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Introduction believe that this may in part be achieved by enabling a more
Combinatorial chemistry exhibits both quantitative and standardized representation for combinatorial libraries. This

qualitative differences from other fields of chemistry, posing &'ticle describes some aspects of the resulting analysis.
unique challenges to data storage and communication within TOPICS that will be addressed include the terminology of
the field. The most striking feature is the sheer number of combinatorial chemistry and structural representation of

compounds that may be studied. It is possible to prepare mordibraries, which covers analysis of.generic.structures, building
compounds in one library than exist in entire chemical PIOCks, pool notation, and generic reaction schemes.

registries, but the level of characterization may range from
definitive analysis to computer prediction. More subtly, com-
binatorial synthesis demands definition of ttedationships An attempt to capture the terminology of the field has been
between compounds. There is a great difference betweerthe most visible contribution thus far of the [IUPAC Working
testing a mixture of one hundred compounds and testing theParty. The Glossary of Terms Used in Combinatorial
same set of compounds individually. Finally, as in any Chemistrywas published in 1999ith definitions of almost
emerging field, the need for scientists to describe their 150 terms. An excerpt is shown in Figure 1. In IUPAC
work generates a new vocabulary. As terminology and terminology this is a Technical Report; that is, it is an
structural representations develop on an ad hoc basis, theauthoritative review of usage in the field, but it does not
opportunities for confusion grow. As a multidisciplinary —carry the full weight of IUPAC Recommendatioh®ur goal
endeavor, combinatorial chemistry is particularly susceptible is to bring the document to Recommendation status after a
to this issue. suitable period of consideration. It will also be desirable to
To address these issues, a working party was formedprovide the Glossary in a web format to improve its access-
within the Medicinal Chemistry section of IUPAC. The ibility and visibility and to offer a more dynamic format in
direction of this effort has been to capture the means by which entries could be added or modified as justified during
which combinatorial libraries are described, and to search the transition to Recommendation status. The challenge is
for common patterns of usage within the field. We have also to achieve the right degree of flexibility to new developments
tried to identify the benefits to the field of improved clarity ~while preserving the authoritative status of the resource. The
in communication and data exchange. In particular, we parallel IUPAC initiative Standard XML Dictionaries for
Chemistry is designed to maximize accessibility and expo-
*E-mail: eric_martin@chiron.com. sure to resources such as the Glossary.
T Chiron Corporation. .
* Current address: KAI Pharmaceuticals, 270 Littlefield Ave., South San The development of documents such as the Glossary is
Francisco, CA 94080. E-mail: maclean@netcom.com. important in facilitating communication of concepts and ideas

Terminology of Combinatorial Chemistry
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Assay Equivalent An aliquot of a library which will allow the library to be
screened in a single assay. Particularly applicable to libraries prepared by
split/pool procedure where it pertains to the number of particles required to
sample a library. Generally consists of a specified number of library equrvalents.
For statistics related to this see ref. 12.

Backbone: A scaffold of approximately linear configuration. Thus in the generic
structure of a tefrapeptide shown below, the repeating polyamide core structure
(everything except for the R groups —see residue) constitutes the backbone.

Bead: (normally spherical) particle of sofid support,
Biased Library: see Directed Library

Binning: Approach to classifying the diversity of a set of compounds by
grouping related members in “bins” on the basis of commeon physical or
structural features. Commonly applied to the analysis of a set for the
completeness of coverage of the desired property space™.

Perspective
OH
X R4 Substituent Variation: R1 is methyl or ethyl
Ra Homology Variation: R2 is alkyl
= R,  Position Variation: R3 is amino
Cl/(CHZ)m Frequency Variation: m is 1-3

Figure 2. Forms of variation in generic structures (after Barnard
and Downs (ref 6).

ciseness distant or irrelevant goaldevertheless, the patent
literature shares with combinatorial chemistry the desire to
find an appropriate method for structure representation and
compression.

Thegenericor Markushstructure is the primary tool used
to condense the structural representation of sets of com-
pounds. Generic structures can depict on a single page

libraries that would fill a book if fully enumerated. This
compression is possible as a result of the regularity of the
library. Generic structures have a long history of use in
within the field. A practical illustration of the utility of such  patents and are ubiquitous in combinatorial chemistry pub-
a tool is the VCH thesaurus of chemistry by the publishers lication. They consist of the common (core) structure of the
of Angewandte ChemfeAuthors must choose at least two library with one or more “superatoms” attached (often
out of five keywords from the thesaurus to help ensure a represented by R, for “residue” or “radical”) indicating the
common frame of reference and increase the quality andexistence of variable substituents at that location.
completeness of literature searches. Barnard, Downs, and colleagues have extensively de-
scribed the use and limitations of generic structérébey
define four forms of variation found in these structures (see
The specialized structural representation of combinatorial Figure 2). Of these, the firstsgbstituentvariation) is
chemistry is as important and potentially confusing as its essentially the only form of variation found in real combi-
specialized vocabulary. This article will focus on four natorial libraries. This implies the provision of a list of
problems of structural representation that are unusual tospecific chemical substructures that may be interchanged in
combinatorial chemistry: (1) representing the compounds all possible combinations at the indicated positions. The other
that comprise a library, (2) describing the reactions that types of variation may help depict the composition of a
generate a library, (3) expressing substructural similarities combinatorial library, for instancéiomologyor positional
among library members (such as specification of a common variation may help condense the generic structure for more
scaffold), and (4) specifying subsets of a library (e.g., pooled concise presentation.
members). In each of these areas, a variety of approaches The combination of generic structure plus substituent lists
have been described in the literature, and that which works may be termed thgeneric representationf a library. For
best generally depends on the author’s specific purpose. Ina library in which all combinations of substituent are present
the subsequent sections, we wish to point out advantagedfully combinatoria) the generic representation will be an
and disadvantages of some of these representations, andccurate description of library composition. If only a subset
where possible, to identify improved strategies to anticipate of possible combinations are present, then the generic
and address the multiple goals that may be desirable inrepresentation is simply an indication of the scope of the
representation. library.
A number of factors can complicate the use of generic
representations: libraries may have multiple cores, ring
The most basic description of a combinatorial library is forming attachments, or correlated sets of substituents. Sev-
to specify the compounds that comprise the library. This can eral examples are shown in Figure 3. Barnard and D&#ns
always be achieved by tabulating the enumerated library discuss many additional cases in which defining simple
members. However, the scale of combinatorial libraries pre- (intuitive) generic representations is challenging. As they
sents a significant limitation on presentation via the printed conclude, it is in general possible to adequately describe
page, slide, computer screen, or even computer memory.combinatorial libraries with more complex, nonintuitive
Compressed library representations that maintain clarity, generic representations, which can be coded precisely for
accuracy, and completeness are therefore important anccomputational analysis, although they may be unwieldy for
desirable. visual inspection. In these cases, it is recommended that a
In this respect, combinatorial libraries have much in small sampling of enumerated whole products is displayed
common with the chemical patent literature, in which the as examples to aid the reader.
description of large numbers of related compounds is a Additional complications may arise in the case of libraries
frequent goal. In the patent field, however, completeness andwhich do not belong to the typical class of small organic
accuracy are the defining principles, with clarity and con- molecules, for instance, libraries of polymers or organome-

Figure 1. Excerpt fromGlossary of Terms Used in Combinatorial
Chemistry(ref 1).

Structural Representation of Combinatorial Chemistry

Specification of Library Members
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Figure 3. Complications in generic presentations. (i, ii) Multiple cores arising from regioisomers in cycloaddition reaction (i) or substituent-
dependent reactivity of intermediates (ii) (dipeptide fails to cyclize ifRB). In each case, the resultant library (a “mixture of mixtures”)

can be represented as the union of two generic structures (the various possible stereochemical outcomes in (i) further complicates the
issue). (iii, iv) In “correlated substituents”, only certain permutations of substituents are used. For irregular combinations, that is, because
two or more substituents derive from the same building block, this can be represented using disconnected bivalent substituents, that is a
“pseudo ring” (iii). In more regular cases, as in a “block” combinatorial library, this can be presented using a list (iv, left) or registered as
multiple generics (iv, right), analogous to (i) and (ii). (v, vi) Ring substituents may be indicated by bivalent residues, although this may be
confusing when the resulting ring varies in size (v). When substituents sometimes join to form a ring (vi) they can be joined into a single,
sometimes disconnected, bivalent substituent.

tallic complexes. Unfortunately, at this point in time, the _ Rty O
systematic nomenclature of these classes of compounds lags ® HzN)YNj)J\OH or [Ala, Gly,..]{Ser, Asp,...]
that for more simple organic molecules, even for individual
representatives of these classes.

Choice of Generic Structure.Any combinatorial library
contains a large number of possible generic structures, (i) For: N N,
ranging from the structural overlap between any two library P * :'N
members to thenaximum common substructuidCS) for Rz
the entire library. Which of these possible cores is most

. . S R
desirable depends on the context in which it will be used. _ ! N But best
Often, the most useful choice of the core derives from the MCS = "Ry coreis:
synthetic route used to create the library. To an experienced Ry Ry = [C N]

chemist, this indicates the additional diversity likely to be

accessible for the series. For easier visualization of the Figure 4. Maximum common substructures. (i) A combinatorial

diversity of an actual synthesized library, the most useful dipeptide library represented as a sequence or as substituents on

core is more often the MCS among all the compounds, which a pglyglycme core. (ii) The best core may be larger than the

may be much larger than the synthetic core. Comparing a

peptide sequence representation to the alternative representé&ublibraries can be arranged in a (nonunique) nested fashion,

tion as a substituted polyglycine [Figure 4i] illustrates this since all the members of the subset must be members of the

distinction. In other instances the most desirable core library (see Figure 5).

structure idarger than the MCS, such as when the inclusion  In a real-world example, Linusson et al. described a library

of a Markush atom in the core avoids breaking a ring [Figure whose common synthetic core wiashydroxyphenol sulfate

4ii]. (Figure 6)7 This small core with three positions of variability
The possible generic structures have an inherent hierarchy shows the diversity which is accessible in principle by the

since smaller core structures (more generic, less specific)chemistry employed (Figure 6i). However, the authors chose

are fragments of larger ones, and common features of largeinstead to present the MCS for the set of compounds they

subsets are fragments of the core structure of small setsactually synthesized (Figure 6ii). This core is more than twice
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Ry, O
+f SOOI,

R Rs Ry ranks as subordinate template
H2NOC’<N O

AN
)—f Ri B 5x2x2? =40
RS Rs HZNOC/( 0 = e
N O ranks as principal template
R2\\ R3
\/ Figure 8. Designation of principal generic structure. After
Katritzky et al. (ref 11). The isoquinoline and anthracene moieties

are recognized and scored as potential generic structures according
to simple rules, with greater (numerical) priority in this example
being accorded to the former.

Figure 5. Hierarchy in generic structureg-Lactams may be

constructed with variable substituents at three sites-fR; outer h fi is d ibed the f fi f
rectangle). A library which makes use of onlyamino acids at whenever a reaction I1s described as the tformation or an

the R, position has a more narrowly defined generic structure and acyclic bond between the clipped reagents, so the authors
is a subset of the larger library. Similarly, a further structural recommend that the common core of the virtual library is
restriction uses only aromatic building blocks at thed®sition, ideally reduced to a single amide (or other) b8nd.

and so on. Any of the three generic structures shown are valid for The closely related 3-D QSAR method of topomeric

the library described by the innermost. However, the innermost . .
generic may not be valid for another library described by the other CoMFA, on the other hand, assumes that the differences in

generics but with different choice of substituents. activity can originate only from the differing portions of the
structures, so Cramer recommends that the largest common
Ri core should be selectéd.
; Ri ; In a Perspective in thdournal of Combinatorial Chem-
U (ii)
o o istry, Katritzky et al. addressed the topic of identifying a
O:é:o “principal” generic structure of a library by proposing a
_9 Q Rz systematic, rule-based, quantitative assessment of interlibrary
O—Sto R3 . . 11 ..
! Rs diversity!! A set of rules were developed (reminiscent of
Ro Rj - L .
Rq Re the IUPAC rules for assigning priority in organic compound

nomenclature) to analyze the alternative generic structures
that may be represented within a set of compounds. An
example is shown in Figure 8. The rules are based substan-

Figure 6. Choice of generic structure highlights either: (i) synthetic
flexibility or (ii) medicinal chemistry SAR.

H H tially on principles of medicinal chemistry. While the
N\[(R vs. N-r weighting factors are necessarily somewhat arbitrary, this
o] effort begins to address the question of where one library

m nsider nd another starts within f
Figure 7. Choosing the smaller core with the conformational ay be considered to stop and another starts within a set o

restricted amide bond attachment, by absorbing the carbonyl into compounds. Qne S|gn|f|cqnt Ilmltathn ,Of this treatment is
each of the substituents, aids pharmacophore similarity calculationsthat the selection of principal generic is dependent on the
in the OSPreyS method. choice of substituents which decorate it. Thus, choosing

different building blocks for the same library chemistry may

as large and shows that the actual library members were quitdead to designation of a different principal generic (compare
similar, with many small substituents attached to various the situation illustrated in Figure 5). A useful extension to
positions around several constant benzene rings designed teéhis approach would be a more flexible and systematic
interact with various pockets in the binding site of the desired strategy to identify all relevant generic structures and a means
biological target. for selecting that best suited to the desired task. A compu-

Another series of contrasting examples can be found in tational approach would be desirable, perhaps based on the
the computational chemistry literature. Distributions of prop- well-known clustering algorithms for grouping compounds
erties for virtual libraries can sometimes be computed as aaccording to some measure of structural relatedness.
function of the property distributions of the corresponding  Generic Reaction Schemeslust as a generic structure is
fragments. In this case, the core should be chosen to factoran abbreviation for all of the enumerated compounds in a
the properties as independently as possible. For examplelibrary, the combination of generic structures for some or
the OSPPreyS method estimates pharmacophore similarityall of the library reactants, reagents, intermediates, and
between library product molecules and assumes the sameroducts comprises thgeneric reaction schemé&nlike the
set of rotamers around the bond that attaches the R-group tdibrary products, however, which are often enumerated, the
the core® Hence, choosing an attachment bond with a strong complete set of individual reactions used to form a combi-
conformational preference, such as an amide bond, minimizesnatorial library are virtually never enumerated.
the influence of the core and other substituents on the Generic reaction schemes are often presented as a “reac-
conformations of the isolated substituents (Figure 7). tion-based” alternative to “product-based” representations of

By contrast, the topomer databases of Cramer et al. use aa combinatorial library. While it is true that a synthetic
fragment-based method to allow fast similarity searching of chemist can often infer the contents of a library from a
huge virtual combinatorial databases and are most powerfulgeneric reaction scheme and a list of reactants, and vice versa,
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Figure 9. Temporal and positional residue labeling. (i) Temporal labeling:-R indicate the order of incorporation of the corresponding

reagents. (ii) Positional labeling: ;RR, indicate the location of the residue within the generic structure. (iii) Temporal labeling for one-
step reaction. Note differences in R-numbering between (ii) and (iii).

the generic reaction scheme both carries additional informa-a common orientation of substituents independent of the
tion and also puts limitations on the description of the reaction scheme.

products. Notably, many of the choices of what to consider

the scaffold or how to represent a mixture of mixtures are Treatment of Building Blocks: Residues and

already determined by the context of the reaction scheme. Superatoms

Many database registration systems allow inputting the reac-
tion to simplify library registration, as the reactant structures
are already available and this obviates the steps of drawing
a scaffold and inputting or clipping the substituents. If the
database stores only the enumerated products, and not the™* s ) , ;
generic substructure); of the products, tF]is is fine. However, define the dlversrgy.of the library). These lists tend_ to be
if the database stores an abbreviated Markush structure fmJarger and more difficult to compress than the generic core.

brevity and clarity, this approach often dictates a nonoptimal For a generic reaction scheme, the list will comprise thg full
choice for the core (see above) or a reaction scheme that jStructure of the reagents that were used to prepare the library.

even more complicated than clipping the reagents. The For_ageneric reprgsgntation of the library, qnly the residu.al
cycloaddition reactions presented above (Figure 3i,iii) that POrtion of each building block that becomes incorporated in

formed the heterocyclic core during the reaction, and the the final library products is listed. The process of stripping

SAR example (Figure 6) provide examples of this dilemma. off the extraneous parts of the reagent to the residue or radical

The R designation with an ordinal suffix (.g., Ry, etc) is known_ asclippin.g (see below). For Iibrar_ies o_f even
often indicates the order in which the corresponding building modest size these lists may be lengthy, and visual inspection

block was introduced in the generic reaction scheme. This May e of limited utility. Of course, the building blocks or
temporal labelingnay be contrasted withositional labeling ~ CliPPed residues may be represented by their own generic

(see Figure 9), in which the residue number simply indicates reprgsentations. In general, the depiction ofllen_gthy Iist; of
the (arbitrary) location of the substituent. Temporal labeling Puilding blocks may be best left to the supporting information

of residues has greater information content than positional section of_publications, especially ifasuitable electronic form
labeling, since the order of incorporation may be inferred Of these lists were to be made available (see below).
even from an isolated generic structure numbered in this Figure 10 illustrates Strategies that have been used to deal
fashion. Thus, the numbering scheme in the final generic With clipping and some of the issues that may arise. It is
structure in Figure 9ii provides synthetic and mechanistic important to ensure clarity and accuracy in representating
insight even in the absence of the reaction scheme. In thethe link between core and residue. This is especially true
context of a multicomponent reaction, although there may for bifunctional residues which have an inherent ambiguity
be no specific order of reagent (and R group) addition (e.g., in their attachment.
the Ugi reaction in Figure 9ii), there may perhaps be value As described above, the use of the superatom R is
in numbering R groups to indicate the order of incorporation widespread; however, many other superatoms are represented
in the proposed mechanism (iii). in the literature. In a general sense, it is desirable that the
Positional encoding may have utility in particular cases, superatom designation be as informative as possible. Thus,
for instance, in discussion of structutactivity relationships the use of Ar, alkyl, PG, LG, etc. to indicate that only certain
within sets of compounds for which it may be useful to have types of substituent have been used may be encouraged, as

We described above how the composition of a library can
be defined by a generic representation which combines a
generic structure (which defines that portion common to all
gbrary members) and one or more lists of substituents (which
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R1 R3 fluorous support$? dendrimers? and other additions to the

more traditional solid or soluble supports. A variety of

R2
Rs
) R Ig\ e} . . . .
O ho,c N R @—\ /o@—» N7 creative representations have been used to illustrate this
H S ©
. O

diversity of techniques. Some of these are shown in Figure

\,(' 12a and b. The nature of the support is important information
0 to describe in primary publications and record in secondary
sources such as reaction databases; however, this is often
RI= 78 R3= N\ g not captured effectively in such resources. The IUPAC

Ro - @ Glossary included definition of some of the more commonly
X used supports and linkers (TentaGel, ArgoGel, Rink, Wang),

but a more general approach was not attempted because of
the complexity of the area. The standardization of simple

RAA O L1 Z notations may be useful, such as the use of a filled symbol
o=.5/© M Y Y
N_

R4
(@ HO,CN
Rfﬁr

(iii) RAA

(circle, square, or whatever) to indicate a primarily insoluble

0
R3
0
L1
HO/\[ L2 M support, or an open symbol for a soluble support. The use
L2

o— of the circle to indicate a beaded support is already

ubiquitous. Some degree of standardization may improve the

o R O elegance, precision, and clarity of communication, but it is

R NJ\(O RW)J\N)\(O more important that novelty and creativity are not hampered

™ BN © oG N by such an effort*
D.f l Interestingly, a significant factor in the selection of

Figure 10. Representation of clipped residues. Examples (i), (ii): rePresentations for solid supports is the choice available in

simple residues where the bond joining the residue to the core chemical drawing software packages. In fact, the s orbital
structure is indicated by an arrow or wavy bond. Examplesii)  has become the de facto standard for depicting a resin bead
(v) show residues attached to the core through two bonds, Where(perhaps much more widely used than for the designed

designation of orientation of attachment is useful. Thus, in (v) the urpose?), and other drawing tools are commonly used for
single or double star would correspond to a similar mark on the purp h g y

generic core. In contrast, (iii) and (iv) have equivalent substitution Other types of support. It is surprising that after many years
positions and offer some potential for confusion. of practice of solid-phase chemistry and the widespread use

of solid-supported combinatorial methodologies, that soft-

e o R\ZN_RZ- P ware vendors have not yet provided a specia! set Qf.
HOLC . N— o pictograms to represent beads, surfaces, etc. A gaping deficit
MR R1\Q§® )\(RO in the use of existing tools, such as the s orbital, is that no
R'”ONTR? Alyl—g X HaN™ i point of attachment is available on these devices. Every

@) (b) (© practicing chemist in the field will be familiar with the

Figure 11. Use of superatoms. (a) Straightforward use ofg&1  frustration of keeping a molecule “attached” to the “resin

(b) R2, R2: indication that substituents derive from the same bead” while constructing chemical schemes. A “smart bead”

reagent and are not independently varied; Alkyl, more descriptive which will accept molecular linkages has been suggested by

than R; Ar with ring, fused aromatic ring; X, bifunctional residue. these authors to a number of software providers, but without
(c) Additional qualifiers indicate relationship between library effect (or acknowledgment!) to date.

members using the pool notations described in the text (see Figure . ) )
16). Thus, the indicated library has R3 separate pools, each Recently, a standardized terminology for linkers was
containing R2x R1 members, with the R1 position being encoded. proposed by Comely and GibsénhTheir PACT notation

more specific information is conveyed than the more generic (Point of Attachment Converted To; see Figure 13) focuses
R designation. on the residue left on the compound of interest after cleavage
The use of additional modifiers may be useful, such as from the linker. This notation will be useful for categorizing

R! to indicate that a variable position is associated with linkers and certainly could form a field in computer registry
tags in an encoded library. Figure 11 illustrates the use of for combinatorial syntheses. A useful addition to this scheme

alternative superatoms. Similarly, modifiers X and O may would be notation describing the cleavage conditions.
be used to convey information pertaining to pool notation
in a structural context (see the section on pool notation,
below). The risk with these additional layers of complexity It is often important to specify particular combinatorial
is that the generic structure may become cluttered or subsets of a larger library: when spipool solid-phase
confusing. Authors should assess each situation on its meritslibrary synthesis result in pools of compounds sharing one
Another ubiquitous feature of combinatorial reactions is or more common reagent, when individual compounds can
the use of solid supports, linkers, and supported reagents. Irbe intentionally pooled to facilitate screening (e.g., as
many generic reaction schemes, these are handled as a speciaithogonal mixtures), and when successively smaller subsets
type of superatom with pictorial notation (see Figure 12). are synthesized during deconvolution. To define an appropri-
This is an area of particular importance to the field of ate notation for pools or mixtures of compounds, we may
combinatorial chemistry and which continues to develop at first identify that the synthesis route can be described in linear
a rapid pace. The past few years have brought to prominencgerms even for nonlinear products (see Figure 14). Thus,

R

Specification of Noteworthy Subsets; Pool Notations
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Figure 12. (a) Representation of supports and linkers for library synthesis. Examples (i) and (ii) show “standard” functionalized beaded
supports with explicit annotation of the nature of support and linker. In (iii), the nature of the support and linker would be expected to be
defined elsewhere, like (iv) where the unusual “Wr” symbol on the bead indicates a “nonstandard” beaded support and directs the reader
to the text for complete description. Examples (v) and (vi) suggest standard beads with unusual linkers; (vii) indicates the use of a soluble
support; (viii)—(xiii) indicate various unusual solid supports, respectively (as defined in the corresponding texts) grafted MicroTube, glass
slide, polypropylene membrane, polymer Crown, monolithic polymer disk. (b). Representation of supports and linkers for library synthesis.
In each example, a shorthand depiction of the support is defined by initial depiction of a more complete entity. This allows clear and
concise illustration of complex supports, such as the tagged resin in (iii) with two types of functionality or the dendritic polyglycerol in (iv)
with three different classes of hydroxyl residue. It is useful to distinguish cartoons, which are purely illustrative (such as the “hairy bead”
in (i)), from depictions with real chemical meaning.
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acid o] However it is not clear from this notation what tredation-
i) ( )— —< — . PACT H-O,CR . .
O © O_<R R_‘/<0H ? shipbetween the compounds may be. Is it one pool of 8400

fo) compounds, 8400 separate samples, or something else?
An alternative treatment is that of Houghten, originally

L base Ry used for peptide librarie’$.In addition to the usual single

(i CD_H/VN‘RF2 " Ry MR, PACT NRs letter codes for amino acids, the use of the letters X and O
. ) ) . ) ] describe, respectively, “all possible residues, mixed together”,

Figure 13. Comely-Gibson linker notation. Linkers are defined 5, «5)| possible residues, kept separate.” Figure 15 shows

by the residual functionality on the released compound. Thus, the

Wang linker (i) is defined as a PACT-HO,CR linker, where the some examples of the use of X and O. These may be useful

point of attachment is converted to the-B residue. The hyphen additions to the ChemSet nomenclature, since the information
indicates the new bond that is formed on cleavage. Cleavage ofconveyed by O is hard to represent in ChemSet, and X is a
the REM Ii_nker (II) is PACT NR3. Note no hyphen because no more concise version qf1—35} X is also more precise,
new bond is formed on cleavage. since it may be unclear {1—35} is all or only a subset of
possible residues at the indicated position. Thus, these
n E,E‘ A—+»B EE n AB—+»C nn additions may more precisely define the relationships be-
tween the indicated compounds. An illustration of two

E B\ \ @\\ ((D\ possible consensus nc_)tations using the bes_t features of both
-l . A+B — | AB +C =y ] systems is shown in Figure 16. Note in particular the fourth
’ — ’ — 5 row, which effectively describes collections of single com-

pounds from parallel, splitsort, or split-only synthesis
S B | and has no comparable notation in the existing ChemSet
=

o C. scheme.
“ ib E H AxBrC3D m_‘ It should be noted that description of a collection of a

“cherry picked” set of discrete compounds prepared by paral-
Figure 14. Linear notation (ABC...) describes distinct product lel synthesis cannot be readily condensed by these methods.
types. Linear notation can describe both linear and nonlinear | this case, the compounds may either be represented by a

products, arising from a series of stepwise reactions or single-step,: ; R
multicomponent condensation. list of the residue combinations used, or be fully enumerated.

Enhanced Data Exchange for Combinatorial

while oligomeric compounds such as peptides are naturally Chemistry: Electronic Databases

described by a string of letters, the structure of any member
of a combinatorial library may be defined by equivalent  The quantity of data associated with combinatorial library
shorthand. By simple extension, a nomenclature for the synthesis, analysis, and testing is a serious obstacle to the
relationship of all compounds in a library may be defined. efficient utilization of literature data in this field. In addition,
Given the well-defined assignment of residues, the no- the printed page is a less than adequate medium as a primary
menclature of any given library member becomes clear. Therepository of much of the information associated with such
Journal of Combinatorial Chemistityas defined notation for ~ studies. Building on reported data is the foundation of all
library members, whereb${ 8,4,1} represents a compound scientific endeavor, and opportunities are undoubtedly being

of generic structur8 with R; = 8, R, = 4, and R = 1, missed to capitalize on the rich resource of reported studies
indicating the particular residue from a separately defined in combinatorial chemistry, owing to the difficulty in
list. accurately accessing primary information.

This scheme is extended to tl@hemSetnotation to It is not difficult to imagine how enhanced data access
describe pools of compounds. Thfsl—35; 1-12; 1-20} could impact the field. For instance, the development and
describes a set of compounds of generic struciunaving critical comparison of tools for library analysis, such as
R; = all of residues 35, R, = residues +12, and B = diversity metrics, would be facilitated. The use of a particular
1-20. This is a concise description of 8400 compounds. type of building block or the synthesis of related compounds

Ac-OKIXXX Ac-XOKIXX

100 100
80 A 80 B
60 60
40 40
20 20

0 0

ACDEFGHIKILMNPQRSTVWY ACDEFGHIKLMNPQRSTVWY

Figure 15. Positional scanning of peptide libraries. After Houghten (ref 16). lllustrating the use of X and O for describing the relationship
between pools. Each graph shows the biological activity for 20 pools of peptides. Pools are defined by the generic sequence above each
graph. Each pool contains a single, defined, amino acid residue at the position indicated by O, and a mixture of all 20 possible residues at
the positions indicated by X.
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JCC Chemset Consensus] Consensus2 sibility to data items is independent of their point of origin.
8(1-10; 1-20; 5} 8(1-10, X, 5} 8(0 1-10; X 1-20; 5} It must allow new data items to be incorporated without the
6(8; 4: 1-10} 68,4, 0} 6(8: 4; 0 1-10} need to modify existing files. In addition to archiving data,
2{1-35; 1-35; 1-35} 2{X, X, O} 20X 1-35:X 1-35:0 1-35) the use of a universal file would facilitate data exchange

between software within a laboratory; between different
laboratories; between authors and journals, providing elec-

Figure 16. Comparison of pool nomenclature. Consensus 1 tonic input to the publication process; and between research-
combines Houghten and ChemSet nomenclature. Consensus 2 add

the additional specification of the number of building blocks in &rs or journ_als and cc?mputerlzgd databases:
each reagent set. Even earlier, the Joint Committee on Atomic and Molec-

ular Physical Data (JCAMP) initiated the development of

standard exchange formats for spectroscopic data, resulting
may be more readily tracked across different studies. jn the publication of the JCAMP-DX file form for infrared
Development of pharmacophore models could be achievedspectra in 198% and subsequent extension to a variety of
by associating structure with biological activity between other spectroscopic dataAll major instrument manufactur-
publications. ers now provide the ability to export or import files in this

There are several instances in which a large data setstandard, machine-independent format. Other recent ex-

generated by one group has been reanalyzed by a secondmples of initiatives to facilitate data exchange can be found
group, resulting in additional insight into library design or in the areas of microarray datand handling of biomedical
biological activity. Zuckermann et al. reported the identifica- images®
tion of al-adrenergic antagonists from a library of 5,000  The availability of standard data exchange formats is a
N-substituted glycine peptoidéBradley et al. subsequently  necessary first step in the formation and utilization of
reanalyzed the data using an “ensemble hypothesis” méthod, generally accessible databases. Voluntary adoption of stan-
suggesting a strategy whereby the active compounds couldgards has often been achieved by requiring database submis-
have been identified more efficiently by synthesizing only a sjon prior to publication in relevant journals. This has proven

S(parallel synthesis) 50,0, 0} 5/0 1-20, 0 1-20, O 1-20}

portion of the library. very successful in the archiving of crystal structures, gene
In another example, Geysen etdprepared 512 peptides  and protein sequences, and spectral &ata.
representing all permutations ofandL variants of nine Might we envisage a similar scenario for combinatorial

amino acids in substance P, reSUIting in the identification of |ibrarie3, with a common reporting standard and central
key potency-determining residues. Young and HawRins archive for published data? There are a number of reasons
subsequently reanalyzed these data using recursive partitionyhy this may not happen. It may be argued, for instance,
ing methods to more systematically explore and understandthat combinatorial synthesis has not reached a level of
the SAR. This study was greatly facilitated because the maturity and consistency to allow the definition of standards
authors were part of the same industrial organization as thegple to stand the test of time. If so, we at least wish to instill
Geysen group and, therefore, had access to the sam@ sense that there is a goal to be achieved. It is, however,
computerized resources. our belief that de facto standards are emerging which
Data-mining exercises such as this go on constantly within encompass the majority of reported libraries, and capitalizing
organizations. It is tantalizing to consider the greater numberon this may not be such a daunting task. Second, the
of advances that may take place if more data were moredominance of industrial organizations in the production of
freely accessible, even for the limited number of cases which combinatorial libraries may tend to disfavor the free archiving
are released to the public domain. of library structures. Already the contents of the large
The 1991 announcement of the Crystallographic Informa- majority of libraries produced in the private sector are not
tion File by the International Union of Crystallograghy  disclosed for reasons of secrecy or perceived lack of scientific
resonates with the current situation in combinatorial chem- novelty. For those that are published, submission in a
istry. Below is an excerpt from the introduction to that standardized format should not be burdensome from an
document. intellectual property perspective. In addition, an increasing
“There is an increasing need in many branches of sciencefraction of publications describing combinatorial libraries is
for a uniform but flexible method of archiving and exchang- appearing from the academic sectoFinally, there are a
ing data in electronic form. Rapid advances in computer humber of practical and logistical concerns. Where would
technology, coupled with the expansion of local, national, such a database reside? Who would accept responsibility for
and international networks, have fuelled the need for such amaintenance? How would it be funded?
facility. The variety and relative inflexibility of existing data Computer representation of chemical structure is an area
exchange formats have inhibited their effective use. This is of ongoing effort?® There are a number of ongoing chal-
true even in fields where the basic data requirements arelenges: development of comprehensive, robust, and unam-
well defined. Problems of data exchange are exacerbated ifbiguous coding schemes relating name and struéture;
the number and nature of data types change rapidly anddevelopment of systematic registries for the archival of
continuously. Under these conditions specialized and local chemical informatior?? and the development of methods for
file formats have proliferated. ... A general, flexible, rapidly translating between chemical coding schemes. Each of these
extensible, and universal file format protocol is now essential. areas has impact on the future of data exchange in combi-
It must be machine-independent and portable so that accesnatorial chemistry. Clearly, a list of enumerated products may
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simply be specified in the appropriate, standard data format. A further issue is the selection of the most appropriate
For large libraries, particularly virtual libraries, a Markush- Markush structure. As described earlier, for any given library,
type storage strategy will be desirable. The very general this is somewhat arbitrary, but for purposes of library
Extensible Markup Language (XML) has emerged as a comparison, it is important that methods exist to identify
widely used standard for electronic information interchange overlap and similarity between libraries. This has been
that separates the content, syntax, semantics, and presentatiaddressed by Barnard and DoWwiend should be taken into

of data. XML uses “ontologies” to define a machine-readable account in the final designation of the representation.
taxonomy of classes and relationships that form the subject- It is important to note that the eventual solutions to these
specific vocabulary of each technical discipline. Cambridge- requirements will most likely be based on existing work
Soft has published CDXML, chemistry ontology with support which may already be in widespread use. Fostering of
for many of the unique challenges of combinatorial chem- existing methods which may represent prototypic standards
istry. CDXML is an ASCII, XML equivalent to their binary  will be significantly favored over the invention of totally
CDX (ChemDraw exchange) form&CDXML includes the new systems!

“named alternative group” container object which holds A significant new initiative within IUPAC is the Chemical
fragments that represent alternative substituents for a query Identifier project, which strives for the first time to allocate

It also includes reaction objects and objects to lay out a single, unique (i.e.canonica) linear code to each
depictions on a grid, all of which are useful for combinatorial compound: the IChl string (for “lIUPAC chemical identi-
chemistry. Support for combinatorial chemistry is also under fier”).3° The IChl project is being developed using a
development for several other XML applications. Chemical “layered” approach to allow enhancements to a basic format
Markup Language (CML), and its associated JUMBO Java over time. Initially, simple chemical connectivity will be
classes, is a widely known and freely available chemistry handled; extensions for stereochemistry, isotopes, and tau-
XML application32 CMLQuery, a superset of CML, is being  tomers are planned for the near future. Adding functionality
developed to support generic representations. Queries ando IChl which will allow integration with combinatorial
Markush structures are similar, as they represent a set oflibraries would be desirable. Beyond simple enumeration of
compounds rather than a single GAé&IDL is developing library members, further challenges will be to add the
XML wrappers for the SDfile and RDfile that will accom-  relevant layers of specification to more completely define
modate all of MDL’s structure representations, including libraries. Attention to other issues addressed in this document
generic representatiodsRobin Hewitt, at Dupont Pharma- may facilitate this effort. Clearly, intelligent selection of
ceuticals Research Labs, is writing a modular “fourth generic structure, proper treatment of residues, and accurate
generation” programming language for combinatorial chem- notation of the relationships between compounds will
istry computation that uses an XML representation of facilitate data storage and integration with the chemical
molecule lists for the data streain. literature. In addition, inclusion of associated properties, such

While these current systems support some of the chal-as analytical data and biological assay information, will be
lenges of combinatorial chemistry, none supports them all. highly desirable where available. For large libraries, par-
A first layer is just to enable the specification of the library ticularly virtual libraries, a Markush-type storage strategy
members, including designations for superatom identity, Will be desirablet? Equipping the IChl system to handle
attachment points for building blocks or residues (or clipping generic structures is already being considered for subsequent
protocols for reaction-based strategies). Computer languagesPhases of that project.
such as CHUCKLES and CHORTLES, are already available
for specifying libraries from building block®:*” A second
layer will allow the designation of the relationship between  The majority of new compounds are already being
compounds, perhaps by encoding the pool notation describedprepared by combinatorial methods. Despite the huge
earlier. A third layer will provide mechanisms to rapidly numbers of compounds which they may contain, combina-
search virtual libraries without requiring full enumeration. torial collections offer the opportunity for greatly compressed
Several Markush search engines are available for searchingepresentation, analysis, and manipulation as a result of
the patent literature: Merged Markush for Derwent and regularity in their composition. Study of such libraries offers
Questel DARCE MARPAT from CAS? and the Derwent  the opportunity for systematic analysis of the properties of
Fragmentation Inde%,which has some similarity to Markush  compounds on a significantly larger scale than has heretofore
searching. The former two use input similar to typical been possible. However, accessing the structure and com-
literature substructure search. The latter uses a chemicaposition of combinatorial libraries and associated data is at
coding scheme which can be looked up in a chart or present extremely difficult, in large part because of the lack
generated with a program that has basic structure drawingof standardized means of reporting and archiving this
capability. These, programs, however, do not return the actualinformation. Many other fields faced with similar challenges
assembled molecules that would match the query. More have overcome them with a community effort to facilitate
seriously, all of these tools give false positives, returning communication through standardization. Computational meth-
hits where the fragments are connected in the wrong ods to this end are emerging in combinatorial chemistry and
topology. Significant additional work would be required to may build on current efforts to build a “universal” registry
adapt these patent searching tools to accurate virtual libraryof compounds. It is to be hoped that our community will be
searching. able take advantage of these initiatives to accelerate progress

Conclusion
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in the field, allowing future generations of combinatorial
scientists to more easily stand on the shoulders of, and
thereby see further than, those who have gone before.
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