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Summary

The assembly of large compound libraries for the purpose of screening against various receptor targets to identify
chemical leads for drug discovery programs has created a need for methods to measure the molecular diversity of
such libraries. The method described here, for which we propose the acronym RER&@ptorSte Interaction
Smulation), relates directly to this use. A database is built of three-dimensional representations of the compounds
in the library and a set of three-point three-dimensional theoretical receptor sites is generated based on putative
hydrophobic and polar interactions. A series of flexible, three-dimensional searches is then performed over the
database, using each of the theoretical sites as the basis for one such search. The resulting pattern of hits across
the grid of theoretical receptor sites provides a measure of the molecular diversity of the compound library. This
can be conveniently displayed as a density map which provides a readily comprehensible visual impression of the
library diversity characteristics. A library of 7500 drug compounds derived from the CIPSLINEPC databases was
characterized with respect to molecular diversity using the RESIS method. Some specific uses for the information
obtained from application of the method are discussed. A comparison was made of the results from the RESIS
method with those from a recently published two-dimensional approach for assessing molecular diversity using
sets of compounds from the Maybridge database (MAY).

Introduction the research programs. In adding compounds to these
libraries, filling in areas of missing or underpopulated
Automated high-throughput screening of large com- structural space should therefore be advantageous.
pound libraries is now widely employed in the phar- Also, in constructing compound libraries using com-
maceutical industry to identify chemical leads as start- binatorial chemistry it is important to have a measure
ing points for new drug discovery programs. The of the resulting degree of molecular diversity so that
structural or molecular diversity of a compound library the library characteristics are understood in terms of
used for this purpose is a matter of some consequencethe degree of coverage of diversity space.
Generally a maximally diverse collection of com- The measurement of molecular diversity is a rel-
pounds within some broad parameters relating to their atively new endeavor. The term molecular diversity,
potential as practical structural leads is considered to while conveying a readily understood general mean-
be most desirable. The compound collections accumu-ing, has not been formally defined to our knowledge.
lated by pharmaceutical companies over many years The manner and degree in which one molecule dif-
reflect structural biases arising from concentrations of fers from another can be expressed in many different
various compound types which were focussed on in ways. A number of studies bearing on this gen-
Maddress Department of Chemistry, Brandeis University, e.ral sut_)Ject have been pL_JblISth involving both two-
P.O. Box 9110, Waltham, MA 022549110, U.S.A. ' dimensional and t.hree-dlmensmnal approe_lches. [1-
*To whom correspondence should be addressed. 13]. It has been pointed out that molecular similarity-
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dissimilarity measures need to be considered in rela- 4
tion to a particular use, e.g., in drug receptor-ligand
interactions [13].

The concept we chose to apply was to try to mea-
sure molecular diversity in a manner directly relevant

to the intended use as described above, namely the A _ m
discovery of new chemical leads for receptor tar- wi - :[:‘-"Es:"."'-.wm
gets. The method which we have termBdceptor BCa 45405 mgsrara

Ste InteractionSmulation (RESIS) involves build-
ing a database of three-dimensional representations of Jj -

compounds in the library and a set of three-point the- —-':-' ]- I e e
oretical receptor sites based on putative hydrophobic RN sy et h' e
and polar interactions. A series of flexible three- il I' S e o
dimensional searches is then performed over the data- |, ! J_ T Ll : | ‘I' —
base, using each of the theoretical sites as the basis - | = .+ | | .|
for one such search. The ability of the compounds to 35 LT 71 *"?_, -t I -
position functional groups at given distances is thereby % : 1.l { '1 -1 | T 4L |
determined which relates to the potential to fit various ~ 8 1|

receptors and should thus provide a measure of mole-
cular diversity in a manner relevant to the intended
use.

Two similar three-dimensional methods for mole-
cular diversity measurement involving 3-D pharma- &l
cophores have been described [9,10]. Our approach {anguroms) =
was conceived and executed independently. A compar-Figure 1. (A) A three-point site. (B) Site space representation of a
ison of the three methods is given in the section titled three-point site.

‘Comparison with other 3-D methods’.

or minus 0.50 A. The lengths for each of the three

Methods sides are then varied systematically and independently
through the given ranges.
Generating theoretical sites One way of visualizing this site generation is to

construct a site-space. Take a three-dimensional carte-
The sites generated are based on a three-point receptosian coordinate system and remove the negative por-
model. These are not meant to exactly model drug- tion of each axis. Assign each side of the site triangle
receptor interactions, which often involve more than to an axis. If a site is defined as being a set of three
three sites, but are intended simply to be representativedistances and an associated tolerance for these dis-
of the major possible binding interactions of a recep- tances, then a site can be thought of as being a cube
tor. The central postulate of this model is that just three in this site space. The center of the cube is located at
interactions often account for most of the binding en- the coordinates corresponding to the distances of the
ergy [14]. These theoretical sites are used to measuresite, and the length of the edges of the cube is twice
the differences in the ability of the compounds to posi- the tolerance. For example, say a site had distances of
tion functional groups at given distances which should 7.5, 10.5 and 4.5 A and a tolerance of 0.5 A. That site,
roughly parallel differences in the ability to fit various shown in Figure 1A, would be represented in the site
receptors and should thus measure molecular diversityspace by the cube shown in Figure 1B.
in a manner relevant to drug design. With this site space model in place, the generation
A three-point receptor model takes the form of a of theoretical sites is relatively simple. Say the user
triangle with one binding group at each vertex. To specifies ranges of 4 to 12 A for each of the three site
generate a set of theoretical receptor sites a range isdistances. These ranges describe a cubical region in
selected for the length of each side of the site triangle the site-space with sides extending from 4 to 12 A on
as well as a tolerance for the lengths, for example plus each of the three axes. The tolerance the user gives
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determines the size of the site cubes into which that \/
region is to be divided. The process of systematically "LL,_\T,J"
and independently varying the three site distances now °© © ¢ ¢

amounts to dividing the cubical region of interest into
smaller cubes.

The sites used in the RESIS method are of three Q
types. The first type of site is made up of three po- {:}
lar groups. The second is made up of two polar and
one hydrophobic group, while the third is made up of ' &1 )

one polar and two hydrophobic groups. Sites involving Carbon ring of any size May be bonded to
three hydrophobic groups were not included since it any type of atom
was thought to be very unlikely that the three primary

binding interactions would all involve hydrophobic

bonding.

Binding site interactions @ _____ ZOS ZOS

Two types of interaction are used for the theoretical

sites: polar and hydrophobic. Polar interactions are

defined to include ion-ion, ion-dipole, dipole-dipole,

and hydrogen bonding interactions. A polar group for

the purposes of the RESIS method is defined as being N

any oxygen, nitrogen, or sulfur atom. :
To account for hydrophobic bonding interactions  Figure 2. RESIS definitions of hydrophobic groups. Wavy lines in-

it is first necessary to arrive at an appropriate def- dicate bonds of any valid bond order. Dashed bonds are bonds to the

inition of hydrophobic groups. At an early stage in restof the molecule.

the development of the method, emphasis was placed

on identifying all such possible hydrophobic regions.

The general definitions employed did indeed identify all molecular regions that could be reasonably classi-

most of the valid hydrophobic groups. However, many fied as significant hydrophobes with respect to putative

groups which were at best questionable for hydropho- drug-receptor interactions were identified. The current

bic interactions were also identified. Moreover, the RESIS hydrophobes are shown in Figure 2. In that fig-

generality of the hydrophobic group definitions meant ure, the wavy lines indicate bonds of any valid bond

that the average number of hydrophobic groups per order, while the dashed lines are the bonds to the rest

compound was rather high. This slowed the searchesof the molecule. In all the hydrophobes, halogens can

to the pointwhere it was not possible to use the method be substituted for any of the hydrogens.

on compound libraries with more than one or two The RESIS hydrophobes can be broken down into

hundred compounds. three classes. The first class, the alkyls, include the
The hydrophobic group definitions now used in gem-dimethyl and t-butyl groups and groups based

the RESIS method are more specific than those in- on the isopropyl and n-propyl skeletons. The gem-

vestigated initially. This has shortened the computer dimethyl, t-butyl, and isopropyl groups must be at-

search time so that it is practical to process sizable tached to the rest of the molecule through a carbon,

compound libraries, of the order of tens or hundreds while the n-propyl may be attached to any atom. This

of thousands of compounds. It must be recognized, ensures that the terminal carbons of the groups are at

however, that there is a trade-off between an efficient least two carbons away from a heteroatom.

generalized search procedure and the identification of ~ The second class of RESIS hydrophobes is made

all significant hydrophobic regions. Indeed, deciding up of carbon rings. A carbon ring of any size which

which of these regions should be included is to some is attached to the rest of the molecule through just one

extent a judgement call. However, examination of a of the ring atoms is recognized as a hydrophobe. Ring

set of compounds (ca. 100) processed according toatoms may carry methyl or halogen substituents. The

the current hydrophobe definitions showed that almost other members of this class consist of six-membered

N



Anigindigng Apomorphing a database which could be searched by UNITY. A Ii-
o brary of 7500 of these compounds was then processed
@ by the RESIS system with searches conducted over
@a' @ ocH, ‘ "™~ the range 4 to 12 A and tolerances of 0.50 A for each
HO of the three site distances. The search range was cho-
o © sen after some initial experimentation and reflected a
compromise between capturing as many three point
interaction sites as possible in a large library of diverse
molecules and the need to process such large libraries
in a reasonable time frame.
carbon ‘end-rings’. These rings have three consecutive  The data for the compounds of particular pharma-
ring atoms which may be bound only to hydrogen, cological activity classes can be viewed, as shown
halogen, methyl, and other atoms of the ring. The in Figure 4. The classes of drugs shown are cancer,
remaining ring atoms may be attached to any atom. cardiovascular, central nervous system and endocrine.
Some examples of end rings appear in Figure 3. These four classes are the best represented in the set
The third class of RESIS hydrophobes consists of 7500 CIPSLINEPC compounds. For each class of
of heterocycles. They include 2-pyridine, 2- and 3- compounds three rows of boxes are shown. The top
thiophene, and saturated or partially saturated rings at- row corresponds to the data for the sites with three po-
tached through a ring nitrogen such as pyrrolidine and |ar groups, the middle row for sites with two polar and
piperidine. Ring atoms may carry methyl or halogen one hydrophobic group, and the bottom row for sites

HO'

Figure 3. Examples of ‘end-ring’ hydrophobes.

substituents as in the case of the carbon rings. with one polar and two hydrophobic groups. In each
row there are four boxes, each of which is made up of
Software sixteen squares. Each square in each box represents a

2 x 2 x 2 A cube in site space, which corresponds
to one site with a tolerance of one angstrom or up

) oo X to eight sites with a tolerance of 0.50 A each. This
were written specifically to implement the RESIS coarser resolution was chosen to reduce the size of the
method, To_crea_te a data_base to keep track of t_he Com'ﬁgures and to give more of an overview of the pattern
poundshwhlch hit eachﬁte, programs Wﬁ reh\_/vrltten fto of hits. The distances increase from bottom to top and
parse t © Umt.y output nes and update the hit data for left to right, with x- and y-axes corresponding to the
the queries. Since the Unlty 3/DB search Programwas isiance between the dissimilar groups and the z-axis
not set up to perform a series of search_es, scripts andto the distance between the two similar groups. (For
programs had to be written to run the series of _searchesboth the second and third row of boxes the x- and
required for the_RESIS method. Also the Unity pro- y-axes are polar-hydrophobe distances, while the z-
ggﬂ;r? age? “sr,rcl)ltittvc\)/atgﬁszgwbr?cr)tOfogQiatl)rlg?c)ersutfglrl gf axis is the distance between the two similar groups.
the hyd?oph)cl),besin the Iibrar))//intort)he query chord— For the first row, which corresponds to the sites of
. . : ' three polar groups, the x-, y- and z-axes all corre-
ingly, it was necessary to write softyvare tq use only the spond to polar-polar distances.) The darker a square,
hy(_jrophobes for the compounds in the I|brary subset the greater the number of hits in its constituent sites.
being searched, as well as software for breaking those

i . Each activity class has its own (linear) scale, the better
hydrophobes into sets small enough for a Unity query. to show differences in hit patterns between classes.

As can be seen from the figure, there are some dif-
ferences between the four classes shown. However,
since each activity class includes compounds with di-

verse mechanisms of action this tends to reduce any
difference in hit patterns between the classes and to
To illustrate the application of the RESIS method, Preclude any useful conclusions relating these patterns
studies were conducted using the CIPSLINEPC struc- to therapeutic class. The intent here is to illustrate that
tural databases which are made up of drug compoundsdifferent drug compound libraries can be differentiated

[16]. The Tripos programs SYBYL and UNITY [15] by the RESIS method and the differences character-
were used to convert CIPSLINEPC compounds into ized. Of course in addition to the visual representation,

The Unity 3/DB and Sybyl programs [15] were uti-
lized together with a number of other programs which

Results

Characterization of a compound library
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Figure 4. RESIS data for some activity classes of CIPSLINE compounds.

reference can be made to actual numbers of com- This search could be performed more quickly than a
pounds hitting each site for a more precise evaluation full search over the new library since only those sites
of library characteristics as needed. which were sparsely populated in the first library will
The data for the whole set of 7500 CIPSLINEPC be used in the search over the new library. The new
compounds processed are shown in Figure 5. In this compounds which hit the sparsely populated sites can
figure each square of each box represents one site withthen be added to the first library.
a tolerance of 0.5 A. As in Figure 4, the rows are for The RESIS method may also be used to determine
sites of (top to bottom) three polar groups, two polar which compounds in a library are unlikely to pro-
and one hydrophobic group, and one polar and two hy- vide active leads for drug discovery programs based
drophobic groups. The distances increase left to right on their potential for meaningful receptor site interac-
and bottom to top, and the darker the square the moretion. The user would first need to specify a site-space
hits for the corresponding site. The crosses indicate such that the range of distances would cover those
sets of distances which cannot be used to form a three-found in most receptors. The minimum distance would
point site. This figure suggests how the RESIS system be on the order of 2 to 3 A and the maximum dis-
can be used to fill in sparsely populated regions of site tance could be about 18 to 20 A. The user would then
space to improve the diversity of a compound library. run the system so that the only site (for each of the
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Figure 5. RESIS data for 7500 CIPSLINE compounds.

446
o ! & e
-

three site types) which is searched is that which cor- ~ T2Pl€ 1. Sets of RESIS-identical compounds
responds to the entire site space specified in the first
step. The compounds which did not hit the site on any

of the three searches could be set aside as being of low

Dis Sim
# of compounds  # of sites # of compounds  # of sites

priority. 3 1 4 8
3 1 3 4

. : . . . 2 1 3 3
Comparison with an existing two-dimensional method ) 9

We were interested in determining how the RESIS
method performed in comparison with a recently
published two-dimensional procedure for measuring
molecular diversity [2], although the fundamentally
different approaches of the two methods makes this
an imprecise exercise. For this purpose two sets of
compounds, consisting of 192 dissimilar compounds
(Dislibrary) and 145 similar compoundSign library)
were selected from the Maybridge database (MAY)
[17] by a clustering analysis according to the proce-
dure in reference [2]. The RESIS search series for
each of those two libraries was performed using a
range of 4 to 12 A and a tolerance of 0.5 A for each
of the three distances in the theoretical sites, which
resulted in 679 valid non-redundant sites.

One way of using the RESIS results to measure
similarity is to find the number and size of sets of
compounds which are identical in the RESIS system.

Two compounds are identical in RESIS if they both hit sets ofSim compounds. A factor here could be the

all the same sites. Thgis library had three such sets number of rotatable bonds in the sets of compounds
of compounds, while th&im library had four. The from the Dis and Sim libraries. The number of hits

numbers of compounds and sites for each set are givenf d Id be infl d by th b
in Table 1. A notable feature concerning the numbers rom a compound would be Influénced by the numbuer

presented in Table 1 is that the sets of compounds of such bonds._ Howev_er, few are present in the sets
of compounds in question and there appears to be no

+ We are indebted to Dr. J. Dunbar, Parke-Davis Pharmaceutical Significant bias in thiS_ respect between the compound
Research Division, Warner-Lambert Company, for providing these. sets from théDis andSim libraries.

from the Sim library hit significantly more sites. One
would expect that a library of dissimilar compounds
would have fewer sites per set because those com-
pounds would individually hit a greater variety of sites
and thus those that hit more than a few sites would
be unlikely to have hit the same sites as any other
compound.

On the other hand, compounds of a library of sim-
ilar compounds would be expected not to have such a
variety of sites hit by the individual compounds, mak-
ing it easier to find sets of RESIS-identical compounds
which hit larger numbers of sites. Figure 6 shows
the compounds of the three sets@f compounds,
while Figure 7 shows the compounds of one of the
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Figure 6. Three sets of RESIS-identicBis compounds.
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Figure 7. A set of RESIS-identicabim compounds.

Another way of using data from a RESIS search
series to assess similarity is to look at the number
of sites which were hit by compounds. It would be
expected that a set of similar compounds would hit
fewer sites than would a set of dissimilar compounds,
since the compounds of the similar set would be less
diverse. This is seen in the data for t8en andDis
search series. The 68im compounds which hit at
least one site, collectively hit 295, or 43.4%, of all
the valid sites, while the 6Bis compounds which hit
sites, collectively hit 389, or 57.3% of the total sites.

One can also evaluate compound similarity by
looking at sets of non-overlapping compounds. Such
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Figure 8. A set of non-overlappinis compounds.

sets consist of compounds which hit none of the sites
hit by any of the other compounds in the set. The
largest sets of non-overlappirdis compounds had
13 compounds, while the largest such setSifn
compounds had only 8 compounds. Again, this is as
one would expect since dissimilar compounds are less
likely to overlap. A set of 13 non-overlappirigis
compounds is shown in Figure 8, while a set of 8
non-overlappingim compounds is shown in Figure 9.

The preceding comparative analysis illustrates the
degree of consistency between the RESIS method and
a recently published [2] two-dimensional approach
with regard to the assessment of molecular similar-
ity and dissimilarity. In some respects the results are
compatible, however, there are significant differences
and the three-dimensional receptor site oriented basis
of the RESIS method provides additional characteri-
zation of, and insight into, molecular diversity. This
can be seen, for example, in the sets of RESIS-
identical Dis compounds (Figure 6) and the sets of
non-overlappingim compouds (Figure 9). It has been
observed [5] that the clustering protocol used in the
two-dimensional method [2] is not very effective in
grouping compounds in relation to their biological ac-
tivity. We believe that the evaluation of molecular di-
versity afforded by the RESIS system may correspond
well with the way receptor sites view diversity.



ETBo2916 ETB03963 aliphatic/cycloalkyl or aromatic. Non-redundant com-
NN\S,,O C|\s//° o binations of center types totalled 3, 56 and 84 for
o”\©\ . & o the RESIS, PDQ and ChemDiverse methods respec-

o o tively. In the RESIS method consideration was given

:@ “ 02N© to which combinations are likely to constitute the three

most important sites for a particular drug-receptor
interaction. On this basis the three hydrophobe com-

BTB05891 £D08202 . . . . )
A\/N o o ™ bination was eliminated. This was not done for either
L (P the PDQ and ChemDiverese methods so that such im-
© O O//S probable combinations as three hydrophobes, three
¢ \pr aromatic centroids, three acid centers, three basic
centers etc. were retained.
o ., Different distance intervals between interaction
R centers were also employed by the respective meth-
NS A .2 ods. The RESIS method uses 0.5 A intervals, the PDQ
0,/s \© o"s method employs coarser distance increments, ranging
\©\\\ S from 2.5 A at shorter distances to 5.0 A at the longer

distances, and the ChemDiverse method uses the finest
distance resolution at increments increasing progres-
GKOgos4 BDR02650 sively from 0.1 to 1.0 A. The broader distance ranges
o LW, . employed in the PDQ method limits the degree of dis-
- \/Hr 5. O//SO\ tance discrimination for the pharmacophores whereas
N € . " it has been pointed out [10] that some of the addi-
o tional information through the higher resolution of the
ChemDiverse descriptor may not be significant. The
RESIS approach is intermediate betwen these. The
way RESIS performs searches — searching the whole
Comparison with other 3-D methods space and then dividing that space up in successive
steps - means that the distance intervals can be readily
The ChembDiverse [9] and PDQ [10] methods are Mmodified in this method. The distance range covered
similar in concept to the RESIS method. All three can be adjusted in all three methods.
methods are based on a three point interaction model. ~ The characterization of the molecular diversity of
A detailed comparison of the ChemDiverse and PDQ a compound library by each of the three methods will
approaches has been reported [10]. Both employ a be dependent on the combination of center types and
wider range of center types than the RESIS method distance intervals employed. Compared to the PDQ
which utilizes two broad categories, hydrophobic and method, RESIS has a more elementary breakdown
polar. The PDQ method subdivides these into more Of center types but uses a finer distance differentia-
categories; hydrophobe and aromatic centroid, and tion. ChemDiverse employs both a full range of center
hydrogen bond donor/acceptor, acid and basic cen-types and the most extensive set of distance intervals
ters, for a total of six in all. The ChemDiverse at the cost, however, of greatly increased complexity
method uses these six plus, as of its October 1995and computational demand and some redundancy in
release, one more. Compared to the RESIS methodthe information generated. The three methods, which
this greater level of discrimination of bonding types all share a basic main principle, may be viewed as
in the PDQ and ChembDiverse methods provides a offering different trade-offs between the extent and
more detailed picture of potentia| drug-receptor site detail of the information obtained and its accessibil-
bonding interactions. However, significant redun- ity and the resulting level of complexity and resources
dancy occurs in considering separately sites termed required. The RESIS method offers relative simplicity
hydrophobe and aromatic centroid where hydrophobe while still providing a useful level of differentiation
is an aliphatic or cycloalkyl species, since in many between compound libraries with respect to molecular
cases a hydrophobic drug-receptor interaction can oc- diversity.
cur where the hydrophobic region on the drug is either

Figure 9. A set of non-overlappingim compounds.



Conclusions

The RESIS method gives a three-dimensional mea- 1-

sure of the molecular diversity of a compound library
which can be conveniently displayed as a density map
providing a readily comprehensible visual impression

of the library diversity characteristics. The method, 3
which is based on simulated receptor site interactions ,

according to a three-point site model, relates directly

to the use of compound libraries for screening against 5.

various receptor targets. It has been illustrated by ap-
plication to a compound library of 7500 compounds

and could potentially be used on much larger libraries 7.

of up to 100 000 compounds.

The method can be applied to efficiently identify
compounds which will enhance the molecular diver-
sity of a compound library and can easily be used to
identify compounds which may not be of any interest
in drug design.

A comparative analysis showed that the RESIS 14

method is by some measures consistent with a re-
cently published two-dimensional approach. How-
ever, there are important differences in the results ,
obtained arising from the three-dimensional format

of the RESIS method which relates more directly to 13.

drug-receptor interactions. It differs from two other
three-dimensional methods in utilizing a much sim-

pler classification of putative drug-receptor bonding 15,
interactions. While providing less detailed informa- 16.

tion it has greater simplicity of use and provides an
easily visualized measure of the molecular diversity

of compound libraries. 17.
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