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14.1 Introduction

Historically, the most successful approach for the discovery of lead structures for
drug development has been the broad screening of natural products. Lead com-
pounds for pharmaceuticals have been obtained from plants, marine organisms,
fungi or other microorganisms. In addition, the screening of collections of organic
compounds or the modification of bioactive peptides have been used for the genera-
tion of drug candidates (1, 2].

Over the past few years, automated and combinatorial methods for the rapid
generation of diverse mixtures (“libraries”) of peptides, nucleic acids and organic
molecules have been developed [3, 4]. Highly diverse sets of large collections of
biooligomers or organic compounds should have an increased probability to com-
prise a few molecules that bind to a specific pharmaceutica! target like an enzyme
or a receptor.

The approach used here for the generation of molecular diversity [5] is based on
the fully automated, high-through synthesis of N-substituted glycine (NSG) peptoid
libraries. Equimolar mixtures of nonnatural oligomers are generated with precise
control over the composition of the synthesized libraries. The diverse peptoid mix-
tures are screened in the solution phase to obtain binding data that are as accurate
as possible.

14.2 Criteria and Goals for the Generation of Molecular
Diversity

To generate a large number of different compounds in a short period of time, auto-
mation of the synthetic process is highly desirable. A modular approach for the
generation of molecular diversity limits the number of the required synthetic
manipulations and thus greatly simplifies automation. Consequently, it was decided
to take advantage of a simple, high-yielding linking chemistry for the assembly of
oligomeric structures. A :
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The building blocks for the intended modular approach should have a wide variety
of structurally and functionally diverse side chains. Structural redundancy within
components of the library can be avoided by rational selection of the incorporated
monomers. The use of readily available building blocks for the oligomers would
overcome the costly and time-consuming process of synthesizing large amounts of
monomers prior to assembly of the libraries.

Polymer-supported chemistry is particularly attractive for the generation of
diverse mixtures with equimolar concentrations of the individual components. In
contrast to solution phase chemistry, the attachment of the substrate to a matrix
allows for the easy separation of the substrate and ensures that:

(a) all reagents can be washed away after each synthesis step is completed. This
allows the use of excess reagents or even the repetition of each reaction step to drive
each reaction to completion. Consequently, equimolarity can be achieved despite
some differences in the reactivity of the individual substrates and reagents;

(b) the substrate molecules are spatially separated from one another (“pseudo-
dilution”) (6]. Consequently, intermolecular side reactions are suppressed efficiently,
resulting in more homogeneous reaction products. Moreover, reagents with multiple
reaction sites react more selectively with a polymer-bound substrate (e. g., the reac-
tion of a primary amine, a symmetrical diamine, etc., with a resin-bound electrophile
often provides a single reaction product, as compared to a more complex reaction
mixture for the same reaction using an electrophile in solution).

(c) automation can be developed for almost all manipulations;

(d) by recombining and splitting the resin after each reactionstep, combinatorial
methods can be used for the generation of a large number of compounds. A suitable
resin splitting scheme would allow for the synthesis of equimolar mixtures with
precise control over the composition of the libraries. Mixture equimolarity greatly
simplifies the evaluation of binding data [7] because all assays will reflect normalized
affinities of the tested pools. !

When synthetic libraries are used for the discovery of biologically active com-
pounds, all initial assay data. are generated from pools of compounds rather than
single molecules. Therefore, the molecular diversity approach to drug discovery re-
quires the retrogressive identification of the bioactive components. This has been ac-
complished (a) by affinity selection [7, 8], (b) by iterative resynthesis of successively
smaller subpools [9], (c) by attaching a tag that codes for the synthesis of the
molecule {10-13] or (d) by having the molecules attached to a matrix and using the
location (“address’) on the matrix [14] or microsequencing [15] for their identifica-
tion. :

The use of a linker that attaches the potential ligand to a matrix or tag, however,
holds the risk of altering the structural characteristics of the individual molecules.
Iterative resynthesis may be more labor-intensive than a decoding process, but allows
for the identification of bioactive, structurally unmodified components from com-
plex, diverse mixtures.
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As a consequence of the availability of optimized protocols for solid phase peptide
and nucleotide synthesis, all the initial work on synthetic molecular diversity was ac-
complished with peptide libraries [16]. In general, however, peptides suffer from poor
oral bioavailability and rapid metabolic inactivation [17]. Therefore, the design of
unnatural analogs of peptides [18] that possess increased plasma stability, better ab-
sorption characteristics and can be used for controlled oligomerization appeared
particularly promising.

14.3 The Peptoid Approach

Peptoids are nonnatural oligomers that contain N-substituted glycines (NSGs) as
their structural motif [19]. Peptoid oligomers are achiral and possess comparable
spacing of the side chains (and the amide bonds) as their natural analogs (Fig. 14-1).
In addition, the nature of the peptoid backbone is very similar to the nature of the
peptide backbone. However, peptoids are devoid of amide protons, which decreases
their overall polarity and should increase their oral bioavailability. Since they contain
only tertiary amide bonds, they are not subject to degradation by common pro-
teases [20].
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Figure 14-1. General structure of an NSG pentapeptoid. The arrows indicate some major dif-
ferences of NSG peptoids as compared to peptides.

Since this novel class of molecules is based on an oligomeric glycine backbone,
peptoids were expected to have a similar conformational profile as glycine. The un-
substitued a-carbon should allow almost unhindered rotation about the phi and psi
angles. In addition, both cis- and trans- conformers of the amide bond should be
accessible at room temperature. However, the substituent on the nitrogen is expected
to confer different structural properties on peptoids that might limit their flexibility.

Figure 14-2 shows the Ramachandran plots for a common model of a peptide
(Ac-Ala-NHMe) as compared to a common model of a peptoid (Ac-Sar-NMe,)
[21]. These maps were generated using the SM2-AM1 semiempirical method with an
implicit solvent term [22, 23]. Figure 14-2a (left) shows the traditional Ramachan-



390 14  Automated Synthesis of Nonnatura!l Oligomer Libraries: The Peptoid Concept

dran plot [24] for Ac-Ala-NHMe. As expected, the beta-sheet region in the upper
left-hand corner of the map is seen as a large area of conformations within
2 kcal/mol of the minimum. The right-handed alpha helix (phi = 100, psi = 60) is
only 0.5 kcal/mol higher in energy than the beta-sheet region. The minimum cor-
responding to the C,-axial conformation (phi = +60, psi = —60) is approximately
2 kcal/mol higher in energy than the other two minima.

Figure 14-2b (right) shows the Ramachandran plot for the trans-amide conformer
of Ac-Sar-NMe,. Since the NSG peptoid backbone contains no stereocenter, there
is an axis of symmetry in this plot. The minima for peptoids are clearly in a different
region of the map than are the minima for peptides. The lowest energy conformation
for Ac-Sar-NMe, corresponds to a phi angie = £90° and a psi angle that is 180°.
This is also true for the conformer with a cis-amide bond (data not shown). A second
minimum, about 2 kcal/mol higher in energy, is found with phi and psi angles of
approximately (—120, +90) and (+120, —90). A third minimum at (—60, —60) is
3 kcal/mol higher in energy.
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Figure 14-2. Ramachandran plots of Ac-Ala-NHMe (left) and the trans-amide conformer of
Ac-Sar-NMe, (right).

It is striking that the energy minima are so well defined. This shows that peptoids
possess a different conformational profile than glycine. The different minimum
energy positions suggest that peptoids sample a variety of backbone conformations
that are inaccessible to peptides. The side chains are expected to be presented in
entirely different manners as well.

A direct comparison of the structural features of peptides and peptoids is shown
in Fig. 14-3. The oligomers are aligned in a way that maintains the relative orienta-
tion of the amide-oxygen atoms and the side chains.
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Figure 14-3. Sequence alignment of peptides and peptoids. To maintain the relative orienta-
tion of the amide-oxygen atoms and the side chains, the direction of the peptoid chain had
to be reversed.

14.4 Synthesis of NSG Peptoids

The initial approach for the synthesis of NSG peptoids was analogous to conven-
tional solid phase peptide synthesis and based on the condensation of N-Fmoc-pro-
tected, N-substituted glycines [19]. Using the standard Fmoc protocol and PyBOP
or PyBroP activation of the monomers, oligomeric peptoids were assembled in good
yields and high purity. The NSG monomers had to be synthesized prior to assembly
of the libraries and were obtained by alkylation of primary amines with electrophiles
(e. g., haloacetic acids and acrylamides) or by reductive amination of primary ammes
with aldehydes (e.g., glyoxylic acid) [19].
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Figure 14-4. Synthesis of NSG peptoids using the submonomer method.
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In a recent synthetic advance, it was possible to improve the efficiency of the syn-
thesis for a large variety of NSG peptoid oligomers. Regarding NSG peptoids as
alternating copolymers of primary amines and acetate units, a protocol was devel-
oped that allows for the assembly of peptoids from the readily available building
blocks (“submonomers”) bromoacetic acid and primary amines [25]. As shown in
Fig. 14-4, NSG peptoid oligomers can be synthesized using acylation reactions and
Sn2-reactions in an alternating fashion, without the need to synthesize N-Fmoc-
protected monomers.
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Figure 14-5. HPLC-chromatograms of four crude peptoid pentamers; each sample gave the
expected peak in the ESI mass spectrum (data not shown). Prior to incorporation into a pep-
toid library, each amine was tested for its ability to incorporate into a pentamer.
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The submonomer approach requires the protection of side chain functionalities
like carboxyl-, hydroxyl-, amino- and thiol-groups; phenols can be used without
protection. Using optimized reaction conditions, it was possible to assemble homo-
and heteropentamers in greater than 80% purity from a wide variety of commercially
available amines (Fig. 14-5). Moreover, a 24-mer (N-methoxyethylglycine-N-ben-
zylglycine),,, was obtained in 60% yield (crude material) and in >70% purity [26],
thus further demonstrating the efficiency of the method (Fig. 14-6).
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Figure 14-6. HPLCchromatogram and ESI mass spectrum of a crude NSG-peptoid 24-mer
N-methoxyethylglycine-N-benzylglycine),,. The mass spectrum shows the peaks correspond-
ing to the doubly and triply charged species.

In summary, the submonomer protocol allows for the efficient synthesis of
equimolar mixtures of NSG peptoid oligomers with a wide variety of side chain
functionalities. The high-yielding, reproducible linking chemistry, combined with the
structural and functional diversity of the monomers that can be incorporated,
renders the peptoid approach ideally suited for the automated generation of molec-
ular diversity.
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14.5 Automated Synthesis of Equimolar Peptoid Mixtures

The high-throughput synthesis of diverse peptoid libraries is performed by a robotic
workstation of our own design [27]. The apparatus is capable of performing all the
required synthetic and resin-splitting manipulations. The key features of the instru-
ment have been described in detail {27]; some of the most significant characteristics
can be summarized as follows.

(i) The workstation consists of a Zymate XP robot that is interfaced with a
Macintosh computer [28]. The robotic arm delivers solvents and reagents from
pressurized lines into a 6 x 6 array of reaction vessels (Fig. 14-7).

(i) The individual reactions are performed on polystyrene beads with acid-labile
linkers. The resin is placed into 36 1.5 x 10 cm fritted glass reaction vessels. Bubbling
with argon is used to ensure proper agitation of the reagents and the resin particles.
Moreover, the argon provides a blanket that shields the reaction mixture from water
and oxygen.

(iii) The reaction vessels are mounted on a custom-designed aluminum block that
can be heated to 100°C. Reagents and solvents are added through the open top of
the reaction vessels. Argon delivery to, and solvent removal from, the reaction vessels
is accomplished by applying vacuum or argon pressure to the bottom of the reaction
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Figure 14-7. Schematic view of the automated workstation for the synthesis of equimolar
peptoid mixtures and the integrated cleavage/deprotection station.
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vessels. The latter operations are controlled by three-way Teflon solenoid valves that
are interfaced with the Macintosh computer.

(iv) The distribution and recombining of the solid support (“‘resin splitting”) is
performed after generating a free-flowing, isopycnic slurry of the resin in 1,2-di-
chloroethane/DMF. Resin splitting that allows for precise control over the composi-
tion of the libraries is accomplished using the scheme summarized in Fig. 14-8. Syr-
inges are used to measure equal volumes of the slurry into the reaction vessels so that
equimolar amounts of resin are transferred. By repeating each of the resin transfer
steps three times, virtually qunatitative transfer of the resin particles is achieved.
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Figure 14-8. Resin-splitting scheme for the generation of equimolar peptoid mixtures.

After completion of the synthesis, the peptoid libraries are detached from the solid
support using standard, trifluoroacetic acid-based cleavage protocols. An automated
cleavage station has been developed that greatly increases the library throughput
[29]. Prior to assay, manual lyophilization of the crude samples is required.
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14.6 Rational Approaches for Library Design and the
Generation of Structural Diversity

More than 13000 primary amines are listed in the Available Chemicals Database
[30]. Over 1000 of these are inexpensive (priced less than $5.00/g) and suitable for
submonomer synthesis. In a set of peptoid trimers, more than 10° different com-
binations can be generated with these inexpensive amines alone. If the synthesis of
tetramers or modifications of the C- and N-termini are also taken into account, the
number of possible combinations greatly exceeds that which can be handled by
automated synthesis or automated binding assays. To limit the library synthesis to
a reasonable number for assays and deconvolution, some a priori selections have to
be made. '

As a consequence for the conformational flexibility of the backbone, an NSG pep-
toid library will be capable of accessing a variety of conformational states.
Therefore, the individual side chains can be arranged in many different orientations.
However, structural and functional redundancy of NSG peptoid libraries can be kept
to a minimum by maximizing diversity among the monomeric building blocks. In
addition, this strategy should suppress the occurence of “false positives” in the
assays that could arise from the combined effects of several structurally related
ligands (with only moderate affinity for each individual ligand).

Maximally dissimilar building blocks are used for the synthesis of NSG peptoid
libraries that are intended for random screening. Due to the conformational flex- _
ibility around the a-carbon atoms, and the accessibility of both cis- and trans-amide
bonds, even a peptoid library consisting of a limited number of dissimilar building
blocks should be able to cover a significant sector of a conformational and func-
tional continuum. For these reasons, random screening of peptoid libraries should
have a good chance of success even if the number of the incorporated, diverse
monomers .is limited.

Following a semirational, target-oriented approach, libraries can be directed
towards specific enzymes or receptors. This can be accomplished by including side
chains containing functional units, e.g., transition-state analogs for the generation
of lead structures for enzyme inhibitors. Alternatively, monomers that contain struc-
tural units which are known to commonly occur in ligands for certain classes of
receptors can be used to bias the library. Maximally dissimilar monomers are also
incorporated into these libraries to present the biased elements in many different
geometries and chemical environments.

Computational tools are used to determine and measure similarity and dissimi-
larity between monomers by computing a variety of structural and functional pro-
perties including lipophilicity, shape, branching and “atom layer properties”
(roughly speaking, the number of bonds separating any functionality from the
closest atom of the backbone) (31]. Each building block is represented by a vector
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of 16 numerical descriptors that summarize these structural and functional
characteristics.

Sets of monomers that are highly similar to a known pharmacophore, or to one
another, are obtained by simply rank ordering every member of the pool by the Eucli-
dean distance from a reference structure. Maximally dissimilar compounds are found
with p-optimal design {32]. The algorithm chooses subsets of points from a larger
pool that are well spread out and largely orthogonal in property space, i.e., that are
maximally dissimilar. Any number and combination of monomers can initially be
included (to serve as starting points) in the set. Subsequently, additional points that
best fill out the set to a specified size will be selected by the optimizer.

In summary, strategies and methods have been developed for selecting monomer
subsets for peptoid library synthesis. Using computational tools, we maximize
dissimilarity within the monomeric building blocks, thereby increasing the structural
diversity and minimizing the structural overlap in our libraries. The methods and
tools described here can also be used in biased libraries, combining approaches that
rely on intuition, experience and on the incorporation of known pharmacophores
with computational strategies for the generation of molecular diversity.

14.7 Peptoid Ligands with Nanomolar Affinity for Adrenergic
and Opiate Receptors

14.7.1 Design of a Biased Library for 7-Transmembrane/G-Protein
Coupled Receptors

A substantial amount of therapeutically relevant drugs bind to 7-transmembrane/
G-protein coupled receptors [33]. Since amino acid sequences of this class of recep-
tors are highly homologous [34], ligands to this receptor family frequently share
common pharmacophores. An analysis of structural elements of known drugs
revealed that most of the ligands contained at least one hydroxyl or phenol group
as hydrogen donor and one hydrophobic, aromatic group [35].

For the synthesis of a biased peptoid library, three sets of building blocks were
selected from commercially available amines [35]. Set “A” was composed of 4 aro-
matic, hydrophobic amines, set “O” of 3 amines with side chains containing
hydroxyl or phenol groups, and set “D” was designed to comprise 17 maximally
diverse amines (Table 14-1). In addition, the N-termini of the NSG peptoids were
either left as a free amine or capped as an acetamide or cyclohexylurea; the C-ter-
minus of all compounds was fixed as a primary amide. The complete library con-
tained 3672 peptoid trimers (18 combinatorial mixtures of 3 X 4 X 17 = 204 com-
pounds). Moreover, all possible dimers were included into the library.
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Table 14-1. Each of the 18 peptoid pools was made from all combinations drawn from the
six permutations of three sets of amines, times three different N-terminal endings. Thus, each
trimer contained at least one hydroxylic and one aromatic group.

N-Terminal Capping Groups
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14.7.2 Identification of Peptoid Ligands with Nanomolar Affinity

The equimolar NSG peptoid mixtures were screened for their ability to competitively
inhibit binding of high-affinity radioligands to 7-transmembrane/G-protein coupled
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receptors. Assays were performed in aqueous solution containing 0.1 to 1% DMSO
at a concentration of 100 nM for each individual compound {35].

All 18 pools were tested for inhibition of [*H]-prazosin binding [36] to an a;-
adrenergic receptor preparation. The pool that showed greatest inhibition of *H]-
prazosin binding was subjected to the subsequent cycle of deconvolution. In the third
round of deconvolution, CHIR 2279 (Fig. 14-9) was resynthesized in pure form and
showed competitive inhibition of [*H]-prazisin binding with a K; = 5 = 3 nM. CHIR
2276 and CHIR 2283, two closely related peptoids, also inhibited {*H]-prazosin
binding at nanomolar concentrations (K; = 310 nM for CHIR 2276 and K; = 140 nM
for CHIR 2283; structures not shown) [35].

Similarly, the 18 NSG peptoid pools were assayed for inhibition of FH]-DAMGO
(u-specific) binding {37] to opiate receptors. After deconvolution and individual
resynthesis of the three most potent compounds [35], CHIR 4531 (Fig. 14-9) was
shown to inhibit PH}-DAMGO binding with a K; = 6 & 2 nM. Two related peptoids,
CHIR 4537 and CHIR 4534, had K; values of 31 nm and 46 nM (structures not

shown).
(
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Figure 14-9. Structures of CHIR 2279 and CHIR 4531, two nanomolar ligands for
7-transmembrane/G-protein. coupled receptors.

1477.3 Discussion

Using a relatively small, biased library of NSG peptoid trimers, it was possible to
identify novel, low-molecular weight ligands with high affinity for two phar-
maceutically relevant receptors. Although an analysis of common pharmacophores
for 7-transmembrane/G-protein coupled receptors served as the starting point for
library design, the newly discovered ligands represent an entirely novel class of
biologically active molecules. The peptoid trimers CHIR 2279 and CHIR 4531 are
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capable of competively inhibiting binding of endogenous ligands to their receptors,
despite their complete lack of chiral elements.

Both CHIR 2279 and epinephrine/norpinephrine, the endogenous ligands for the -
a,-adrenergic receptor, contain a substituted tyramine derivative; however, the
hydroxyl group of CHIR 2279 apparently is not required for biological acitvity,
as evidenced by the high affinity of its deshydroxy analog (K;=4 nM). Other
than that, CHIR 2279 shares few structural elements with either epinephrine/nor-
epinephrine or prazosin (Fig. 14-10).

CHIR 4531 inhibits binding of the natural ligands morphine and Met-enkephalin
to the u-opiate receptor. Although some structural elements, like the substituted
tyramine or a hydrophobic ring, are present in CHIR 4531 and the two natural
ligands (Fig. 14-10), the different backbone, the lack of chirality and the nature of
the aromatic side chains of CHIR 4531 clearly distinguish the peptoid lead from the
natural ligands.

The discovery of novel, high affinity ligands for 7-transmembrane/G-protein
coupled receptors is the result of a multidisciplinary effort. Key factors that con-
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Figure 14-10. Structures of known ligands for the a,-adrenergic receptor and the u-opiate
receptor.
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tributed to success were a general, highly reproducible protocol for the synthesis of
nonnatural oligomers with a large variety of structurally and functionally different
side chains; the availability of suitable automation for synthesis and deconvolution
of equimolar peptoid mixtures; and efficient strategies for library design under con-
sideration of the conformational characteristics of NSG peptoids.

14.8 Summary

Since the concept of molecular diversity was introduced into pharmaceutical
research, the research field has quickly expanded. Initially, the generation of diverse
libraries was accomplished with biomolecules like peptides and nucleic acids, but
more and more examples of libraries of non-natural oligomers and organic molecules
have been described [38].

The ultimate goal of pharmaceutical research is the discovery of small molecule
drug leads and drug canditates. To realize this goal, the structural diversity of the
libraries is maximized. Computational tools have been developed that allow for the
minimization of structural and functional redundancy of the building blocks that are
incorporated. These methods can be applied to “diversify” libraries for random
screening and to reduce overlap around constant units in biased libraries. In addi-
tion, synergistic effects of similar ligands (with only moderate affinity for each of
the ligands) are kept to a minimum.

Suitable automation allows for the high-throughput synthesis of equimolar pep-
toid mixtures with precise control over the composition of the libraries. A high-
yielding, reproducible protocol has been developed for the synthesis of diverse, un-
natural oligomers from inexpensive, readily available building blocks.

To obtain binding data that are as accurate as possible, all the libraries are screened
in solution phase. Iterative resynthesis of successively smaller subpools is used for
the identification of bioactive components. Like library production, the deconvolu-
tion process is greatly accelerated by automation. By using this approach for lead
identification, the covalent attachment of molecules to a matrix or a tag which could
structurally interfere with the binding to the pharmaceutical target is avoided.

The strategies summarized here have been applied both to the synthesis of random
mixtures and to the synthesis of libraries that are focused towards specific phar-
maceutical targets. The design and synthesis of an NSG peptoid library which was
biased towards 7-transmembrane/G-protein coupled receptors resulted in the dis-
covery of novel, low-molecular weight ligands with nanomolar affinity for the
a,-adrenergic and the u-opiate receptor. Since achiral, low-molecular weight pep-
toid trimers have the ability to competively inhibit binding of potent, endogenous
ligands, the peptoid approach holds enormous potential for the discovery of novel
lead structures for drug development.
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14.9 Experimental Procedures

14.9.1 Standard Protoéol for the Synthesis of NSG Peptoids with
C-terminal Amides Using the Submonomer Method [40]

14.9.1.1 Bromoacetylation of Rink-Amide-Resin and the N-terminal Amine of an
NSG Peptoid Chain

After standard deprotection of N-Fmoc-Rink amide resin [39] with 20% piperidine
in DMEF, the resin (96 mg, 0.52 mmol/g) was extensively washed with DMF (5 X | ml)
and drained. A 0.6 M solution of bromoacetic acid in DMF (830 pl) and subse-
quently a 3.2 M solution of diisopropylcarbodiimide in DMF (200 ul) was added,
and the resin was agitated with argon. The reaction mixture was agitated at room
temperature for 30 minutes, washed with DMF (3 x 1 mi), and the reaction was
repeated once under identical conditions.

14.9.1.2 Displacement of the Bromide of Resin-Bound Bromoacetamides with
Primary Amines

The resin-bound bromoacetamide was washed with DMSO (3 x I ml), and 1.0 ml of
2.0 M solution of the primary amine in DMSO was added. For amines with poor
solubility in DMSO such as tyramine, a 1.0 M solution of the amine in DMSO was
used instead. The reaction mixture was agitated with argon for 2 h at room
temperature. Subsequently, the resin was washed with DMF (3 x 1 ml).

14.9.1.3 Cleavage of the Peptoid/Peptoid Mixture from the Solid Support

After all synthetic manipulations were completed, the resin was washed with DMF
(3 x 1 ml), dichloromethane (3 x 1 ml) and dried. 95% aqueous TFA (5.0 mi) was
added to the resin particles, and the mixture was stirred for 20 min at room
temperature. The solid support was removed by filtration and washed with water
(2 x 2.5 ml). The crude samples were lyophilized, followed by relyophilization from
glacial acetic acid.
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