatile products.1 As part of an
extensive structure-activity study of these peptides, we
wanted to explore the effect of peptide backbone con-
formational restriction on activity. We began to use the
Merck Molecular Modeling System2 to study conforma-
tions of these peptides, and we found it useful for
generating hypotheses to be tested in the laboratory.
In addition to the common strategies of incorporating
D-amino acids and other unnatural amino acids, molec-
ular modeling studies suggested that building a bridge
from the R-position of alanine to the nitrogen of the
succeeding sarcosine in the prototype structure would
be an effective constraint. The resultant lactam would
restrict the peptide bond (ω) to the trans conformation,
and the local small ring conformation would restrict the
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ψ1 backbone dihedral angle. The proximity of the lactam
ring would also restrict conformations of dihedral angles
φ1 and φ2. Furthermore, the size of the lactam ring could
potentially bias the peptide backbone conformation in
different ways (see Figure 1).

It is of interest that examples of such lactam rings in
peptide backbones have appeared in natural products
(Figure 2). At the time we were planning our studies,
the only known examples were the â-lactam antibiotics
such as penicillin G (2).3,4 Recently, an example of a
γ-lactam was found in the fungal product argadin (3),5,6

and a δ-lactam was characterized in the marine natural
product dolastatin 13 (4).7 Although not a complete
dipeptide lactam, the ε-lactam in the marine natural
product bengamide F (5) is structurally related.8 Very
recently, a novel sulfenyl amide containing δ-lactam
dipeptide was shown to play a key role in the redox
regulation of protein tyrosine phosphatase 1B.9

In considering synthetic approaches to dipeptide
lactams of various ring sizes, we established several
objectives. The lactams should be readily synthesized
in protected form. The synthetic methods should pro-
duce optically pure products, and these compounds
should be readily incorporated into peptides using
standard protocols. Commercially available, chirally
pure, protected R-amino acids were attractive starting
materials for achieving these objectives. Three general
lactam ring-forming approaches were developed involv-
ing key steps of intramolecular acylation, intramolecular

alkylation, and a condensation of an appropriate amino
acid derivative with a carbonyl compound.10

The first dipeptide lactam was prepared in late 1976
by way of the intramolecular acylation approach utiliz-
ing NR-Boc,Nδ-Cbz-L-ornithine (6a) as the starting
material (Figure 3). Catalytic hydrogenolysis was em-
ployed to remove the side chain protecting group. By
including glyoxylic acid in the reaction mixture, the
newly freed amine was reductively alkylated in the
same pot. The reaction was stopped when the desired
monoalkylation product was maximal. This carboxy-
methylated compound 7a smoothly cyclized to the
δ-lactam dipeptide 8a with warming in dimethylforma-
mide (DMF) in an overall yield of 51%. The chiral center
remained intact during these operations. The corre-
sponding lysine precursor 6b was converted to the
ε-dipeptide lactam 8b. In this case, the cyclization was

Figure 1. Initial application of dipeptide lactams.

Figure 2. Natural products with dipeptide lactams.

Figure 3. Synthesis of δ- and ε-lactams.
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more difficult, and heating of the methyl ester in
acetonitrile in the presence of triethylamine was re-
quired.

An alternative dipeptide δ-lactam contains a thiazi-
none ring and is synthesized by condensing a cysteine
derivative with paraformaldehyde (Figure 4). The start-
ing material, NR-phthaloyl-S-acetamidomethyl (Acm)
cysteine (9), was coupled with glycine methyl ester (10).
The resultant dipeptide (11) was condensed with
paraformaldehyde in the presence of p-toluenesulfonic
acid with heating to form the thiazinone 12a. The Acm
protecting group was removed under the reaction condi-
tions to free the thiol for reaction to produce the
heterocyclic lactam. The methyl ester was readily
hydrolyzed to the carboxylic acid 12b with HCl in
aqueous tetrahydrofuran. A potential advantage of this
synthetic route is that substitution of glycine with other
amino acids would permit the introduction of a variety
of side chains. A disadvantage is that significant race-
mization occurs at the lactam asymmetic center in the
course of the synthesis. As a result, we have limited our
use of this particular dipeptide lactam in subsequent
applications.

Intramolecular alkylation was employed in the syn-
thesis of dipeptide γ-lactams (Figure 5). Boc-L-methion-
ine (13) was coupled with an amino acid methyl ester
of choice (14) utilizing either diphenylphosphoryl azide
(DPPA) or dicyclohexylcarbodiimide (DCC) as the cou-
pling agent. With the resultant dipeptide 15 in hand,
the key step was conversion of the side chain of
methionine into a leaving group. Methylation of the
methylthio group with methyl iodide produced the
methyl sulfonium salt (16). Treatment with sodium
hydride resulted in cyclization with expulsion of di-
methyl sulfide to form the lactam 17. This synthesis

allows a variety of side chains to be incorporated in the
second amino acid (illustrated for leucine and glycine)
of the lactam dipeptide. The asymmetric centers from
the starting amino acids are preserved through the
synthesis.

A method was also developed for incorporating an
R-substituent on the γ-lactam as exemplified for the Trp-
Lys analogue (Figure 6).11 Nε-Cbz-lysine methyl ester
(18) was warmed with the electrophilic cyclopropane 19
in dimethylformamide to form the lactam ring in a
single step. The reaction is thought to proceed via initial
opening of the cyclopropane by the R-amine of lysine
followed by cyclization of this amine onto one of the
carbonyl groups with loss of acetone, thus freeing a
carboxyl group. The lactam 20 can then be alkylated
with gramine methiodide (21) to incorporate the side
chain of tryptophan. Two diastereomers (22a and 22b)
were produced that are separable by chromatography.
Each diastereomer was subjected to the DPPA-mediated
Curtius rearrangement to yield the fully protected
L-Trp-L-Lys (23a) and D-Trp-L-Lys lactam dipeptides
(23b).

Returning to the C3 symmetric cyclic hexapeptides
that sparked the original interest in dipeptide lactams,
we found that the lactam-constrained analogues were
readily prepared in a single step from the dipeptide
lactam amino acid 24 by cyclotrimerization (Figure 7).
The reaction was mediated by DPPA in the presence of
triethylamine in DMF at -20 °C, and the major product
in each case was the cyclic hexapeptide, obtained in 26%
yield in the example of the δ-lactam (25b).1 With the
lactam enforcing a trans amide linkage in the dipeptide,
the cyclic monomer diketopiperazine is energetically
unfavorable. The cyclic tetrapeptide was also not ob-

Figure 4. Synthesis of thiazine lactams.

Figure 5. Synthesis of γ-lactams.
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served, although small quantities of the cyclic octapep-
tide could be isolated.

Interestingly, only the δ-lactam-containing cyclic
hexapeptide is active in the ruminant fementation assay
with activity comparable to that of the parent cyclo-(Ala-
Sar)3. The corresponding γ- and ε-lactam analogues 25a
and 25c are not active. This case represents the first
example of the use of small lactam rings to bias peptide
backbone conformation and demonstrates that lactams
can be sensitive conformational probes in biologically
active peptides.

We next turned our attention to the application of a
dipeptide lactam constraint to luteinizing hormone-
releasing hormone (LH-RH, 26), an important mam-
malian fertility hormone. At that time, several lines of
evidence supported a Tyr-Gly-Leu-Arg type II′ â-turn
in the receptor bound conformation. For example,
replacement of Gly with D-Ala results in an increase in
potency, while incorporation of L-Ala at the same
position decreases potency. In addition, the analogue
with NR-methylleucine in place of Leu retains activity
(Figure 8). Conformational energy calculations by Mo-
many suggest that this â-turn is a favored low-energy
conformation for LH-RH.12 Examination of a model of

acetyl-alanyl-alanine methylamide in a type II′ â-turn
(Figure 9) suggests that a γ-lactam should bridge
effectively from the first Ala methyl to the second Ala
nitrogen. For the proposed LH-RH â-turn, the lactam
would bridge from the pro-S hydrogen CR-position of Gly
to the nitrogen of Leu. The prediction that the S (L)-
lactam cyclic constraint should stabilize the turn con-
trasts with the known stabilization by R (D)-Ala (acyclic
constraint) and presents a good test for the utility of
the lactam (Figure 10).

The requisite γ-lactam-constrained analogue of LH-
RH was synthesized starting from the Boc-γ-lactam acid
27 containing the leucine side chain in the second amino

Figure 6. Synthesis of γ-lactams with an R-substituent.

Figure 7. Cyclic hexapeptides via lactam dipeptide cyclotri-
merization.

Figure 8. Luteinizing hormone-releasing hormone (LH-
RH).

Figure 9. Bridging a type II′ â-turn with a γ-lactam.

Figure 10. γ-Lactam constraint of a LH-RH type II′ â-turn
tetrapeptide.
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acid (Figure 11). Condensation with the carboxy termi-
nal fragment of LH-RH (H-Arg-Pro-Gly-NH2, 28) in the
presence of DPPA followed by Boc removal with tri-
fluoroacetic acid (TFA) gave the pentapeptide fragment
29. Condensation with the amino terminal pentapeptide
fragment (pGlu-His-Trp-Ser-Tyr-NHNH2, 30) via the
azide method provided the desired decapeptide analogue
31.13

This compound proved to be a LH-RH agonist with
8.9 times the potency of that of the native hormone for
release of LH in a pituitary cell culture system. Given
intravenously to the rat, the analogue’s potency was 2.4
times that of LH-RH. The high potency in the in vitro
assay where the action of proteolytic enzymes should
be minimized suggests that the increase is due to a more
favorable interaction with the receptor. Overall, these
results support the proposed type II′ â-turn in the
biologically active conformation and again illustrate the
utility of lactam conformational constraints. Kopple
studied the solution conformation of lactam-constrained
analogue 31 by NMR and concluded that the preferred
conformation is also consistent with the proposed
â-turn.14

These early results and others from our laboratory15,16

indicate that dipeptide lactams are useful for potency
enhancement, greater receptor selectivity, provision of
information about a peptide’s biologically active confor-
mation, and increased peptidase stability. In addition,
Thorsett pioneered the application of dipeptide lactams
in the context of angiotensin converting enzyme inhibi-
tors,17 and Wyvratt synthesized the first bicyclic lactam
dipeptides for the same project.18 These compounds are
synthetically accessible and can be readily incorporated
into peptide analogues. Since the initial work in this
area, other researchers have considerably broadened the
scope of the chemistry and applications of dipeptide
lactams.19-22

Cyclic Hexapeptide Somatostatin Agonists

Somatostatin (32) is a 14-amino acid peptide contain-
ing a 38-membered macrocyclic ring first isolated at the
Salk Institute in 1973.23 Among its biological activities
are the inhibition of release of insulin, glucagon, and
growth hormone. On the basis of these activities, the
therapeutic target of interest in our laboratories was
type I diabetes. Somatostatin is also found in the central
nervous system and is of interest as a neuropeptide as
well. By the time I became involved with the somatosta-
tin project, another part of Daniel Veber’s group had
been working on the problem for some time, and

substantial progress had been made toward constrained,
simplified analogues (Figure 12).

Structure/conformation/activity studies had suggested
that a â-turn composed of Phe7-Trp8-Lys9-Thr10 is
important for the biologically active conformation, and
correlations with conformation of analogues in solution
had proven useful. Much of the remainder of the
hormone apparently functions as scaffold and can be
replaced with simpler structural units. One of the most
simplified and advanced structures was the bicyclic
heptapeptide 33, which retains only four of the original
amino acids of somatostatin with D-Trp substituting for
L-Trp and yet has 1.24 times the potency of somatostatin
in an in vitro growth hormone release assay in a
pituitary cell culture system.24,25 The two cysteines and
the aminoheptanoic acid in this compound are thought
to function as scaffolding to stabilize the â-turn confor-
mation, which would be type II′ in this case. Compound
33 is also more stable in vivo and shows a much longer
duration of action than somatostatin after administra-
tion to rats. The challenge at this point was to design
even simpler analogues with further improved biological
properties.

We began by constructing a computer model of
compound 33 with the Merck Molecular Modeling
System utilizing NMR data for the preferred solution
conformation. The model was then broken apart at two
bonds as indicated by arrows in Figure 13, the scaffold

Figure 11. Synthesis of a lactam-constrained LH-RH analogue.

Figure 12. Constrained, simplified analogues of somatostatin.
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portion was discarded, and the Phe-D-Trp-Lys-Thr
â-turn with side chains simplified to methyls was
retained for superposition studies with simpler scaffold
structures. Among such structures explored were dipep-
tides (e.g., Ac-Ala-Ala-NHMe) in various turn conforma-
tions that would produce a cyclic hexapeptide containing
two â-turns upon combination with the somatostatin
tetrapeptide. Good matches were obtained with some
of these dipeptides as illustrated in Figure 13, thus
encouraging us to design a series of cyclic hexapeptide
analogues for synthesis and biological evaluation.

Examples of five of these cyclic hexapeptides com-
pared with compound 33 are shown in Table 1. The
cyclic peptides were synthesized from linear precursors
with D-Trp at the amino terminus by azide cyclization
of acyl hydrazides. The linear hexapeptides were pre-
pared by solid-phase peptide synthesis followed by
removal from the resin with hydrazine. All of these
compounds exhibit upfield-shifted Lys γ-methylene
protons, demonstrating that they can achieve proximity
of the Lys side chain and the indole of D-Trp indicative
of the â-turn conformation in solution. In the in vitro
growth hormone release assay, the Ala-Pro compound
34 exhibits about 6% of the activity of somatostatin and
gives a complete biological response. The Pro-Pro and
D-Ala-D-Pro compounds 35 and 36, respectively, show
less than 1% of the activity of somatostatin. We specu-
lated that these cyclic hexapeptides were less active
than 33 because of the absence of a hydrophobic binding
element potentially represented by the aminoheptanoic
acid of 33. This hypothesis was supported when Ala was
replaced by Phe in 34 to produce compound 37. The
latter compound is more potent than the starting

bicyclic peptide 33 with 1.74 times the potency of
somatostatin. The same strategy did not work for
compound 36 (see 38), however, indicating the impor-
tance of the conformation of the new turn region for
proper orientation of the hydrophobic receptor binding
element.26

The discovery of the potent cyclic hexapeptide 37 was
a key advance for the program. This compound is more
readily synthesized and exhibits a duration of action
comparable to that of compound 33 in the rat. As a
result, we turned our attention to optimization of this
new lead class by variation of each of the six amino acids
with a combination of the best substitutions. From a
number of highly potent compounds, the optimal struc-
ture is 39 (MK-678), which contains N-Me-Ala for Pro,
Tyr for Phe, and Val for Thr of 37 (Table 2). This
compound has 52 times the potency of somatostatin in
the in vitro growth hormone release assay and is 70- to
117-fold more potent than somatostatin for inhibition
of release of insulin and glucagon in the rat.27 MK-678
was selected for human clinical trials.

Our group performed the initial large-scale synthesis
of 39, and in the course of this effort, we developed an
improved peptide cyclization protocol that has general
utility (Figure 14). We had previously found DPPA in
DMF to be an effective coupling agent in the macro-
cyclization step of cyclic peptide synthesis.28 With the
published reaction conditions, an organic base such as
triethylamine is typically added in increments to main-
tain slightly basic conditions. The correct balance is
important to allow the reaction to progress and to avoid
racemization. For the synthesis of 39, the protected
linear hexapeptide 40 from a solution synthesis is
cyclized to the penultimate intermediate 41. To optimize
this reaction, we explored a range of conditions includ-

Figure 13. Design of cyclic hexapeptide somatostatin ana-
logues.

Table 1. Cyclo-(A-B-Phe-D-Trp-Lys-Thr)

compound

A B no.
δ (ppm)

Lys, γ-CH2

inhibition of
growth hormone release

(relative potency)

Cys-Aha-Cys
33 0.32, 0.48 1.24

Ala Pro 34 0.39, 0.55 0.06
Pro Pro 35 0.33, 0.53 0.008
D-Ala D-Pro 36 0.2-0.7 0.006
Phe Pro 37 0.4-0.55 1.74
D-Phe D-Pro 38 0.56, 0.71 <0.002

Figure 14. Improved peptide cyclization procedure.

Table 2. Optimization of Cyclic Hexapeptides
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ing a variety of bases. One of the most effective bases
was NaHCO3. The reaction in this case is heteroge-
neous, and efficient stirring is essential. After a simple
filtration through silica gel, the cyclized product is
obtained in 77% yield and >99% purity. This new
method has several advantages over the previous pro-
cedure. Polymer formation and side reactions at higher
solution pH with soluble base are suppressed. The
excess insoluble base eliminates frequent reaction moni-
toring, and minimal racemization is observed. The
procedure is scalable, and we have performed it from
milligram to 100 g scale.29

Returning to the lead cyclic hexapeptide 37, we
focused on developing a working model of its solution/
bioactive conformation and used this model to design
analogues with further improved biological properties.
Compound 37 exhibits a preferred conformation in
solution, and NMR data and conformational energy
calculations were used to construct a model. The model,
shown in Figure 15, contains the expected Phe-D-Trp-
Lys-Thr type II′ â-turn with the Trp and Lys side chains
in proximity. Surprisingly, the second â-turn comprising
Thr-Phe-Pro-Phe is type VI containing a cis Phe-Pro
amide linkage. The remaining side chains are positioned
on the basis of observed chemical shifts and nuclear
Overhauser effects.

One test of this model, which could also lead to more
proteolytically stable analogues, would be to N-meth-
ylate amide linkages. Four of the amides in 37 were
targeted. On the basis of the working model, appropriate
N-methylamino acid replacements for Pro6, Lys9, and
Phe11 should be compatible with minimal conforma-
tional change and result in active compounds (42, 43,
and 45, respectively). N-methylation at the Thr10 posi-
tion, however, would disrupt the type II′ â-turn with a
predicted loss of activity. These analogues were syn-
thesized by our usual procedures, and the biological
results shown in Table 3 were in accord with predic-
tions.16,30 The N-Me Ala6 analogue 42 is essentially a
ring-opened Pro derivative. A key feature of this com-
pound is that the Phe-N-Me-Ala amide can still attain
the cis conformation required for the type VI â-turn in
the model. At the 10-position, it had previously been
shown that R-amino butyric acid (Abu) could substitute
for Thr with full retention of activity. For reasons of
synthetic accessibility, the N-Me-Abu10 analogue 44 was
prepared, and it is essentially inactive. These results
strengthened support for the working model of 37.

While considering sources of the N-Me amino acids
required for the synthesis of these analogues, in par-
ticular NR-Me-Lys, we realized a need for a more general
preparation of N-alkylamino acids protected on nitrogen
with an acid stable group. A new route that we devel-

oped is shown in Figure 16.31 Refluxing a 9-fluorenyl-
methyloxycarbonyl (Fmoc) amino acid 46 with paraform-
aldehyde or a higher aldehyde and p-toluenesulfonic
acid in toluene produces an oxazolidinone 47. The
oxazolidinone is then reduced with excess triethylsilane
in 1:1 chloroform/trifluoroacetic acid to yield the pro-
tected N-alkylamino acid 48. The strongly acidic condi-
tions presumably generate an N-acylimminium inter-
mediate from opening of the oxazolidinone. Donation of
a hydride from triethylsilane to this species completes
the conversion. The reaction conditions permit access
to many N-Me amino acids.32 While the first step is most
efficient with paraformaldehyde, other N-alkylated
amino acids have been obtained from higher aldehydes.
The protected N-alkylamino acids produced in this
synthesis are ready for incorporation into peptides by
standard methodology.

Returning to the working conformational model of 37,
we wanted to further test the importance of the type
VI â-turn with the cis amide linkage. Cyclic side chain
and backbone constraints were employed. In the former
case, Phe11-Pro6 was replaced with Cys-Cys. The new
amide linkage in the resultant analogue 49 is not
N-alkylated, but the eight-membered disulfide-contain-
ing ring is still expected to prefer a cis amide between
the cysteines based on conformational energy calcula-
tions and literature precedent.33,34 Compound 49 is
highly active as shown in Table 4 in accord with the
prediction about its conformation. On first analysis,
however, the high activity of this compound may appear
surprising because an important binding element in the
form of the Phe11 side chain has been removed. The
model indicates, however, that the Cys-Cys disulfide
linkage occupies a similar region of space as that
proposed for the Phe11 side chain. The disulfide is likely
to be playing the role of the key hydrophobic receptor
binding element.

For backbone constraint of the Phe11-Pro6 region of
37, we incorporated γ- and δ-dipeptide lactams of L- and
D-configuration.16 This design retains the N-alkylated
central amide linkage, but the lactam forces the amide
to be trans. All four of these compounds (50-53) were
essentially inactive (Table 4). The analogues are lacking
the Phe11 side chain, and their activity is more properly
compared to that of the Ala11-Pro6 analogue 34. The
most active analogue 50, which contains the L-γ-lactam,
is over 10-fold less potent than 34. These results provide

Figure 15. Model of bioactive conformation: cyclo-(Pro-Phe-
D-Trp-Lys-Thr-Phe).

Table 3. N-Methylamino Acid Substitutions

Relative Potency for Inhibition of Release of:
amino
acid no. insulin glucagon

growth hormone
(in vitro)

N-Me-Ala6 42 6.0 (3.8, 10.9) 16.7 (4.3, 200) 3.5 (2.6,4.5)
N-Me-Lys9 43 0.5 (0.1, 1.8) active 1.6 (0.7, 3.4)
N-Me-Abu10 44 0.004 (0.002, 0.008)
N-Me-Phe11 45 1.1 (0.6, 1.7) 2.0 (1.1, 4.0) 0.53 (0.34, 0.82)

37 5.2 (2.4, 11) 8.0 (1.4, 60.2) 1.74 (1.31, 2.32)

Award Address Journal of Medicinal Chemistry, 2003, Vol. 46, No. 26 5559



additional support for the working model and the
importance of the type VI â-turn in the bioactive
conformation of 37.

The structure/conformation/activity correlations that
we had developed to this point suggested that the side
chains of 37 were the key structural elements for
binding to the somatostatin receptors with the peptide
backbone functioning primarily as a scaffold. To test this
hypothesis, we designed retrocycloisomeric analogues
in which the direction of the backbone is reversed and
the chiral centers of the amino acids are inverted.30,35

The goal was to retain the overall side chain topography
with a new scaffold. Such compounds with a majority
of D-amino acids would potentially have the advantage
of increased protease stability as well. The reference
cyclic hexapeptide for this study was the N-Me-Ala6

analogue 54, which has 3.5 times the potency of soma-
tostatin in the in vitro growth hormone secretion assay.
The pyrrolidine ring of Pro6 in 37 would have been a
complicating factor for this approach when the direction
of the peptide backbone is reversed. The direct retro-
cycloisomer of 54 is compound 55. This compound was
synthesized by our standard protocols and found to be
1000-fold less potent than 54 for inhibition of growth
hormone release (Figure 17). A potential explanation
for this poor activity is that the N-methylated amino
acid and, as a result, the cis amide linkage are now out
of position. The preferred backbone conformation of 55
may not allow the correct positioning of side chains for

good receptor binding. In an attempt to remedy this
problem, the analogue 56 in which the methyl group is
moved from D-Ala to D-Phe (see arrow on 55) was
synthesized. The cis amide bond can now be in the
correct location in the peptide backbone, and we were
pleased to find that 56 recovered 100-fold of the lost
potency and has 25% of the potency of somatostatin. A
final modification in this design focused on the key
â-turn containing the Trp and Lys side chains. Analogue
56 contains D-Lys and L-Trp, and the â-turn is likely to
be type II′, the same as in the reference compound 54.
The enantiomeric â-turn is type II, and it should result
from a structure containing L-Lys and D-Trp. It was of
interest to compare the activity of the resultant ana-
logue 57 with that of 56. Compound 57 was synthesized,
and it was found to be 3 times more potent than 56.
The cyclic hexapeptide 57, which contains five D-amino
acids and has a reversed peptide backbone, is compa-
rable in potency to somatostatin and has 25% of the
potency of 54 in the in vitro growth hormone release
assay. Compound 57 is more stable to trypsin in vitro,
but it was not longer acting in vivo compared to 37. We
concluded that other processes must be controlling the
duration of action.

The correspondence of side chain topography must be
quite good between 54 and 57 because the difference in
potency corresponds to less than 1 kcal in binding
energy. The solution conformation of 57 was determined
by NMR, and a model was built. Comparison of the

Figure 16. Route to protected N-alkylamino acids.

Table 4. Bridging Substitutions

Relative Potency for Inhibition of Release of:
substitution no. insulin glucagon growth hormone (in vitro)

Cys11-Cys6
49 10.6 (5.5, 19.9) 10 (3, 26) 2.47 (1.66, 3.81)

50 L, <0.07 <0.07 0.004 (0.001, 0.013)
51 D, <0.2 <0.2 0.001 (0.0012, 0.004)

52 L, <0.07 <0.07 <0.005
53 D, <0.07 <0.07 <0.005

ALA11 34 0.05 (0.03, 0.1) 0.08 (0.04, 0.21) 0.06 (0.03, 0.12)
37 5.2 (2.4, 11) 8.0 (1.4, 60.2) 1.74 (1.31, 2.32)
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models of 37 and 57 shows their side chains to be in
the same regions of space, but the backbone amide
hydrogen bonding elements are oriented very differently
(Figure 18). These results lend further support to the
hypothesis that the peptide backbone contributes, at
most, a small amount to receptor binding. Its primary
role in these cyclic hexapeptides is largely as a scaffold
to position the side chains for binding to the receptor.
After our work, two groups utilized the bioactive con-
formational information for these cyclic hexapeptides
as a starting point for discovery of active somatostatin
agonist analogues with non-peptide scaffolds, thus
confirming that a peptide scaffold is unnecessary for this
hormone’s biological activity.36,37 All of this research
indicates that when sufficient structural and conforma-
tional information is available for a biologically active
peptide, these data can be used to design and discover
peptidomimetics and non-peptide ligands.

Prostate Specific Antigen (PSA)-Cytotoxic
Drug Conjugates

A pioneering example of prodrug research was re-
ported by Ralph Hirschmann and colleagues in 1964.38

The title of this paper is “An Approach to an Improved
Antiinflammatory Steroid. The Synthesis of 11â,17-
Dihydroxy-3,20-dione-1,4-pregnadien-21-yl 2-Acetamido-

2-deoxy-â-D-glucopyranoside”, and the following state-
ment was made: “It seemed possible to reduce all of
these side effects if an inactive steroid could be prepared
which is preferentially converted into an active drug at
the site of its therapeutic actions”. The concept relied
on cleavage of an inactive sugar derivative of the steroid
by â-N-acetylglucosaminidase at the inflamed site to
liberate the active steroid. Proof of concept was dem-
onstrated in the rat. This research has inspired many
subsequent approaches to the design of prodrugs.

We have attached peptide substrates for prostate
specific antigen (PSA) to cytotoxic agents in an attempt
to target these drugs to prostate tumors. PSA is a serine
protease with the function of liquefying semen by its
ability to cleave several seminal fluid proteins including
semenogelin I and II. This enzyme is only produced in
prostate epithelium and in metastatic prostate cancer
cells. PSA is active only in seminal fluid and in the
microenvironment surrounding prostate cancer cells.
PSA is not active once in circulation because of com-
plexing with circulating R-1-antichymotrypsin and R-2-
macroglobulin. In circulation, PSA remains immuno-
logically active, and PSA levels in serum correlate with
the extent of prostatic cancer in prostate cancer pa-
tients.

The overall objective of our research was to improve
the therapeutic index of existing chemotherapeutics for
prostate cancer by designing a peptide-cytotoxic drug
conjugate that is selectively cleaved by PSA, thus
activating the cytotoxic agent in the prostate cancer cell
microenvironment to effect selective killing. Attainment
of this objective requires a rapid and specific rate of
cleavage by PSA and highly selective potency against
PSA-secreting cells. The peptide substrate also must be
resistant to nonspecific proteolysis, and the conjugate
itself must have substantially reduced cytotoxicity
compared to the parent drug. The latter result would
be achieved if attachment of the peptide prevents the

Figure 17. Retrocycloisomeric analogues.

Figure 18. Comparison of solution/bioactive conformational
models cyclo-(Pro-Phe-D-Trp-Lys-Thr-Phe) and cyclo-(N-Me-
D-Phe-D-Thr-Lys-D-Trp-D-Phe-D-Ala).
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conjugated drug from entering cells. If these require-
ments were met, we expected to observe efficacy against
PSA-secreting tumors. The proposed mode of action is
illustrated for a doxorubicin-peptide conjugate in car-
toon form in Figure 19.

Our initial efforts focused on doxorubicin-peptide
conjugates. While doxorubicin (58) has several potential
sites for attachment of peptides, the amino group on the
sugar portion of the structure proved best for our
purposes. PSA substrate development began with the
462 amino acid sequence of semenogelin I39 and pro-
ceeded as outlined in Figure 20. Five unique sites at
which PSA cleaves in the sequence have been identified.
Primary cleavage occurs at the carboxy terminus of Gln,
which appears to be unique among known mammalian
proteases, although it has been observed for viral
proteases.40 The selective cleavage at Gln represents an
advantage toward the development of PSA-specific
prodrugs where nonspecific proteolysis would be mini-
mized. To begin, a 25 amino acid sequence (59) repre-
senting P10-P15′ of the most efficient PSA cleavage site
in semenogelin I was synthesized. This sequence is still
a substrate for PSA. Incubation of a molar ratio of 1:100
PSA/peptide gave a time for 50% hydrolysis (t1/2) of 25
min compared to a t1/2 for semenogelin of <10 min. A
carboxy and amino terminal blocked 12-mer (60) from

this sequence is a poorer substrate, t1/2 ) 240 min. The
acetyl and amide groups at the termini will limit
cleavage by amino and carboxy proteases. This com-
pound was chosen as the base sequence for extensive
modification aimed at identifying simpler and more
efficient substrates.

Libraries of 60 at P1′, P2′, P3′, and P4′ were synthe-
sized by the simultaneous incorporation of an equimolar
mixture of 19 natural amino acids at each position.41

The four individual libraries were subjected to PSA
digestion for 60 min. Following quenching, the digests
were evaluated by automated Edman sequence analysis.
Only those peptides that are cleaved by PSA will give
products with a free amino terminus; therefore, from
these results, it was possible to determine the relative
susceptibility to PSA hydrolysis of sequences with the
various amino acid substitutions.

A similar approach was not readily accessible for
evaluating P1-P4 substitution because PSA hydrolysis
would not generate a unique set of hydrolytic products.
To determine which amino acids, within the context of
substrate 60, contributed most to improved PSA cleav-
age, single point substitution analogues of 60 were
synthesized using a multiple peptide synthesizer. The
same set of 19 amino acids used for P1′-P4′ was
introduced individually in P1-P4. The resultant 76
peptides after isolation from the solid-phase resin were
treated with PSA to determine their relative rates of
cleavage.

With the preferred single substitutions in 60 identi-
fied for P4′-P4, multiple preferred substitutions and
residue deletions were investigated. The best resultant
substrates were then attached to the amino group of
doxorubicin. Selected key conjugate analogues are shown
in Table 5. At the PSA cleavage site (P1-P1′) in these
analogues, the native amino acids Gln-Ser from se-
menogelin are preferred. To decrease chymotryptic
susceptibility, cyclohexyl glycine in place of tyrosine at
P2 is an effective substitution. Leucine is preferred at
P2′, and the native serine is preferred at P3. The non-
native alanine is an excellent substitution at P4. Utiliz-
ing these amino acids plus the native lysine at P5
produced the heptapeptide conjugate 65 with a PSA t1/2
of 10 min, comparable to that of semenogelin. Unfortu-
nately, compound 65 and other conjugates containing
basic groups were unacceptable for in vivo administra-
tion because of their stimulation of histamine release
in dogs. The lysine at P5 could be successfully replaced
by cyclic amino acids such as hydroxyproline to elimi-
nate this undesirable activity. The resultant conjugate
66 has a good t1/2 of 20 min, but its aqueous solubility
is not sufficient for intravenous formulation. Replace-
ment of the amino terminal acetyl group with an acyl
group containing a carboxyl provided the optimal bal-
ance of PSA cleavage time and physical properties. The
preferred compound is 68, which has an amino terminal
glutaryl and is 50% cleaved by PSA in 30 min.

The peptide-doxorubicin conjugates were prepared
by a combination of solid-phase and solution synthesis
methods as illustrated for 68 in Figure 21.41 The
peptides were synthesized by solid-phase synthesis
using a Boc strategy on 4-(oxymethyl)phenylacetami-
domethyl (PAM) resin. The cleavage of the peptides from
the resin and removal of the side chain protecting

Figure 19. Proposed mode of action of doxorubicin-peptide
conjugates.

Figure 20. Cytotoxic substrate development scheme.
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groups were carried out in anhydrous HF to yield
intermediate 69. Fmoc was utilized for side chain
protection of amino groups and OFm (fluorenylmethyl
ester) for acidic amino terminal groups such as glutaryl.
Compound 69 was used without purification for coupling
with doxorubicin 58. The coupled product was treated
with 20% piperidine in DMF at 0 °C to remove the OFm
protecting group. Final conjugate 68 was purified by
reverse-phase high-performance liquid chromatography,
and the identity and purity of the final product were
established by amino acid analysis, HPLC, and FAB
mass spectrometry.

Table 5 also contains data for the selected conjugates
in prostate cancer cell cultures.39 The LNCaP line
secretes PSA, and the DuPRO line does not. Cells were
incubated with doxorubicin or various peptide-doxo-
rubicin conjugates, and the EC50 for cell kill was
determined. As expected, doxorubicin itself killed the
cells from the two lines indiscriminately with an EC50
of about 1 µM. We were quite pleased to find that all of
the peptide conjugates in Table 5, however, were
selectively toxic to the PSA-secreting LNCaP cells. For
example, the optimal compound 68 has an EC50 of 5.0
µM for killing LNCaP cells but has >100 µM for killing
DuPRO cells. These results suggest that the conjugates
are performing as designed, but some additional expla-
nation of mechanism is necessary. We expect that
cleavage by PSA is occurring at the Gln-Ser bond to
produce H-Ser-Leu-doxorubicin. The microenvironment
of prostate cancer cells is rich in aminopeptidases, and

rapid removal of these two amino acids to yield free
doxorubicin is anticipated. An intermediate in this
process is H-Leu-doxorubicin, which is nonselectively
cytotoxic but less potent than doxorubicin.

In nude mouse xenograft studies using LNCaP pros-
tate cancer cells, results were also in accord with
conjugate 68 functioning as a tumor-targeted prodrug.
The compound reduced PSA levels by 95% and tumor
weight by 87% at a dose below its maximum tolerated
dose (MTD).39 Both doxorubicin and Leu-Dox were not
effective in reducing circulating PSA and tumor burden
at their MTD values. In phase I clinical trials, 68 was
generally well tolerated in patients with hormone
refractory prostate cancer, and physiological activity
was demonstrated on the basis of PSA level reductions.42

We were also able to apply this tumor targeting
approach to the antitumor agent vinblastine 70 (Figure
22).43 In evaluating the vinblastine structure for this
strategy, the first consideration was identifying a suit-
able site for attachment of the peptide substrate for
PSA. After some experimentation, the 4-position hy-
droxyl was chosen. This group is esterified with an
acetyl group in vinblastine, and we considered that
peptide esters could also be attached at this site.
Furthermore, des-Ac vinblastine 71 is a major metabo-
lite of the parent compound with comparable cytotox-
icity. It was also established at an early point in this
study that attachment of a peptide sequence at this site
rendered the resultant molecule relatively nontoxic. A
key feature of vinblastine is that it is more chemically
robust over a wider pH range than doxorubicin, thus
allowing the application of a wider range of reaction
conditions in the preparation of peptide conjugates. This

Table 5. Biological Data for Key Doxorubicin-Peptide Conjugates

in vitro EC50 (µM)
doxorubicin-conjugate structure t1/2 (min) LNCaP DuPRO

58 doxorubicin (Dox) 0.7 1.8
61 H-Ser-Leu-Dox
62 H-Leu-Dox 6.7 14.0
63 Ac-Ala-Asn-Lys-Ala-Ser-Tyr-Gln-Ser-Ser-Leu-Dox 100 6.3 >100
64 Ac-Lys-Ala-Ser-Tyr-Gln-Ser-Leu-Dox 30 4.8 100
65 Ac-Lys-Ala-Ser-Chg-Gln-Ser-Leu-Dox 10 4.5 >100
66 Ac-Hyp-Ala-Ser-Chg-Gln-Ser-Leu-Dox 20 4.5 >100
67 succinyl-Hyp-Ala-Ser-Chg-Gln-Ser-Leu-Dox 55 5.7 100
68 glutaryl-Hyp-Ala-Ser-Chg-Gln-Ser-Leu-Dox 30 5.0 >100

Figure 21. Synthesis of peptide-doxorubicin conjugate 68.

Figure 22. Peptide-vinblastine conjugate.
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became important because the 4-position is sterically
hindered, which mandates fairly vigorous conditions for
both cleavage of the acetyl and subsequent esterifica-
tion. On the basis of literature precedent, we found that
the acetyl could be selectively removed with 25% hy-
drazine in ethanol at room temperature.

With a good preparation of des-Ac vinblastine in hand,
we next investigated incorporation of peptide sequences.
Even with simple amino acid derivatives, vigorous
coupling conditions were required for good yields in
esterification reactions. For example, the acid chloride
of Fmoc-proline in pyridine was required for efficient
reaction. These results also established that direct
coupling of a peptide sequence to the 4-OH would not
be a suitable strategy. The choice of an optimal peptide
substrate for PSA relied heavily on our database
developed in the doxorubicin studies.43 In the optimized
doxorubicin conjugates, an acidic group at the amino
terminus was required for sufficient aqueous solubility
for intravenous formulation. Because of the basic nature
of vinblastine and its greater aqueous solubility, espe-
cially at pH less than 7, the amino terminal group could
be a simple acetyl in this case. The substrate sequence
Ac-Hyp-Ser-Ser-Chg-Gln-Ser-OH was initially chosen
for coupling to H-Pro-des-Ac-vinblastine and other
amino acid vinblastine derivatives; however, cleavage
rates by PSA were unsuitably slow in all cases. An
additional serine was incorporated at the carboxyl
terminus. Experience in the doxorubicin research indi-
cated that this sequence would be a good substrate. The
target compound was prepared from the heptapeptide
precursor (synthesized by solid-phase peptide synthesis)
and 4-O-prolyl vinblastine with 1-(3-dimethylaminopro-
pyl)-3-ethylcarbodiimide hydrochloride (EDC)/3,4-dihy-
dro-3-hydroxy-4-oxo-1,2,3-benzotriazine (ODHBt)/N-
methylmorpholine in DMF at 0 °C. We were pleased to
find that compound 72 with the proline linker to
vinblastine gave excellent cleavage rates with a t1/2 for
PSA cleavage of 12 min.

Evaluation of other in vitro properties demonstrated
the PSA-secreting tumor-targeted profile of 72.44 In cell
culture systems, 72 selectively killed the PSA-secreting
LNCaP cells compared to the non-PSA-secreting Co-
lo320 and T47D cells (Table 6). In contrast, des-Ac
vinblastine potently kills all of these cell types with no
selectivity. As in the case of the optimal doxorubicin
conjugates, this selectivity translated to improved in
vivo efficacy. In nude mice impregnated with LNCaP
tumor cells, des-Ac-vinblastine and 4-O-Pro-des-Ac-
vinblastine show little effect on circulating PSA levels
or tumor weight at their maximum tolerated doses.
However, conjugate 72 at a dose below its MTD dem-
onstrated 99% reduction of PSA levels and 85% reduc-
tion of tumor weight in these mice (Table 6).44 This

conjugate has promising properties for further evalua-
tion of its antitumor efficacy.

The excellent biological properties of 72 and the
important role of proline compared to nonsecondary
amino acids as the linker to vinblastine suggested that
a novel chemical cleavage mechanism could be operating
for this conjugate. Further studies support the mecha-
nism shown in Figure 23.43 As anticipated, the first step
in the in vivo release of des-Ac-vinblastine 72 involves
cleavage by PSA at the Gln-Ser bond. Amino peptidase
action would then remove the next residue (serine).
Metabolism studies on substrates with primary amino
acids as the linker to vinblastine indicate that subse-
quent protease and esterase cleavage is relatively slow.
In the case of 72, because of the tertiary amide linkage
between Ser and Pro that lowers the energy of the cis
amide conformation, the H-Ser-Pro-des-Ac-vinblastine
can readily lose the dipeptide via a diketopiperazine
cyclization to release des-Ac-vinblastine. This combina-
tion of enzymatic and chemical cleavage mechanisms
is thought to be key to the efficient in vivo generation
of 71 from 72.

Conclusion

Three examples of our contributions to peptide chem-
istry have been exemplified in this article. We designed
and synthesized the first dipeptide lactams as confor-
mational constraints for biologically active peptides.
Practical synthetic routes for five-, six-, and seven-
membered lactams were developed to provide the target

Table 6. Biological Data for Vinblastine Conjugate

in vitro
in vivo

EC50 µM)
vinblastine-conjugate structure

t1/2
(min) LNCaP Colo320 T47D

% PSA
reduction

% tumor
wt reduc

dose
(µmol/kg)

MTD
(µmol/kg)

vinblastine (70) 0.5
des-acetyl vinblastine (dAc-VIN)a (71) 0.1 0.2 0.15 14 16 0.26 0.26
4-O-(Pro)dAc-VINa 1.0 3.0 1.6 33 60 4.6 4.6
4-O-(Ac-Hyp-Ser-Ser-Chg-Gln-Ser-Ser-Pro)-dAc-VINa (72) 12 1.6 14 >50 99 85 15.3 21.4

a VIN ) vinblastine.

Figure 23. Proposed chemical release mechanism for vin-
blastine conjugate.
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materials in protected form ready for incorporation into
peptide sequences. The utility of the lactams for provid-
ing bioactive conformational information was demon-
strated in analogues of LH-RH, somatostatin, and
rumen additive peptides. In a second example, we
designed and synthesized the first cyclic hexapeptide
somatostatin agonists with biological potency greater
than that of the native hormone. Various conformation-
ally constrained cyclic hexapeptide analogues were
prepared to further define the biologically active con-
formation of somatostatin. With retrocycloisomeric ana-
logues, it was shown that the peptide backbone was not
critical for activity, thus paving the way for the develop-
ment of non-peptide somatostatin analogues by other
researchers. In the course of the somatostatin studies,
we also developed a novel method for the synthesis of
protected N-alkylamino acids and an improved peptide
macrocyclization procedure. The third example of our
research involved the design and synthesis of short
peptide substrates for the serine protease prostate
specific antigen (PSA). These peptides were conjugated
to doxorubicin and vinblastine, and targeting of these
cytotoxic agents to PSA-secreting tumors in nude mice
was demonstrated.

The area of biologically active peptide research con-
tinues to be very active and holds considerable promise
for the development of novel therapeutic agents. Ongo-
ing research is utilizing some of our concepts and
methodologies, and I hope that these tools will continue
to be useful to workers in the field.
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