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L. INTRODUCTION

The basis of the Selectide Process, one of the drug discovery techniques based on
combinatorial chemistry (for the review of various combinatorial library techniques see e,g,
[1,2]), was first published by Lam i 1991[3]. This process includes the rapid synthesis of
libraries of compounds ac;d their screening either with the compounds remaining attached to
solid phase particles, or following their release into solution. The identity of compounds ig
not tracked during synthesis, but instead the composition of posi:iv'e compounds is determined
after screening, using chemical information on the solid phase support. The medicinal chemist
can custom design libraries to improve the probability of identifying lead compounds, or
generic libraries of compounds can be synthesized and screened without any preconceived
bias, Once initial leads are discovered the Selectide Process can be used to optimize the
activity from uM to oM by synthesizing and screening secondary libraries based or; the
structure of the initial lead. Libraries have been synthesized and screened against both
receptor and enzyme targets of pharmacologic inferest. Selected leads identified from these
libraries have been rapidly optimized using secondary libraries to produce compounds with
double digit nM activity. The one-peptide-one-bead approach has been extended to non-
peptide libraries, making it a one-compound-one-bead method, Methods for determining the
ideatity of positive compounds have been developed based both on coding and mass
spectroscopy. The coding method developed at Selectide requires a single step af Edman
degradation and HPLC analysis, and is termed "bar* coding. Coding molecules can be
sequestered in the interior of the solid phase particle away from the test compound in order o
prevent the acceptor molecule from interacting with the coding molecules. This physical

sequestration is termed "shaving”, and is a method which can be used to chemically
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differentiate the interior of the solid phase particle from its surface.

The Selectide Process, and combinatorial chemistry in general, has been validated by
the successful identification of thrombin inhibitors and Factor Xa inhibitors from libraries, and
the optimization of these inhibitors to produce, in the case of Factor Xa, compounds with sub-
nanomoiar activity in vitro, B

2 RESULTS

2.1 ASSAYS WITH THROUGHPUT MATCHING SYNTHETIC CAPACITY
The synthetic capacity of the split and mix method [4] which is utilized in the SeIflzctide
Process can produce millions of compounds per library. This\?apaciry is useless unjess
scresming assays can be developed that have a matching Lhr.uughput of millions of compounds
per week. We have developed three types of screening formats which have high throughput
rates. If the target molecule is available free in solution, sereening can be carried out with the

compounds remaining attached to the solid phase particles in an "on-bead" assay format
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Figure 1: Library beads (grey circles) are incubated with biotinylated target plus streptawdm
conjugated with alkaline phosphatase, This complex, bound to positive beads (dark ringed
circle), precipitates the alkaline phosphatase substrate BCIP, {grey nnged cm:le) enabling
Dositive beads to be selected for compound identification,
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(Figure 1) [3, 5-7]. In the case where the target molecule is not amenable to the on-bead
approach, e.g. the target is membrane bound, compounds can be released from the solid phage
particles and activity determined with the compounds free in solution in a "double

release” assay (Figure 2). In this approach mixing of 100 to 500 beads per well in the first -
release step enables the throughput of any conventional solution phase assay (membrane
binding, enzyme, cytotoxic, or functional) to be increased to over 500,000 compounds per
day, while permitting specificity since in the second release there i3 only one bead per well
tested. The underlying feature of this approach is that the relationship between wells
containing the beads (or bead. in the case of second release) and the assay result is tracked, so
the positive beads can be recovered and the identity of the compound released from each
pasitive bead determined from information remaining on the bead. Aspects of this assay were

recently published {8-10].
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Figure 2: Library beads (circles) are pipetted into the wells of a filter plate {~200/well}), a
portion of compound is chemically cleaved from each bead, the resulting releasate s filtered
into a replicate plate and assayed. The beads corresponding to a positive well (dark well) are
redistributed into a second master plate (1/well), additional material is cleaved from the bead,”
the releasate is filtered into a replicate plate, and assayed. The bead corresponding to a <
positive assay result (dark well) is recovered and the identity of the released compound

determined.
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Figure 3: Library beads were screened as described in Figure 1. The positive beads were
- distributed into a master filter plate, a portion of compound released from each bead, releasate
is filtered into a replicate plate, assayed, and analyzed.
Combining these two formats produces a "hybrid" assay where the first step of screening is
conducted with compounds attached to the solid phase particies, and then the compound from
positive beads is released into solution and activity accurately determined (Figure 3). The
validity of this assay is shown by the following. A pentamer library was synthesized
containing both D and L amino acids with the third position fixed as L-arginine (X-X-Arg-X-
X), screened, and 12 hits were sequenced. Five beads had the sequence IWRVA, two
[WRFA, two IWRFK, and one each of IWRVK, IWRIA, and IWRIK (single letter amino acid
code). From these results a common motif of IWRVA was deduced. Since there was no way
to know if the identified residues were in the D or L configuration, all 16 possible D/L
isomer combinations of the INRVA motif were synthesized on beads and screened. Two
were positive. Compound was released from these two bead samples and used to determine

the Ki for each positive compound. The purity of material released was assessed by HPLC
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and the concentration determined by amino acid analysis, permitting precise Ki values of 31 -

pM for IwRvA and 21 pM for IwRva to be calculated.

2.2 APPLICATION OF PRIMARY PEPTIDE LIBRARIES TO DISCOVER
INHIBITORS OF THROMBIN
A thrombin on-bead screen was established and validated using a published peptide inhibitor,
fPRPG. A variety of pentapeptide libraries were synthesized containing both D and L amino
acids, and screened for binding to thrombin. Hits were identified which inhibited thrombin
over a range of 1 to 300 pM. Table [ lists representative hits identified from a DLDLD
pentapeptide library, together with the Ki values determined for the hits after resynthesis and
testing in solution. The peatapeptide FPRPG was tested in parallel as a control.
Table 1.

Examples of Inhibitors of Thrombin Discovered From a DLDLD Pentapeptide Primary
Library Covering Whole Range of Activities Obtained

Compound" Ki (pM)
fPRPG (control) 21
PPG 700
fFrNr 200
flrNg 78

fFrSi 32
d¥YaRw 6
wFIPf 35

* Structure of compounds indicated using single letter codes for amino acids, using uppercass
for L and lower case for D isomers. 50 sequences obtamed for this library, 46 contamed

arginine.
2.3 APPLICATION OF SECONDARY OPTIMIZATION LIBRARIES TO IMPROVE
THE ACTIVITY OF THROMBIN INHIBITORS

It is known that thrombin has both an active site and an exosite to which peptides can bind.
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Hirulog, a 21 residue peptide, consists of a sequence which binds in the active site,of the
enzyme (and is a substrate) connected with a series of glycine residues to a sequence which
binds in the exosite. Alone, each of these binding sequences exbi;‘it low affinity (20 uM and
2 uM, respectively) but Hirulog exhibits a binding affinity of 2 nM. A secondary
optimization nonapeptide library was designed in which the first four positions were fixed as
fPRP and the last five positions were randomized. The idea was to explore potential binding
regions close to the active site, but possibly different from the previously identified exosite.
The resuit was a 25 nM compound, truncated analogs of which had progressively lower
activity (Table II). The importance of specific residues was determined from an alanine scan.
Thus from a single “secondary” library the activity of a lead was improved 1000-fold,

' producing a peptide which was less than haif the size and only 10-fold less active than

% Hirulog, a compound which is currently in clinical trials as a drug to prevent coagulation.

| Table IL.

F Thrombin Inhibitors Discovered From Secondary Optimization Library
Compound® Ki (nhd)}

i Library Lead
fPRP5678%0 25

. Analogs

fPRPS6789 45
fPRP55678 62
fPRPS67 167

i fPRP56 180

{PRPS 400

fPRP5678Ab 152
fPRP567A%b 490
fPRP56AR%h 46
fPRPSA785h 139
fPRPAG78%b 2195

* Structure of compounds indicated using single letter codes for amino acids, using uppercase
for L and lower case for D isomers. Certain residues are coded with numbers, The linker
contained the residue f-alanine (b), included in the resynthesized lead and analogs of the
alanine scam, :
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2.4 APPLICATION OF FIRST GENERATION NON-PEPTIDIC PRIMARY
LIBRARIES TO IDENTIFY INHIBITORS OF THROMBIN
Peptides represented a good system to develop both the combinatorial synthetic process and
assay technology. However, pgptides may not represent the best starting peint for drug
development, and libraries of peptides offer limited structural diversity, particularly
conformational diversity. We began synthesizing "first-generation” non-peptidic structures
composed of building blocks other than amino acids linked together through amide bonds, or
linked to a multifunctional central "scaffold" subunit through amide bonds [11,12]. Bath the
chemical diversity as well as the structural diversity is greater in these libraries than in
peptide libraries. The number of potential hydrogen bonds which can be formed with the
linking chemical groups can be controlled through the use of different linking chemistry or
the generation of tertiary rather than secondary amines. This attribute, and the absence of
peptidic structure, make these first-generation libraries attractive. Examples are shown in
Figure 4. A common feature of many of these first-generation libraries is the use of a
multifunctional subunit ag a "scaffold” onto which additional building blocks, amino acids or
other organic molecules, can be attached [13-21]. The scaffold and building blocks together
determine the structural diversity represented by each library.

In the case of peptides the test compound itself can be directly sequenced using
Edman degradation or mass spectroscopy [3,10,22], and its identity determined. In the case
of compounds (e.g. non-peptidic or N-substituted peptides) where the identity cannot be
determined from the amount of material available, it is necessary to incorporate a different but
corresponding molecule on the bead from which the identity of the test compound can be

inferred. This technique is referred to a5 coding, methods for which have been described
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[11, 13, 23-25]. We utilize an amino acid “bar-coding” methed combined with bead
ushaving" [26] to sequester a coding sequence in the interior of the library beads. The test
compound is exhibited on the surface where it (but not the code) is accessible to

macromolecular targets.
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Figure 4: Structures shown with attachment points for building blocks (Rx) indicated.

In the specific case reported here a Kemp's triacid library (Figure 4H) was screened to

identify first-generation non-peptidic compounds which bound to thrombin and mhibited its
enzymatic activity. The identity of the Kemp's triacid compounds was determined by mass
spectroscopy. Figure 5 presents an example of the fragmentation spectra of the compound
from this library {upper trace), and spectrum of resynthesized compound, the structure of
which was deduced from the upper spectrum (lower trace). Figure 6 depicts inhibition for
several of the Kemp's triacid hits, compared to fPRPG. The best of these, SEL 2800 (structure
shown), exhibited a Ki of 4 pM, 5-fold more potent than the standard peptide fPRPG (Ki~ 20

pM) which is of similar size.
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Figure 5 Legend: Panel A - the fragmentation pattem for material recovered from a single
positive bead from a thrombin assay from which an identity was assigned. Panel B - the
mass spectra for the resynthesized compound, confirming the compound had been properly
identified,
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Figure 6: Inhibition curves for Kemp's triacid compounds identified by their Selectide number.
The structure for the most active (IC,, 4 uM) is shown in the insert without the linker which
was the same as shown in Figure 5. The peptide fPRPG was tested as a control (IC,, 20 uM).
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2.5 DEVELOPMENT OF A HIGHLY SPECIFIC FACTOR Xa INHIBITOR SERIES
FROM A LIBRARY LEAD
The identification of hits from a library does not in itself validate the concept that this
approach is useful in the development of drugs. The question remains as to whether
“quality” leads can be identified which can readily be optimized into clinical candidates with
the required potency, selectivity, and pharmacokinetic properties, and whether the process of
optimlization can be completed in a timely manger without undue expenditure of resources,
Table I summarizes the activity of a lead series of Factor Xa inhibitors which were
discovered from a library and subsequently optimized. SEL 1691 was the original hit
obtained from the library. While not particularly pégmt as an inhibitor (Ki ~20 pM ), this lead
was selective, as evidenced by the lack of inhibition of thrombin when tested at a
concentration as high as 200 uM. The activities of four compounds optimized from this lead
are depicted in Table OI

Table II.
Summary Table of Factor Xa Inhibitors

Compound* Mol. Wt. Factor Xa Inhib.®  Thrombin Inhib®  Dilute PT Inhib.*

{g/mole) (Ki, oM) (Ki, aM) {IC,,, nM)

TAP* 6977 0.4 >200,000 3

SEL 1691 952 20,000 NT NT

SEL 2489 726 38 >1,000,000 200

SEL 2452 761 31 25,000 140

SEL 2711 760 3 52,060 220

SEL 2392 753 0.9 10,000 55

SEL 2684 810 0.3 1,000 114

Compounds identified by Selectide number.

“Inhibition of purified human Factor Xa [30]

’!'.uh1bmon of purified human thrombin

“Inhibition of coagulation, measured using a dilute PT assay
*TAP is recombinant tick anticoagulant peptide [27]
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The most potent compound inhibited Factor Xa with a Ki of ~300 pM. Selectivity was
maintained. Furthermore, we have shown that these compounds inhibit coagulation. For
reference the activity of recombinant tick anticoagulant peptide (1ITAP) is shown [27], This
small protein (6985 MW) inhibitor has proven efficacious in animal models of thrombosis.
Studies which are not shown indicate that analogs of the compounds whose activities are
shown in Table III have a suitable potency and half life in animals and are active in models
of thrombosis, making it likely that this series will produce an attractive clinical candidate for
testing in huwmans. Factor Xa is a particularly attractive target in an area (anticoagulation)
where there is a large unmet clinical need for an improved parenteral agent and an effective
oral drug. Despite years of research by the pharmaceutical industry, only one other low
molecular weight inhibitor has been described {28]. What ts additionally of interest is the
tirne line from initiation of screening, through identification and confirmation of the initial
lead, and initiation of in vive studies. QOnce the on-bead bicassay had been validated (using
Tenstop, [29] attached to the polymeric beads) and screening was initiated, SEL 1691 was

discovered, resynthesized, and characterized as a lead within two months. Testing in animals

began four months later,

3 DISCUSSION

The schemes presented in Figures | and 2 summarize how the throughput of the bioassay
screens can approach 500,000 to several million compounds per day, a necessary feature in
order to take advantage of the synthetic capacity of solid phase combinatorial chemistry which
can be realized by adapting the split synthesis method for synthesizing mixtures of
compounds [4] to the synthesis and use of one-compound-one-bead [3]. Screening a secondary

optimization library based on the structure of an active molecule can produce numerous
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positive compounds, but the investigator is only interested m those which are most poten,
and must be able to distinguish betweeﬁ compounds of similar potency. The hybrid assay
summarized in Figure 3 combines the ability of the on-bead assay to efficiently identify
positive compounds and the release assay to reliably determine the activity of compounds in
solution before determining their identity.

Armed with this battery of assays, inhibitors of thrombin were discovered (Table I A
single optimization Lib.rary provided a novel structure 1000-fold more active than the lead on
which the optimization library was based (Téble IT) and less than half the size and having
nearly the potency of Hiruolg, a compound which is in human ﬁ'iais. Furthermore, this
discovery defined an additional binding region on thrombin that (;,ould be exploited to develop
novel low ;nolemﬂaf weight (oral} mhibitors of thrombin. The significance of this example to
the drug discovery process and the medicinal chemist is that if deﬁmnstrates that screening of
primary']ibraries can produce a variety of leads from which to select those with the best
potential for optimization, and secondary libraries based on thesé initial leads can be easily
and quickly synthesized to explore the potential for dptimjzatinn and Ito provide compounds of
greater activity,

While success with peptide libraries is illustrative, the true patential of combinatorial
chemistry les in its application to libraries of structurally and chemieally diverse small
molecules. The methods to determine the structure of such compounds indirectly using
coding {11,13,23-25], or directly by mass spectroscopy have been developed [22].- In the
tliustrated case, mass spectroscopy was used to directly identify the structure of positive
tompounds from a Kemps' triacid library screened in a thrombin assay (Figure 5}, We have

focused on a mass spectroscopy example rather than a coding example in this review because
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mass spectroscopy represents an elegant, though not universally applicable, approach to
structure determination of compounds from libraries. The results prove that this method can
be applied successfully to identify a compound using material from a single bead containing
10-100 pmoles of organic compound.

The Kemps' triacid Iibra;;_( represents what we refer to as a first-generation non-peptidic
library, designed to explore non-linear structural diversity. It is noteworthy that one of the
initial leads identified was of similar size but more potent (Figure 6) than the original small
peptide lead (fPRPG) that was found years ago and has served as the basis for most of the
published work on small peptide thrombin inhibitors.

Data from our Factor Xa drug discovery project was presented as lustrative of success
with a much more specific enzyme in the coagulation cascade and a target which has proven
difficult using classical drug discovery approaches. Factor Xa screening produced a 20 uM
lead within two months of assay validation, which was of sufficient quality to begin -
optimization. Overall success is evidenced by the data shown in Table III. Optimization
resulted in 40,000-fold increase in iohibitory activity while retaining the ~10,000-fold
selectivity of these inhibitors, and also in the successful development of the in vivo activity
required of a potential therapeutic agent. The project time line of 6 months from establishing
the screen to in viva testing (4 months from lead discovery to in vivo testing) highlights the
speed of both lead identification and optimization using our combinatorial chemistry
approach. Factor Xa is a challenging target. The success we report thersfore validates the
concept that synthetic combinatorial chemistry represents a valuable new approach to drug

development.



333s

4. CONCLUSION

We have demonstrated that using the Selectide Process combinaroral chemistry can be
used to discover novel peptide and first-generation non-peptidic inhibitors, Furthermore,
combinatorial chemistry czn be used to optimize hits and shorten the drug discovery and lead
optimization processes. Not only can high quality leads be obtained in short order, but we
believe our initial successes present both an opportunity and a challenge. The medicinal
chemists have before them the power of numbers in a fimctional process of synthesis and
analysis of millions of compounds. The challenge will he tp develop the synthetic reqctions
and design the next generations of libraries to increase molecular diversity and direct
pharmaceutical potential of the compounds being synthesized and screened. Combinatorial
chemistry may well represent a drug discovery tool for the medicinal chemist akin to the tool

molecular biology has become for our industry.
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