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Living systems are mainly composed and regulated by
ompounds in four biochemical classes and their poly-
ers—nucleotides, carbohydrates, lipids, and amino acids.
arly combinatorial chemistry libraries consisted of
eptides. The present report describes the general bio-
ctivity and biophysical properties of a combinatorial
hemical library that used glyco, nucleotidyl, and lipid
uilding blocks. The resulting chimeric combinatorial

ibrary of 361 compounds had a confirmed cumulative
it rate of 0.16%, which is 8-fold higher than a commonly
laimed industrial benchmark of 0.02%. It produced 7
tructurally confirmed hits for a third of 12 proprietary
rug discovery projects, and these comprised a variety
f molecular targets. Diversity analyses demonstrated
hat despite the small number of compounds, a wider
ange of diversity space was covered by this library of
iochemical chimeras than by a branched tripeptide

ibrary of the same size and similar generic formula.
1999 Academic Press

Nearly any textbook of biochemistry divides the topic
long four classes of molecular building blocks and
heir polymers: nucleotides, amino acids, carbohy-
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zed acylations, respectively.
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rates, and lipids. Indeed, living things constitute an
rganized and regulated collection of these four bio-
hemical classes in a complex system of molecular in-
eractions. Historically, combinatorial chemistry cer-
ainly covered the peptide and amino acids (e.g., 1), but
hat about the other classes of biomolecules? Some-

imes, in order to find useful properties, investigators
ave combined materials into chimeric structures. En-
ineers make alloys that have unexpected or beneficial
ttributes, molecular biologists generate chimeric pro-
eins to explore and harness cellular signaling events
e.g., 2), and medicinal chemists make dual inhibitors
o obtain greater efficacy or other pharmaceutical ad-
antage (e.g., 3, 4). So, what happens if chimeras are
ade using analogs of the basic building blocks of life?
We report here the production and evaluation of a

mall chimeric library. A collection of 361 chimeric
ompounds was tested in 12 proprietary drug dis-
overy assays, and it was found to be fairly effective
t providing inhibitory ligands of reasonable selectiv-
ty, structural specificity and affinity. Interestingly
nough, the simple design encompassed a large
mount of chemical diversity space compared to a
ranched tripeptide library, yet the molecules were
aradoxically not “drug like.” Such compounds may
evertheless prove to be useful reagents in the biolog-

cal sciences.

ATERIALS AND METHODS

Materials. Hydroxy TentaGel was from Rapp Polymere (Tubingen,
ermany). HOBt and Boc-K(Fmoc)-OH were from Novabiochem (San
iego, CA). Diisopropyl carbodiimide and 1-methylimidazole were from
ldrich. The solvents, DMF, DCM, ACN, and DMSO, were from Aldrich
r Burdick & Jackson. The combinatorial building block acids were
enerally from Aldrich (Milwaukee, WI) or Acros (Pittsburgh, PA).
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Methods. The design of the combinatorial library was done in a
ew steps. Building blocks were selected by searching the Available
hemical Directory (ACD, MDL Information Systems, Inc., San
eandro, CA) with the following criteria: substructure search, or 50%
imilarity to nucleotidyl bases (purine, pyrimidine or xanthine), car-
ohydrates, or hormonal lipids (e.g., steroidal, sterol, or other lipid
nalogs). All had to have a free carboxylic acid functional group
obtained as either the free acid form, or as a salt). They also had to
e anhydrous (water content , 0.01%), or simply made so by addition
f molecular sieves, and cost ,$100/g. By way of illustration, some
xamples of the 19 building blocks selected are shown in Fig. 1. The
ree acids of some building blocks were prepared from their salts by
FA acid precipitation from an aqueous solution. Furthermore, some
uilding blocks had precedence in the medicinal chemistry reper-
oire. For example, the carbohydrate analog quinic acid is a constit-
ent of various bioactive compounds—e.g., agents derived from the
atural product, propolis, and enzymatic inhibitors (e.g., 5, 6). The
teroidal building block, glycyrrhetinic acid, has been widely de-
cribed as having interesting activities alone or as part of a bioactive
olecule (e.g., 7). Theophylline acetic acid is an analog of the meth-

lxanthine class of drugs known since the dawn of medicinal chem-
stry. Finally, to be included in the library, each building block had
o yield satisfactory products upon synthesis of model compounds.
he products were evaluated by using TLC (8), HPLC, MS and
S/MS. After all of these steps, 8 lipids, 6 nucleo analogs and 5

arbohydrate analogs were used in the present chimeric library. For
roduction of the library, L-lysine was selected as the combinatorial
scaffold” onto which the building blocks would be coupled through
mide chemistry. The choice of this scaffold was based upon the
ragmatic considerations of availability, steric accessibility and be-
ng the first chimeric library to be produced. The formula for this
ibrary is R1-K(R2)-OH, where R1 is the first randomized acid cou-
led to the alpha amine, and R2 is the second randomized acid
oupled to the epsilon amine. Note that all compounds are at least a
ybrid of two classes since all of them are coupled to an amino acid,

ysine.
The chimeric library was made using a split, 3-way pool, split
ethod to couple the selected 19 acids to each of the orthogonally

rotected amines of the lysine scaffold. The total complexity of the
himeric library was 361 (19 3 19) intended compounds. In the
ppropriate anhydrous solvent, 5 equivalents of each acid along with
IC and HOBt were used to acylate the reactive amine. The extent
f coupling was monitored by Ninhydrin testing of resin samples,
nd all acylations went to 95% completion, or better. Conventional
oc/Fmoc chemistry steps were used during the synthesis of the

ibrary in polypropylene syringes. The resin was in 57 different
yringes after the second randomization (3 3 19). To facilitate struc-
ural determination, the resin was kept in separate syringes after
he second acylation so that the acid used was known for the R2
osition. The combinatorial products were cleaved off of the resin
ith aqueous base and collected, and the resin was washed with 50%
CN in water and collected. These two eluates were kept as separate

FIG. 1. Examples of the building blocks used in th
63
olutions thereby providing aqueous and organic extracts. There
ere 57 aqueous extracts and 57 organic extracts in the final library.
epending upon the particular source syringe, there were 6 or 7
xpected chimeric compounds. Following cleavage, they partitioned
nto the aqueous or organic fractions according to their solubilities.

These soluble compounds were tested in 12 proprietary drug dis-
overy bioassays of both molecular and cellular types. All projects
ere looking for inhibitors. The resin loading gave an upper limit
stimate of the concentration of combinatorial compounds being
ested in the assays. Appropriate solvent controls were used, and the
xtracts were generally diluted 100-fold into biological reactions.
creening hits had statistically significant inhibitory effects com-
ared to control incubations (e.g., .4 fold the standard deviation of
ontrols). The active compound was determined by either synthetic
econvolution or by purification followed by appropriate microana-
ytical methods (e.g., FT-MS/MS). Data from dose-response curves
ere fitted using nonlinear regression software (9).

Computational methods. The Legion (10) combinatorial builder
odule in SYBYL was used to create two libraries, first the chimeric

iamide library described above, and second a theoretical branched
ripeptide library with the same generic formula R1-K(R2)-OH, in
hich 19 amino acids (from the 20 common amino acids, except

ysine) at R1 and R2 were randomly combined to yield 361 virtual
ripeptides. Thus, each library consisted of 361 compounds. The
animoto coefficient (11, 12) was used to assess the dissimilarity
etween any two compounds from the two libraries. The work was
one with a SGI Octane machine (SGI, Mountain View, CA). Another
ethod, the Auto Correlation Technique Package (ACT), was used to

enerate graphical output. The basic theory of ACT has been pub-
ished (13–16). Simply put, this method uses an autocorrelation
echnique to transform a 2D- or 3D-molecular structure, including
ts local properties, into a vector, that is, a point in an N-dimensional
pace. Then statistical techniques, including principal component
nalyses, are used to reduce the whole collection to a smaller number
f molecules. The parameters used are atom connectivity, Van der
aals volume, pi functionality, electronegativity of an atom, hetero-

tomicity, hydrogen bond donor or acceptor and atomic contribution
o LogP.

ESULTS AND DISCUSSION

Extracts from the chimeric combinatorial library
ere tested in 12 drug discovery projects. Eight assays
id not find any hits from the chimeric library. The
ther 4 bioassays found at least one hit. In all, 7 com-
ounds with desirable bioactivities were identified. A
creen for a lipid enzyme discovered one hit, three hits
ere found for two kinases, and three hits were found

or a protease. None of these compounds were crossre-

himeric diamide library. Hydrogens are not shown.
e c
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ctive, indicating biological selectivity. For example,
either of the two hits found for the first kinase af-
ected the second kinase, and the one for the second
inase did not affect the first kinase. Also, the hits
ame from extracts that were active in only one bioas-
ay, again indicating selectivity dependent upon mo-
ecular recognition. All of these hits had reasonable
ffinities with potencies ,15 mM. For each hit, analogs
ere made and tested to demonstrate structural spec-

ficity as well, thereby fulfilling the requirements for a
rue ligand:target type of molecular interaction. Fi-
ally, for the projects described, none of the building
locks were significantly active by themselves indicat-
ng a need to be coupled in a chimeric molecule.

The biological properties of the chimeric compounds
ill be illustrated by describing the hits found for two
roprietary screening projects. Figure 2 shows a dose-
esponse curve for a dinucleotidyl inhibitor of a protein
inase. The curve shape was normal with a slope of 1.
he IC50 was 2.4 mM. Ligand specificity was confirmed
y an inactive analog that had two atoms removed
ompared to the hit. Furthermore, this hit and a nu-
leosterol hit did not affect the phosphorylation activ-
ty of other protein kinases, such as cAMP dependent
rotein kinase, or two other proprietary protein ki-
ases, demonstrating selectivity in their inhibitory ef-
ects. Figure 3 shows a dose–response curve for a nu-
leosterol inhibitor discovered for a lipid enzymatic
ssay. The best fitting curve had a slope of 1.5, and the
C50 was 13 mM. Structural specificity of the ligand
as established using isomeric and spacing analogs

L-diaminopropionic acid substituted for the L-Lys scaf-
old). Furthermore, this compound was not active in
ny of the other 12 screens. Inactive building block
eletions, inversions between the alpha and epsilon
mines, and analogs using isomeric building blocks all
mphasized the structural requirements of the hits for
hese two projects. These two examples help demon-

FIG. 2. Effect of a dinucleotidyl chimeric molecule on the
hophorylating activity of a protein kinase. Open circles represent
he mean values expressed as a percentage of control activity. The
tandard deviation is indicated by bars. The data are representative
f three determinations.
64
trate that true ligands were found that fullfill basic
equirements for molecular recognition: affinity, struc-
ural specificity and biological selectivity.

The chimeric library was fairly efficient at providing
nhibitory ligands. Seven confirmed hits from 361 com-
ounds translates into 52 combinatorial compounds
ade per hit (nearly 2% were ligands found for 4

creening projects). This indicates a highly concen-
rated amount of bioactivity in the chimeric collection.
espite loading the building block set with a few ana-

ogs of known therapeutic agents or substructures,
nly one of the 7 hits had such a building block. The
arget it hit, moreover, was counterintuitive. A bench-
ark commonly cited in the drug discovery industry is
hit rate of 0.02% (calculated as 100 3 the total

umber of hits divided by the product of the total
umber of compounds tested 3 the number of screens).
he chimeric library described here, as small as it was,
ad a confirmed hit rate eight times better than the
tated benchmark.
To better understand the efficiency of the chimeric

ibrary, computational chemistry tools were applied to
valuate its properties. Common sense suggested that
he chimeric library would be very different from pep-
ide libraries, and diversity analysis quantified this
xpected difference. When a branched tripeptide li-
rary of the same R1-K(R2)-OH formula as the chi-
eric library was compared, there was 0% redundancy

etween these two libraries based on a Tanimoto Index
f 0.85. Figure 4 shows the first two principal compo-
ents axes (Factors F1 and F2). F1 represents mainly
he size of the molecules. F2 is mainly related to the
olarity and unsaturation of the molecules. On the
ower rim of the cloud are lipophilic molecules, such as
aturated hydrocarbons; by moving towards the posi-
ive value of F2, one finds unsaturated hydrocarbons,
nd then, more and more heteroatoms within unsatur-
ted molecules. From our experience, factors F3, F4,

FIG. 3. Effect of a nucleosterol on an enzyme that handles lipids.
pen circles represent the mean values expressed as a percentage of

ontrol activity. The standard deviation is indicated by bars. The
ata are representative of three determinations.



F
t
t
s
l
a
t
b
r
1
s

i
(
o
(
(
N

m
o
t
t
o
s
t
a
l
h

m
c
T
c
w
m
c
h

h
s
w
i
p
b
b
a
i
b

A

e

R

1

1

1
1
1
1
1

1

t
O
c
p
T

Vol. 266, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
5, etc., are more suitable for the observation of struc-
ural family cluster. The comet shape of the cloud of
he F1–F2 plane is typical of molecular sets containing
mall and large molecules. The smaller ones are at the
eft tip, and as the size increases along F1, diversity
long F2 also increases. The molecular size range of
he tripeptide library is smaller than the chimeric li-
rary, the molecular weights of the former being in the
ange of 400 to 500, while the latter is from 300 to
000, respectively. The seven hits were in a diversity
pace that is not covered by the tripeptide library.
The chimeric library also was not drug like. Its phys-

cal properties fall out of the Lipinski’s “Rule of Five”
17). The molecular weight was from 300 to 1000 (Mode
f 700 Da); hydrogen-bond donor was from 3 to 10
Mode of 6); hydrogen-bond acceptor was from 4 to 14
Mode of 9); cLogP was from 21 to 13 (Mode of 6).
evertheless, this library provided 7 hits.
Four of 12 screens were successful in finding one or
ore hits from the library giving a project success rate

f 33%. Although the screening projects were diverse,
hey were not randomly distributed in character. The
argets were classified in terms of the biochemical class
f their natural ligand(s). Nine (75%) of the proprietary
creens had ligands that were nucleotidyl or peptidic in
ype. Six of the confirmed hits were evenly distributed
mong the targets handling nucleotidyl and peptidic
igands. Only one target within an engineered cell line
andled lipids, which found a single hit from the chi-

FIG. 4. Diversity comparison of the chimeric diamide and virtual
ripeptide libraries. The libraries are projected onto the F1–F2 plane.
pen circles denote the virtual branched tripeptide library; filled

ircles represent molecules of the chimeric diamide library. The
ositions of seven chimeric hits are plotted as numbers 1 through 7.
he hits are all in the lower right quadrant.
65
eric library. One project had a target that handled
arbohydrates, but it did not yield a confirmed hit.
hus, from among the four classical biochemical
lasses, targets that handle carbohydrates or lipids
ere under-represented in the screening set. To date, it
ay be concluded that the chimeric library design suc-

eeded in providing ligands for targets that normally
andle nucleotidyl, peptidic and lipid molecules.
From acetylcholine to Zovirax, medicinal chemists

ave drawn inspiration from biological factors. The
tudies described here show that the chimeric design
as quite relevant and efficient in the discovery of

nhibitory ligands, yet it was not designed for any
articular target apart from using analogs of building
locks commonly found in the molecular recognition of
iological systems. This report is the first to describe
n early attempt to splice together the major biochem-
cal classes to generate chimeric molecules and the
iological consequences of such unions.
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