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Summary

A critical issue in drug discovery utilizing combinatorial chemistry as part of the discovery process is
the choice of scaffolds to be used for a proper presentation, in a three-dimensional space, of the critical
elements of structure necessary for molecular recognition (binding} and information transfer (agonist/
antagonist). In the case of polypeptide ligands, considerations related to the properties of various
backbone structures (a-helix, B-sheets, etc.; ¢, w space) and those related to three-dimensional presenta-
tion of side-chain moieties (topography; ¥ (chi) space) must be addressed, although they often present
guite different elements in the molecular recognition puzzle. We have addressed aspects of this problem
by examining the three-dimensional structures of chemically different scaffolds at various distances from
the scaffold to evaluate their putative diversity. We find that chemically diverse scaffolds can readily
become topographically similar. We suggest a topographical approach involving design in chi space to

deal with these problems,

Introduction

Peptides, linear polypeptide fragments from proteins,
and discontinuous peptide fragments from larger proteins
often constitute the targets of modern drug-discovery
efforts, Thus, the desire to develop peptidomimetic, and
non-peptide mimics of peptides has become a goal of
many drug-discovery efforts. A central issue that has
arisen in such studies is the choice of scaffolds for dis-
playing ‘diverse’ libraries. This is particularly important
in peptide and non-peptide mimetic design, since the
molecular recognition process involves both backbone
structure and side-chain moieties of specific amino acid
residues in the molecular recognition process, and for
information transfer (transduction) as well. It is critical
that the scaffolds used will provide siructures that will
fead to the proper presentation, in three-dimensional (3D)
space, of the key elements of structure necessary for mol-
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ecular recognition and information transduction. This
issue is further complicated depending on whether an
agonist or antagonist biological activity is desired, since
the stereostructural requirements for agonists and antag-
onists generally are different.

In the case of polypeptide-mimetic ligands, two struc-
tural problems must be considered in the design process.
The first is the requirement for an appropriate secondary
structure {a-helix, B-turn, B-sheets, etc.). The second is
the appropriate presentation, in 31D topographical space
(chi space), of the side-chain moieties involved in molec-
ular recognition, and then in signal transductien if an
agonist activity is desired. This brings many challenges,
and to date very few de novo peptidemimetic designs
have considered both of these aspects {e.g. Refs. | and 2;
however, see Ref. 3), especially in terms of proper scaffold
design. The purpose of this paper is to discuss some of
the problems and approaches to rational scaffold design,
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Fig. 1. Three chemically different scaffolds used in these studies: E: Kemps triacid derivatives; II: 1,3,5-trisubstituted aromatic derivatives; and

1II: 2,4,6-trisubstituted triazine derivatives.

with particular emphasis on the interplay of structural
considerations, computational methods, and careful ana-
lysis of structure-biclogical activity relationships.

Materials and Methods

Syathesis of specialized amino acids, peptides, scaffolds and
libraries

The specialized ¢-amino acids utilized in this paper
were prepared by methods developed in the Hruby lab-
oratory and have been published previously (e.g. Refs.
4-6), or will be published elsewhere. Peptides were pre-
pared by standard methods of solid-phase peptide syn-
thesis utilizing either an N®-Boc/benzyl protection strategy
or an N*-Fmoc/t-butyl strategy. The purity of the pep-
tides after synthesis and purification was assessed by
amino acid analysis, thin layer chromatography (TLC) in
three or four different solvent systems, high-performance
liquid chromatography (HPLC) in two different systems,
by tnass spectrometry, and by nuclear magnetic resonance
(NMR) spectroscopy. Biological assays were performed
by literature procedures.

All of the organic acids, amines, aromatics, and other
organic compounds used to construct combinatorial li-
braries are commercially available, or precursors can be
purchased commercially and converted to these simple
organic molecules by well-established chemical methods.
The syntheses of specially modified scaffolds were done
at Selectide Corporation (Tucson, AZ, U.8.A.) using well-
precedented organic synthetic methods, and the method-
ology will be reported elsewhere. The construction of the
chemical libraries reported here were mostly accomplished
at Selectide Corporation using the Selectide method of
one-bead-one-peptide construction [7], and the evaluation
of binding to Streptavidin utilized methods previously re-
ported [7-9].

Computational methods used to evaluate scaffold conforma-
tions, to compare structures, and to evaluate chi space in
unusual amino acids

Molecular modeling in this work has been performed
on the Silicon Graphics workstations using the Macro-
Model molecular modeling system [10,11], v. 4.0 and
4.5.
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Fig. 2. The level approach to molecular modeling of Kemp's triacid scaffold . Arrows indicate variable torsional angles included into systematic

conformational searches at each level,
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TABLE 1

CHEMICAL/STEREQELECTRONIC DIVERSITY OF PEPTIDES AND PROTEINS

Chemical functionality

Side-chain and backbone groups contain acids, bases, nucleophiles, electrophiles, H-bond donoers, H-bond acceptors, aromatics, aliphatics,
alcohols, thiols, heteroaromatics (plus whatever we want to add: metals, organic ligands, etc.)

Struetures (different possible sequences with L-amino acids)
1. Dipeptides: 20° - 4 x 10?
2. Decapeptides: 20" . ~1 x 10"
3. A 100-peptide: 20'* . ~10'*

The mass necessary to produce 1 mg of all 100-peptide sequences: ~10'* kg

The mass of the earth: 6% 107 kg

Conformationftopology
A. Chirality
At least one chiral center in all common amino acids but glycine
B. Phifpsi space
1. Very conservative: 10 low-enerpy structures

10° differert conformations for a hexapeptide

C. Chi space

%, and ¥, six different low-energy conformations; ethers accessible

Molecular modeling and search for low-energy confor-
mers of scaffold compounds For the modeling of the
ring-based scaffolds I, 11 and i1 (Fig. 1), a build-up pro-
cedure was developed which first considered the rings
with directly attached carboxamide substituents (Level 1),
and then gradually extended the substituent chains (Levels
2, 3, etc.) until entire scaffolds used in synthetic combina-
torial libraries were constructed. This approach is illus-
trated in Fig. 2 with the example of Kemp's triacid scaf-
fold I. Variable R groups of the scaffolds were in most
cases mimicked by methyl groups. For the cyclohexane-
based scaffold I the ideal chair conformation of the ring
was taken as the initial approximation, while both axial
and equatorial orientations of each substituent were con-
sidered.

Conformational searches at each level of the build-up
scheme were performed using the MULTIC procedure |
[12] of the MacroModel software [10,11], which allows |
one to collect sterically feasible conformers by means of
4 grid search, epergy-minimize them, and then select a set
of geometrically different low-energy conformers,
Conformers selected at lower levels of the build-up
scheme were used as starting structures at higher levels,
At the first level of the build-up procedure, energy minimi-
zation was performed using the MM3 force-field [13]
which had been developed for aliphatic and aromatic hy-
drocarbons. The all-atom AMBER* force-field [14,15] im-
plemented in the MacroModel program was employed for
the ring-based scaffolds with longer substituent chains,
which was supposed to be more adequate for compounds
rich in amide bonds. The distance-dependent dielectric
constant e=4.0r;, where r; are interatomic distances, was
used with the AMBER* force-field in all calculations of
this work. Energy minimization was performed using the
Polak—Ribiere conjugated gradient (PRCG) algorithm [16]
with a maximum number of iterations of 1000 at earlier

stages of the build-up procedure and of 5000 at final
stages.

For the Kemps triacid and 1,3,5-(S)-triazine com-
pounds (Fig. 6), which were shown (see Results and Dis-
cussion) to possess considerable binding afiinity to Strepta-
vidin, molecular dynamics (MD) simulations at 500 K were
performed with the AMBER* force-field, Starting confor-
mations for the MD simulations were selected among the
low-energy conformer of scaffolds I and I1I after addition
of the terminal groups R, R,, and R, and complete ener-
gy minimization with the full matrix Newton—Raphson
{FMNR) algorithm [17]. The SHAKE [18] procedure was
applied during M simulations in order to maintain cor-
rect bond lengths to hydrogen atoms. Sample conformers
were stored each 1 ps of the 100 ps MD trajectories and
energy-minimized using the PRCG optimizer [16]. Geo-
metrically different low-energy conformers (E - E,;, € 50
kJ/mol) were selected for comparison and classification.

Comparison of conformers and classification of scaf-
Jfolds Comparison of low-energy conformers of the same
scaffold or of different scaffolds was performed using the
best-fit matching [19] of atoms belonging either to the
common elements of scaffolds (rings, etc.) or to the end
groups of side chains. Rms deviations upon matching of
end groups were considered as a measure of similarity of
conformers. At lower levels of the build-up scheme de-
scribed above, terminal methyl groups were used to sub-
stitute for more distant [ragments of side chains, Distan-
ces between end groups and distances from the center of
a scaffold ring to end groups, were chosen for classifi-
cation of scaffolds. The minimum, maximum and average
end-to-end distances calculated with the FILTER module
of the MacroModel program were shown to be distinct
for different types of scaffolds, as well as for the axial
and equatorial orientation of substituents. These distances
were used for the preliminary classification of scaffolds.



The (y,.x.) energy maps  The energy maps were calcu-
lated using the Drive module of MacroModel v. 4.5 [11].
The maps were constructed with 20° steps from ~180° to
180° both in the ¥, and ¥, directions. At each (y,.%,) grid
point, the energy was minimized over all other degrees of
freedom using the united-atorn AMBER?* force-field [14]
with a distance-dependent dielectric constant e=4.0 r;.
Extended initial backbone conformations with ¢,y =180°
were used for energy minimization at each grid point.
Contours of equal relative energies E ~ E ;, were drawn
with the 1.0 or 2.0 kcal/fmol steps using the P1t2D module
of MacroModel 4.5, The (x,,%,) maps were calculated for
N’-methyl derivatives of tyrosine and TMT residues, while
a free amino group in a neutral form was chosen to
mimic the incorporation of these residues into the N-
terminal position of peptides.

Resulis 2nd Discussion

The difficulty of the problem of scaffold design and its
use for obtaining peptidomimetic ligands is often over-
looked by medicinal chemists. For example, it has been
suggested or implied that polypeptides are not sufficiently
diverse. In fact, they are extremely diverse. For example,
as shown in Table 1, there is not sufficient matter in our
galaxy to examine the primary structural diversity of even
a 100-amino-acid peptide much less its conformational
diversity. Furthermore, natural peptides and proteins
possess all of the structural moieties necessary for binding
and reactivity, and additional structural elements such as
metal ions, small organic molecules, etc., can be readily
accommodated into these structures. Thus, peptides and
proteins have been chosen by living systemns to be its
catalysts, structural motifs, information transducers, sur-
veillance systems, and so forth. A simplification and
proper focusing of the astronomical number of possibil-
ities for peptidomimetic design is needed. As discussed in
the introduction, therefore, insight into the peptide back-
bone structure (o-helix, B-turn, etc.) and topographical
structure (chi space) is central to peptidomimetic scaffold
design. With regard to the backbone conformation, the
seminal insight of Ramachandran [20] that the low-energy
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Fig. 3. %, versus ¥, energy map for tyrosine. The cutoff value for
caergies is at the 3 keal/mole level.

structural features of a peptide backbone depended pri-
marily on the ¢ and w angles, and that the o-helix, B-
sheet, B-turn and extended conformations were the low-
energy backbone conformations, is critical. It seemed to
us reasonable to suppose, therefore, that most polypeptide
ligands would assume one of these conformations [21] for
bioactivity. Indeed, we have made this assumption as part
of our design from the beginning, and suggested that
conformational constraints that led to stabilization of
these structures could provide insight into the bioactive
conformations [3,22]. Within this context, the disposition
of the side-chain group of amino acids in 3D space be-
comes an important focus. These will not be the same for
different secondary structures of the sdme sequence. More-
over, different receptors for the same sequence (for ex-
ample, different opiate receptors) might chose different
low-energy conformations of the ligand (e.g., enkephalins)
on molecular interaction. This realization can be utilized
for de novo peptide design (e.g. Refs. 3, 22), and has
begun to be considered in peptidomimetic design [23]. The
chi space available for a typical natural amino acid is

TABLE 2
LIGANDS THAT BIND TO THE BIOTIN BINDING SITE IN STREPTAVIDIN®
1 Biotin
2 2-(4"-Hydroxyphenylazo)benzoic acid (HABA)
3 XHPQX, HPQXX, XXHPQ, HPMXX
4 XxWpH, XwFpH, XwYpH, YxIfP
5 wyque, wyhea, wyfya, wydya, wyefa
| ——— 1 1
6 H-Cys-XHPM-Cys-OH H-Cys-HPQXX-Cys-OH H-Cys-HPQXXX-Cys-OH

[—
H-Cys-XHPQX-Cys-OH

| S —— |
Ac-Cys-HPQXXX-Cys-NH,

* See text for references which report the binding of these ligands.
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illustrated in Fig. 3. Here we depict a topographical ener-
gy profile for tyrosine (plot of ¥, versus y,). The figure
illustrates that tyrosine has a preference in chi space for
x, of about —60°, 60° and £180° (gauche (-), gauche {+)
and rrans rotamers, respectively), and for . of about &
90°, Though other conformations are accessible at physio-
logical temperatures, it would be anticipated that in intra-
molecular and intermolecular interactions, these low-ener-
gy states would be the preferred, and indeed distributions
of %, in peptide and protein structures are consistent with
this assumption. From these ideas, it foliows that confor-
mational constraints in side-chain moieties consistent with
these favorable structures in chi space should provide
ligands with a high degree of potency, receptor selectivity,
and other useful biological properties, such as stability
against biodegradation. An approach we have developed
towards these goals is discussed below.

The Streptavidin-biotin complex provides an excellent
test system for examining the refationships between scaf-
fold design and side-chain topology. On the one hand, an
X-ray structure of the Streptavidin-biotin complex is
available [24]. At the same time, it has been shown, using
both biclegical methods (phage display [25]) and chemical
methods (the Selectide process [7]), that Streptavidin re-
cognizes a consensus peptide sequence, the linear tripeptide
HPQ (Table 2). We therefore wanted to know whether a
cyclic peptide could be used as a scaffold for binding to
the biotin binding pocket. We examined cyclic disulfide
hexapeptide, cyclic heptapeptide and cyclic octapeptide
libraries [8], that is, disulfide-containing peptides with
respectively 4, 5 and & residues between the two cysteine
residues, and found (Table 2) [8] numerous peptides that
bound to the biotin binding site. Again, the HPQ sequence
was found among the hits, as well as another tripeptide
sequence, HPM. More recently, the cyclic octapeptide
system Ac-CXXXXXXC-NH, (where X is an amino acid
residue) also was explored by Katz [26], who found the
same HPQ sequence (Table 2). In the meantime, other
peptide motifs have been investigated to determine whether
changes in the configuration would result in a change in
the structural motif that is recognized by the biotin bind-
ing site in Streptavidin. For example, we have explored
alternating L,D,L,D,L-pentapeptides in a highly diverse
library format using the Selectide process [8]. As shown
in Table 2, new consensus sequences emerged, including
the XpH motif (X =W, F or Y). In addition, we have
examined diverse, all D-amino acid peptide libraries with
very interesting results [8]. Essentially entirely new motifs
were discovered of which the sequence wygqxx was com-
mon (Table 2). In fact, the tripeptide sequences wyx
{(where x=gq, h, d, e [) all bind to Streptavidin. Some
insights are already available in this regard. X-Ray crystal
structures have been reported for complexes of Streptavi-
din with biotin [24] and 2-(4'-hydroxyphenylazo)benzoic
acid (HABA) [27,28], for a complex with an HPQ-con-

taining peptide, Phe-Ser-His-Pro-Gln-Asn-Thr [26,29],
and for cyclic disulfide [26] and thioether [30] peptides
containing the HPQ sequence. The binding of all of these
ligands to Streptavidin apparently results in substantial
changes in the conformation of the protein. There is no
evidence for cooperativity of binding from either the X-
ray studies [24] or other biophysical studies [31]. The
various ligands, however, do bind somewhat differently,
as briefly outlined in Table 3. In the case of biotin, the
ligand is essentially completely enveloped by the protein,
and extensive H-bonding (see Table 3) and van der Waals
interactions between the ligand and Streptavidin further
stabilize the binding interaction. The H-bonding patterns
to the HABA analogues and HPQ peptides differ from
the biotin one considerably, and from each other to some
exient. In the peptide cases, though, the His-Pro-Gln
portion of the ligand shows a similar bonding interaction.
The rest of the peptide (the ‘wings’) remain more flexible,
and a bound water molecule is found in the complex for
both the HABA and peptide sequences (Table 3). It will
be interesting to see whether the all-D-amino-acid-con-
taining ligand binds in yet another way to the biotin
binding pocket in Streptavidin. In collaboration with Dr.
BC. Weber, a crystal for one of these peptides bound to
Streptavidin has been obtained, and its structure is being
examined by X-ray crystallography.

The different binding modes of ligands to the same
binding site of a protein as exemplified in the Streptavidin
case, raises issues regarding the use of different scaffolds
for probing the conformational space of ligands which
can be used for molecular recognition. Clearly, the impli-
cations seem to be that a binding site of a protein can
utilize a variety of different ‘presentations’ of structure
for molecular recognition, but on the other hand, suggest
that for optimal binding, perhaps only a single presenta-
tion may allow an optimal interaction and provide selec-

TABLE 3
BINDING MODES TO STREPTAVIDIN

[ Biotin
« Flexible wing 47-51 of Streptavidin: becomes ordered
« Biotin H-bonding to Streptavidin of Asp™, Thr™, Ser™:
- to ureido-ring (Asp, Ser) and biotin-S {Thr});
- binds as negatively charged species
[1 2-(4'-Hydroxyphenylazo}benzoic acid
+ H-bonding of Asn®™, Tyr®, Ser”, Ser*; all to carboxylate
~ Ligand-H,0-Tyr*": H-bonded
[11 HPQ - Phe-Ser-His-Pro-Gln-Asn-Thr
* Flexible wing 47-51: stays flexible
« H-bonding - Asp'®, Thr®, Ser” + H,0
- to His - The™ and Asp™ {via I,0)
- to Gln - Ser”
- H,0 - between His and Gln side chain
* Pro, tetrahydrothiophane ring and valeric acid aliphatic side
chain: same location in hydrophobic pocket
IV Cyclic HPQ — Ac-c[CHPQGPPC]-NH, or valeramide analogue
binds about the same as HPQ: involving Asp'™ and Thr®




Fig. 4. (a} Stereoview of the lowest-energy conformation of scaffold I, Level |; (b} stereoview of scaffold [, Level 2: superposition of low-energy

conformers.

tivity for closely related analogous structures. This raises
two issues, which we have begun to examine. First, will
‘chemically diverse’ scaffolds lead to diverse binding inter-
actions wlen similar ‘side-chain’ groups are present on
the scaffold? Second, can side-chain group constraints,
applied to specific torsional angles in topographical space,
provide a reliable approach for developing a preferred
binding conformer, which would provide an accurate 3D
model of the pharmacophore for a particular ligand inter-
acting with a particular binding site in a macromolecular

TABLE 4

receptorfacceptor? These questions need to be critically
addressed for future success in de novo design of ligands
for target biological macromolecules. In terms of drug
discovery using cornbinatorial methods, a further question
is whether it is necessary to examine a highly diverse
group of scaffolds on which to build side-chain pharma-
cophores, or whether a few well-chosen scaffolds will
suffice? In other words, how should the conformational
diversity of scaffolds, i.e. their ability to present chemical-
ly diverse functional groups in a variety of different posi-

DISTANCES BETWEEN END GROUPS IN SCAFFOLDS I, II AND 1T AT LEVEL 1"

Scaffold {somer Distance (A) Average (SD) Minimum Maximum
I 1,3,5-axial R,~R,, 5.1(0.9) 37 5.8
1-equatorial, 3,5-axial R~R, 535 (1.0 39 6.8
R,-R., 8.5 (0.B) 7.1 94
1-axial, 3,5-equatorial R,~R 8.6 (0.3) 7.4 9.5
R.-R. 8.2 (0.9 6.9 9.8
1,3,5-cquatorial R.R. 8.2 (0.9) 6.9 9.8
11 R,-R~R, 8.8 (0.6) 7.8 9.7
111 R-R+R, 6.3 (0.9) 49 7.3

* Distances between the carbon atoms of terminal methyl groups were calculated and averaged for all low-energy conformers of each scaffold
(E - E,;,, <25 kl/mole). R,, and R,, represent axial and equatorial substituents, respectively, in scaffold T. The Ry, R, and R, substituents in

scaffolds IT and 111 at Level 1 are identical.



Fig. 5. (a) Stereoview of scaffold I (equzitorial substitueats) and scaffold 11: superposition of the lowest-energy conformers at Level 1;
(b) stereoview of scaffold 1 (axial substituents), Level 1; matching by a 1,3,5-R;-benzene derivative.

tions and orientations in 3D space, be considered in the
rational design of combinatorial libraries? We have ad-
dressed this point by examining the conformational space
available to several chemically different structures, three
of which are shown in Fig. 1, at various topographical
levels (see Fig. 2) from the scaffold.

Low-energy conformations found for the Kemp’s tri-
acid scaffold I at Levels 1 and 2 are shown in Fig. 4.
Although scaffold I with all axial substituents has a clear-
Iy defined lowest-energy conformation at Level 1, which
is stabilized by dipole-dipole interactions and hydrogen
bonding (Fig. 4a), considerable 3D space is covered al-
ready by terminal side-chain groups at Level 2 (Fig. 4b),
and the topographies available for the functional R-groups
further removed from the scaffold will soon encompass all
the 3D space at one side of the cyclohexyl ring. Further-
more, each side chain of scaffold 1 may be attached to the
ring either in an axial or in an equatorial configuration.
Therefore, one should consider several stereoisomers of
this scaffold with all possible combinations of axial and
equatorial substituents. Even with our symmetrical pres-
entation of all terminal R-groups by methyl groups (see
Materials and Methods), it results in four different
isomers of scaffold I listed in Table 4. This stereochemical
diversity, together with the relative flexibility of side
chains, results in the high conformational diversity of
scaffold L.

Table 4 presents average and limit values of distances
between end groups (represented by methyl carbons) in
low-energy conformers (E—-E_,, <25 kJ/mole) obtained by
a systematic search for four isomers of scaffold I and for
scaffolds I and 111 at Level 1. Note that distances be-
tween two axial substituents of scaffold I (from less than
4 to about 7 A) do not overlap the range of distances
available to axial-equatorial and equatorial-equatorial
pairs (7 to 10 A). Therefore, the all-axial and all-equator-
ial isomers exemplify two topographically distinct versions
of scaffold I, which are not expected to place their func-
tional R-groups in the same regions of 3D space. On the
other hand, all four isomers considered together comprise
the highly conformationally diverse scaffold, in which the
R-groups are able to cover the entire 3D space around
the central ring, limited only by the lengths of the side
chains, Of course, the stereoisomers of scaffold I may not
be equally populated. Our estimates with the MM3 force
field in vacuo showed that, at Level 1, the all-axial isomer
has the lowest potential energy due to the favorable elec-
trostatic interactions between substituents (see Fig, 4a),
and transition of one substituent to an equatorial configu-
ration costs about 10 kl/mole. Therefore, the all-axial
isomer is expected to be considerably more populated
than the all-equatorial isomer. However, solvation effects
which may decrease clectrostatic interactions and entropy
effects which favor structures with a higher conformatio-
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Fig. 6. Structures of non-peptide ligands that bind to Streptavidin. (a) The Kemp's triacid derivative; {b) the triazine derivative designed from (a}.

nal mobility may result in a more uniform population of
isomers at higher levels of scaffold 1. Therefore, the stereo-
chemical diversity should be taken into account for ra-
tional design of combinatorial libraries based on Kemp’s
triacids and similar scaffolds.

Distances between end groups of scaffold 11 at Level 1
(Table 4) overlap exactly with the range of distances
available for a pair of equatorial substituents of scaffold
I. Therefore we expect that almost the same 3D space will
be covered by R-groups of scaffold II and of the all-equa-
torial isomer of scaffold 1. This is illustrated in Fig. 3a,
which shows a very close overlap of the lowest-energy

SO ¢
T ¢

X1

conformers found for these two scaffolds at Level 1.
However, because the all-equatorial isomer represents
only one possible (and, perhaps, not the most favorable)
topography of scaffold I, conformational diversity of
scaffold I1 seems to be considerably limited in comparison
with scaffold I. Distances between end groups of scaffold
1II overlap in part the ranges available for two axial and
for two equatorial substituents. Therefore it is expected
that the R-groups attached to scaffold IIT will cover part
of, but not the entire 3D space available for R-groups
attached to scaffold . It is noteworthy that the aromatic-
ring-based scaffolds II and III cannot match well the all-

X1

Fig. 7. y, versus ¥, energy maps for: (a) (25.38)-f-methyl-2",6'-dimethyltyrosine; and (b) (25,3 R)-f-methyl-2',6-dimethyltyrosine. The cutoff value

for energies is at 9 kcal/mole.



54

axial isomer of scaffold I. We found, however, that a
scaffold that mimics this tsomer may be designed based
on a 1,3,5-methyl-substituted aromatic derivative which
methy! groups match exactly the end groups of the all-
axial isomer at Level 1 (see Fig. 5b).

The implications of these observations are far-reaching,
They demonstrate that in considering template design, if
one wishes to have differences in the conformational
space addressed by a scaffold, it is important that the
topographical space be examined carefully as part of the
design process. In this regard, in terms of topography and
depending on stereochemistry, scaffolds I, Il and III can
have many similarities, and are not diverse enough. To
examine this hypothesis, we have utilized a structure that
binds to Streptavidin which was found in a Kemp’s tri-
acid library (Fig. 6a}, and have prepared a 1,3,5-(S)-
triazine structure (Fig. 6b) that is related to it with similar
side-chain groups. Structure b binds to Streptavidin.
Results of preliminary molecular dynamic simulations (see
Materials and Methods) indicate that these diverse com-
pounds have a limited overlap in 3D space and hence
may have different modes of binding to Streptavidin.
Therefore, one must carefully consider the topographical
as well as structural differences in scaffold design. Thus,
it is critical that methods be developed for designing
structural moieties into amino acids, dipeptides, amino
acid mimetics and peptide mimetics that provide real
chemical diversity in 3D space. For this purpose, we have
been developing methods for the design and synthesis of
novel amino acid derivatives and mimetics which con-
strain side-chain moieties in 3D space to specific y angles
{cli space).

A good example of an amino acid designed for this
purpose is p-methyl-2',6'-dimethyltyrosine (TMT) which
has four different isomers: (28,35), (25,3R), (2R,35), and
(?R,3R). These amino acids were designed to constrain
the tyrosine residue at both ¥, and ¥, side-chain torsional
angles and to examine the effect of constraints in chi
space on potency, receptor selectivity, and biological
activity of bioactive peptides. A further goal has been to
evaluate the importance of chi space in de novo design of
peptidomimetics. The (x,/y¢.) energy maps for (25,385)-
and {25 3R)-B-methyl-2',6"-dimethyltyrosine are shown in
Figs. 7a and 7b. Three y, rotamers are still available for
these amino acids: gauche(—) (—60%), gauche(+) (+60°)
and trans (£180°). However, there is a considerable pref-
erence for one of these y, conformers, and barriers for
rotation of x, are much higher than in tyrosine (compare
with Fig. 3 where the energy cut-off value is 5 kcal/mole).
The 7y, torsional angle is constrained in regions around +
90°, and, in agreement with our earlier dyn'amic NMR
investigations [32], barriers of 15-20 kcal/mole were ob-
served for rotation about the ¥, angle (not shown in Fig.
7 where the energy cut-off value is 9 kcal/mole). Most
interesting, as can be seen in Fig. 7, there is a good deal

of chi space (about 70%) that is not available for the
TMT residues at the 9 kcal/mole cut-off value, Thus, the
initial goal to design amino acid residues constrained in
both y, and ¥, space, which at the same time would re-
tain the same general topographical preferences as the
natural amino acid (in this case tyrosine) has been at-
tained. Of particular importance is that clear conforma-
tional preferences in , and 3%, space should be obtained
that manifest themselves in providing a greater selectivity
for molecular recognition. Incorporation of the TMT
isomers into cyclic enkephalin and deltorphin resulted in
analogues with high potency and selectivity [33,34], A
discussion of the specific findings are outside the scope of
this paper. However, a few important points can be made
with regard to the de novo design of peptides, peptido-
mimetic ligands, and non-peptide scaffolds which can
mimic the bioactive topographies of peptides. First, it is
clear that specific changes at one or two chi angles of one
critical side-chain group important to moelecular recogni-
tion at a receptor, can have profound effects on the bind-
ing potency, selectivity for receptor types and subtypes,
and transduction {(agonist versus antagonist) bicactivity.
Second, specific chi constraints can convert an agonist
analogue to an antagenist analogue. Clearly, considera-
tions of chi space not only are a powerful tool for inves-
tigating conformation—activity relationships in bioactive
peptides, but will be essential considerations in the de novo
design of peptidomimetics, Furthermore, it is likely that a
proper design in chi space can lead to peptides and pepti-
domimetics that are stable against enzymatic degradation,
and that can lead to ligands with enhanced ability to cross
membrane barriers and enhanced bicavailability [35,36].

Conclusions

The design of scattolds for the discovery of bioactive
molecules using combinatorial chemistry, requires a care-
ful consideration of several stereostructural factors. A key
issue is whether the scaffold can properly place the par-
ticular groups important for a particular pharmacophore
in 3D space. Though much progress has been made [1-3],
there is still much to learn, especially when specific details
of configuration and conformational similarity become
important, and when specific side-chain groups must be
correctly lecated in 3D space. Within this context, it
becomes important to consider the chi space. The results
of these studies indicate that the design of scaffolds that
can explore different aspects of topochemical space, will
require a careful consideration of chemical diftferences,
but equally important, different topographical properties
in chi space. These aspects of scaffold design have gen-
erally been ignored, but it would seem highly beneficial to
take them into critical consideration in scaffold design,
especially when a high potency, selectivity and stability of
bioactive compounds are important goals.
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