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In this study we use a novel similarity search technique called latent semantic structure
indexing (LaSSI) with joint chemical probes as queries to mine the MDL drug data report
database. LaSSI is based on latent semantic indexing developed for searching textual databases.
We use atom pair and topological torsion descriptors in our calculations. The results obtained
with LaSSI are compared with another in-house similarity search technique TOPOSIM. The
results from the similarity searches using joint chemical probes are significantly better than
searches using single chemical probes for both LaSSI and TOPOSIM. The selected molecules
are closely related in activity to their queries and are ranked among the top 300 scoring
molecules of the 82 860 entries in the database. Our implementation of LaSSI is very fast and
efficient in finding active compounds. The results also show that LaSSI consistently retrieves
more diverse chemical structures representative of the joint chemical probes in comparison to
TOPOSIM. The use of multimolecule topological probes to identify compounds complements

the use of searching databases with 3D pharmacophore hypotheses.

Introduction

Chemical database mining is an essential process in
the identification of biologically active molecules. Such
mining involves searching a database for compounds
that have chemical properties similar to those of a probe
molecule(s) in order to identify a set of compounds that
potentially have similar biological properties and, per-
haps, diverse chemical scaffolds. Several similarity
search techniques are available to retrieve structures
from chemical databases.! Compounds that have a
common mechanism of action are traditionally analyzed
via 3D molecular modeling tools to generate pharma-
cophore hypotheses. These pharmacophore hypotheses
are used to search chemical databases to identify novel
structural classes that act through the same mechanism
of action. Our assertion is that chemical similarity
searches with multicompound probes using topological
descriptors would accentuate common chemical features
present in the members of the probe. Hence, joint
chemical probes would serve as a 2D equivalent of a
pharmacophore hypothesis. There are a few published
reports of 2D or topological approaches to search chemi-
cal databases with the simultaneous use of multiple
compounds®™ or with the use of a 2D fingerprint
technique.5

We describe here an application of a novel 2D
similarity search technique called latent semantic struc-
ture indexing (LaSSl) to probe a chemical database
using a chemical probe constructed from multiple
compounds. LaSSl is inspired by latent semantic index-
ing (LSI)®7 developed at Bellcore Laboratories® for
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searching textual databases. LSI can be adapted to
search both 2D and 3D databases, but we focus our
efforts in this paper on the application of this technique
to search a 2D database. LaSSI involves the following
steps: (1) a singular value decomposition of a matrix of
molecules and its descriptors and (2) generation of a low-
dimensional representation of the original chemical
descriptor space. This has to be done only once to create
the database. The next step involves calculating the
similarity of molecules in this database to a given probe
and ranking them according to decreasing similarity.
The details of the theory and implementation of this
technique are presented elsewhere.®

We present here an iterative approach for both LaSSI
and TOPOSIM that uses the results from a similarity
search with a single molecule probe to select structurally
diverse active compounds, which we use to construct a
joint chemical probe to search the chemical database
again. Information about known active compounds can
be used to increase the chances of retrieving a greater
number of active compounds. We employed here an
approach analogous to relevance feedback used in the
field of natural language understanding® to influence
the outcome of similarity searches with LaSSI. The list
of active compounds retrieved by single molecule probe
searches was used to identify parameters that lead to
optimal database retrieval performance by LaSSI using
joint chemical probes.

Hull et al.” compared the results obtained from
similarity searches with single molecule probes across
16 therapeutic categories using LaSSI and TOPOSIM?0
to search MDL's drug data report (MDDR) database.
In this study it was shown that the combination of atom
pair! and topological torsion!? descriptors on average
retrieved the most number of active compounds across
the 16 therapeutic categories. These results also showed
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that LaSSI on average performed as well as TOPOSIM
and better when the information regarding the active
compounds was used to find the optimal number of
singular values.

Methods

We chose five therapeutic categories out of the 16 thera-
peutic categories from our single molecule probe similarity
search results.” In two cases LaSSI performed better (dopam-
ine D2 agonists and ACE inhibitors), in two cases TOPOSIM
performed better (thrombin inhibitors and leukotriene antago-
nists), and in one case LaSSI and TOPOSIM were comparable
(5HT re-uptake inhibitors). In each therapeutic category, the
top 300 compounds from the single probe similarity search
results were examined to identify known active compounds.
From the list of active compounds, a representative set of
compounds were selected to construct the joint chemical probe.
These compounds were chosen so as to represent the structural
diversity of the active compounds.

Descriptors. We used atom pairs'! and topological torsion*?
descriptors in all our calculations.

Atom pairs are substructure descriptors of a molecule and
are defined as AT; — AT; — rjj. The distance, rj;, is the distance
in bonds along the shortest path between an atom type AT;
and an atom type AT;. The atom type encodes the element type,
the number of non-hydrogen atom neighbors, and the number
of r electrons. Topological torsions are substructure descriptors
of a molecule and are defined as AT; — AT; — AT — AT,, where
i, j, k, and | are consecutively bonded atoms.

LaSSlI. The theory, implementation, and methodology of
LaSSI are presented elsewhere.® We present here only a brief
description of the LaSSI methodology.

LaSSI uses the singular value decomposition (SVD) of the
chemical descriptor matrix X. The SVD of X in R™" |eads to
a left singular matrix P (m x r), right singular matrix Q (n x
r), and a diagonal matrix X (r x r) and is defined by X = PXQT.
The columns of the P matrix are the eigenvectors of XXT
corresponding to nonzero eigenvalues. The columns of the Q
matrix are the eigenvectors of XX corresponding to nonzero
eigenvalues. The nonzero elements of the diagonal matrix X
=diag(o1, 02, ..., o) are called the singular values. The singular
values are square roots of the eigenvalues and possess the
property that 01 = 02 = ... = or. The kth rank approximation
of X, X, for k<, oi41 ... 0r set to 0 can be efficiently computed
using variants of the Lanczos algorithm.2® Xy is the matrix of
rank k that is closest to X in the least squares sense; it is called
a partial SVD of X, and is defined as Xx = PiZkQ"«. The rows
of Xk are orthogonal descriptors that are linear combinations
of the original descriptors, and the columns are the projection
of the molecules into the space of those descriptors. The
similarity of two descriptors i and j is calculated by computing
the dot product between the ith and jth rows of the matrix
P«Z«. The similarity between molecules, represented by vectors
i and j can be calculated by computing the dot product between
the ith and jth rows of the matrix QiXk. The similarity of a
descriptor i to a molecule j can be calculated by computing
the dot product between the ith row of the matrix PXx and
the jth row of the matrix QiXk. Finally, the similarity of a probe
to the descriptors and molecules in the database can be
calculated by first projecting the probe into the k-dimensional
space of the partial SVD and then treating the projection as a
molecule for probe—descriptor and probe—molecule compari-
sons. The projection of a probe vector, v, is defined as 'y =
VIPX L y is treated as a row of Qg for the purposes of
calculating similarity.

LaSSI does not use the singular values to scale the singular
vectors when calculating similarities, however, as is the case
for LSI. Instead, the identity matrix | is used in place of X.
Ignoring the scaling component Xy improves the system'’s
ability to select similar molecules regardless of whether the
probe’s descriptors are well represented in the database.

The connection table of a probe molecule(s) is converted into
the descriptor set of the LaSSI database to create a feature
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vector for the probe. The probe is then projected into a reduced
dimensional space as described by Hull et al.® The normalized
dot products of each molecule in the database with the
transformed probe are calculated and the resulting values are
sorted in descending order, maintaining the index of the
molecule responsible for that value. Then LaSSI generates a
list of top-ranking molecules at a chosen cutoff, e.g., usually
the highest ranked 300, 500, or 1000 compounds. The calcula-
tion of LaSSI similarity between the probe molecule v and the
database molecule i is given by

K quix

&iviia;l

Sim,; =

Vi

where gix are elements of Qx with x ranging from 1 to k (total
number of singular values). Sim,; ranges from —1 (least
similar) to 1.0 (most similar). The process of carrying out SVD
converts the original descriptors into a new set of descriptors
that are a linear combination of the original descriptors. Thus
the coefficients on the new descriptors are floating point
numbers and no longer represent frequencies. For this reason
we feel that the Dice similarity measure defined below is not
a viable approach to calculate similarity between the descrip-
tors from the LaSSI database.

By varying the number of singular values (k) we can control
the level of fuzziness of the search: larger singular values
produce better approximations of the original descriptor space
than smaller values. In the extreme case of kK = r, r being the
rank of the matrix X, Xx = X and hence the descriptors are
represented in their original form. Alternatively, if k is very
small, much of the distinctive character of the descriptors will
be lost. An investigation of the effect of singular values on
chemical similarity has been presented by Hull et al.” The
optimal singular values used in single probe similarity searches
with LaSSI across the 16 therapeutic areas ranged from 50 to
800. The assessment of the retrieval of actives at all these
singular values leads to an average singular value ~300. These
results are presented by Hull et al.” On the basis of these
results we selected the compounds from LaSSI single probe
similarity rankings at 300 singular values for constructing
joint probes.

TOPOSIM. The Dice similarity measure was used in
TOPOSIM? calculations, and it is defined as follows

zmin(djvvdji)
]

0.5[) dy, +  dyl
] J

where dj, is the count of descriptor j in probe molecule v, and
d;ji is the count of descriptor j in the molecule i. The index j
goes over the union of unique descriptors in v and i. Simy;
ranges from 0.0 (nothing in common) to 1.0 (identical). We use
the Dice similarity measure for TOPOSIM because empirically
it works better than cosine similarity in retrieving actives.”

The joint probes for TOPOSIM were constructed from
TOPOSIM's single probe similarity searches. The procedure
used to select a representative set of compounds for construct-
ing joint probes is shown schematically in Figure 1. For
example, we show how LaSSI and TOPOSIM joint probes were
generated for 5-HT re-uptake inhibitors (Figure 1). In similar-
ity searches using LaSSI and TOPOSIM with the single
chemical probe 170534, there were 11 and 6 active compounds,
respectively, in the top-ranking 300 compounds. We selected
three structurally diverse representative compounds from the
respective set of active compounds to construct each joint
chemical probe. The list of MDDR registration numbers
comprising the joint chemical probes for each therapeutic
category for LaSSI and TOPOSIM is given in Table 1 and the
corresponding structures are shown in Figures 2—6.

Joint Chemical Probe. For TOPOSIM, the joint chemical
probe is a sum of the frequencies of the descriptors of the

Sim
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170534
(Single Chemical Probe)

Descriptors = AP + TT

LaSSI @300 dims TOPOSIM (Dice)
(cosing)
11 actives 6 actives

| |

166597 170534 222868 170534 222869 252275

L] L

LaSSI TOPOSIM
Joint Chemical Probe Joint Chemical Probe

Figure 1. Chemical similarity search paths taken for LaSSI
and TOPOSIM.

members of the joint probe divided by the total number of
molecules.

N d;
joint chemical probe = ) —
=

In the case of LaSSl, the joint chemical probe is generated
from summing the frequencies of the descriptors of its con-
stituent molecules.

N
joint chemical probe = % d;;

where dj; is the count of descriptor j of the ith molecule, and
N is the total number of molecules in the joint chemical probe.
Since the calculation of similarity with LaSSI involves calcula-
tion of the angle (cosine) between the probe and the column
vectors of the LaSSI database, the normalization of the
descriptors does not have an impact on the similarity: the
angle between two vectors does not change when the length
of one of the vectors changes.

The joint chemical probes from each of the five therapeutic
categories were used to rank 82 860 compounds in the MDDR
database by the cosine similarity measure for LaSSI and by
the Dice similarity measure for TOPOSIM. In the case of
LaSSI, we ranked compounds in the MDDR database by
including a series of singular values ranging from 10 to 430
at increments of 10. The maximum number of singular values
retained for the MDDR database version 98.1 in the current
study is 430. These scored lists were used to generate the
ranks for the members of the joint chemical probes. We
analyzed these ranks to select the singular value at which the
rank of the last retrieved joint probe member is the smallest.
If there were similar rankings for the last joint probe member
at two or more singular values, we chose the results of the
smallest k.

Initial Enhancements. This measure of effectiveness is
computed by taking a ratio of the number of actives for a
particular therapeutic category retrieved in the top-scoring 300
compounds (actives@300) and the number of actives that are
expected by pure chance.

actives@300

Initial enhancement = = - = ~300/82860

where “actives@300” is the number of actives found by LaSSI
or TOPOSIM in the top-ranking 300 compounds for a particu-
lar therapeutic category, and “nactives” is the total number
of actives belonging to the corresponding therapeutic category.

Singh et al.

Measure of Diversity. We used the following approaches
to assess the diversity of active compounds retrieved by LaSSI
and TOPOSIM.

(a) Similarity to the Centroid. For each therapeutic
category we generated the list of active molecules retrieved
by the joint probe. For instance, in the case of 5-HT re-uptake
inhibitors we have 18 and 31 actives retrieved by LaSSI and
TOPOSIM, respectively, with the use of joint probes. These
actives were used to construct the centroid for each set

N
centroid = ) —
&

where dji is the count of descriptor j in the ith molecule, and
N is the total number of molecules in the actives set.

Then, for each member of the active set we computed the
similarity between it and the centroid using topological torsion
descriptors and the Dice similarity measure

> min(dy;,dy)
]

05y d+ ]
J J

where dj; is the count of descriptor j in centroid molecule c,
and dj; is the count of descriptor j in the molecule i. The index
k goes over the union of unique descriptors in ¢ and i.

The mean of the similarities Sim; is computed as follows

Simy; =

N Sim

mean =
4 N

where N is the total number of molecules in the set of actives
retrieved by LaSSI or TOPOSIM for a given therapeutic
category.

(b) Computing Similarity Matrixes. We used the follow-
ing methodology to enumerate the number of structural classes
retrieved by LaSSI and TOPOSIM in order to assess and
display the diversity of retrieved compounds. Self-similarity
and cross-similarity matrixes were computed between an
individual molecule and all other molecules in that set using
topological torsion descriptors and the Dice similarity measure.
We clustered compounds together when similarity between any
two compounds in a given class was greater than or equal to
0.65.

Results

Joint Chemical Probe Similarity Searches with
LaSSI. For each therapeutic category we qualitatively
selected a structurally representative set of compounds
from the actives retrieved by the single molecule probe
similarity search. The descriptors from these compounds
were summed to form the joint probe. LaSSI similarity
searches were carried out at various singular values
ranging from 10 to 430 at increments of 10 to rank the
82 860 molecules in the MDDR database. We analyzed
the top 300 compounds from the LaSSI similarity
searches at each singular value to rank the members
of the joint chemical probe. For each analysis we
determined the number of singular values that gave the
best ranking of the joint chemical probes (Table 2).

The results of the database searches with joint
chemical probes using LaSSI are given in Table 2
(columns 6—10). These results are compared with those
obtained with single molecule probes (columns 3—-5).7
The therapeutic categories are indicated in column 1.
The total number of actives shown in column 2 for each
therapeutic category is based on the count of the
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Table 1. Joint Chemical Probe Members
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MDDR registration numbers

total
therapeutic category actives LaSSI TOPOSIM

5HT re-uptake inhibitors 219 166597, 170534, 222868 170534, 222869, 252275

ACE inhibitors 499 090439, 152038, 158135, 158137, 090388, 206856, 220578, 152038,
167770, 180880, 204703, 211892 155108, 165334, 185771

dopamine agonists 127 139393, 143986, 161853, 169745, 143986, 224232, 174007, 161853
174007, 177101, 179378, 224232

leukotriene antagonists 811 146603, 148762, 154326, 162215, 146603, 205152, 154326
206343

thrombin inhibitors 493 090744, 159159, 177193, 184521, 256114, 159160, 256052, 238882,

214229, 220363, 248991, 251848

201822, 177193

166597

170534
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Figure 2. 5HT re-uptake inhibitors joint chemical probe members for (a) LaSSI and (b) TOPOSIM.
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Figure 3. ACE inhibitors joint chemical probe members for (a) LaSSI and (b) TOPOSIM.

compounds labeled as such in the MDDR database. The
MDDR registration numbers of chemical probes used
for each therapeutic category are given in column 3.
There are 219 compounds labeled as 5-HT re-uptake
inhibitors in the MDDR database. The compound with
the MDDR registration number 170534 was used as a
single probe for similarity searches. A LaSSI search
using k = 300 retrieved 11 5-HT re-uptake inhibitors
in the top-ranking 300 compounds (Table 2). The

maximum number of actives identified by LaSSlI in the
top-scoring 300 compounds are given in column 5, and
the corresponding number of singular values (Kpest) is
given in parentheses in column 5. The results of the
searches carried out with joint chemical probes are given
in columns 6—10. Column 6 gives the MDDR registra-
tion numbers of the structurally diverse representatives
from single molecule searches. In column 7 are the
number of actives from the top 300 ranked compounds
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Figure 4. Dopamine agonists joint chemical probe members for (a) LaSSI and (b) TOPOSIM.
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Figure 5. Leukotriene antagonists joint chemical probe members for (a) LaSSI and (b) TOPOSIM.

at a given k (column 8). The ranks of the probes in
column 9 are those from the results at the value of k
given in column 8. The value of k at which most actives
(column 10) are retrieved is given in parentheses in
column 10. The last column gives the improvement in
the number of actives retrieved by similarity searches
with the joint chemical probe over the number of actives
retrieved by the similarity searches with the single

chemical probe. If the rank of the last joint probe
member retrieved was the same at two or more k values,
we present the results of the smallest k value.

For example, in the case of 5-HT re-uptake inhibitors
we selected the following three structurally representa-
tive compounds from the 11 actives from the single
chemical probe similarity search: 166597, 170534, and
222868 (Figure 2a and Table 2). The best ranking of
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Figure 6. Thrombin inhibitors joint chemical probe members for (a) LaSSI and (b) TOPOSIM.

the joint chemical probes yielded 15 actives (column 7)
with the use of 110 singular values (column 8). The best
ranking of the joint chemical probe members of 5HT re-
uptake inhibitors (column 9) in the scored list is as
follows: 170534 ranked 1st, 222868 ranked 4th, 166597
ranked 11th. The highest number of actives were
retrieved with the use of 370 singular values yielding
19 actives (column 10), which is better than the results
at 110 singular values with the best rankings of the joint
chemical probes. There is about 37% improvement
(column 11) in the retrieval of the number of actives
(15) by the joint chemical probe over the number of
actives (11) retrieved by the single chemical probe
similarity searches. Percent improvement = [(joint
chemical probe actives — single chemical probe actives
at k = 300)/single chemical probe actives at k = 300] x
100.

% improvement = (15 — 11)/11 x 100 = 37%

159159

L
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Joint Chemical Probe Similarity Searches With
TOPOSIM

The results of the database searches with joint
chemical probes using TOPOSIM are given in Table 3
(columns 5—7). These results are compared with those
obtained with single molecule probes (columns 3—4).”

For example, in the case of 5-HT re-uptake inhibitors
we selected the following three structurally diverse
compounds from the six actives (column 4) from the
single chemical probe similarity search: 170534, 222869,
and 252275 (Figure 2b and Table 3). The rankings of
the joint chemical probe members (column 6) of 5-HT
re-uptake inhibitors in scored list are as follows: 170534
ranked 1st, 222869 ranked 2nd, 252275 ranked 3rd.
There is a 367% improvement (column 8) in the retrieval
of the number of actives (28) by the joint chemical probe
over the number of actives (6) retrieved by the single
chemical probe similarity searches.
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Table 2. Results of Joint Chemical Probes Searches with LaSSlI
single chemical probe? joint chemical probe®
therapeutic total activesd  actives JCPf calibration®  ranKings  actives  improvement?
category actives probe k=300 (bestk)®* members actives Kk of probes  (best k)¢ (%)
5HT re-uptake inhibitors 219 170534 11 17 (150) 166597 15 110 1:170534 19 (370) 37
170534 4:222868
222868 11:166597
ACE inhibitors 499 115230 73 78 (410) 090439 152 430 5:204703 152 (430) 108
152038 9:211892
158135 15:152038
158137 30:158135
167770 38:158137
180880 65:090439
204703 74:180880
211892 87:167770
dopamine agonists 127 161853 22 26 (320) 139393 44 230  6:174007 48 (290) 100
143986 9:169745
161853 26:143986
169745 31:179378
174007 53:177101
177101 70:161853
179378 80:224232
224232 99:139393
leukotriene antagonists 811 205402 106 106 (300) 146603 207 310  1:154326 213 (330) 95
148762 10:146603
154326 23:162215
162215 55:206343
206343 58:148762
thrombin inhibitors 493 090744 104 104 (300) 090744 146 370 1:090744 171 (250) 40
159159 5:214229
177193 14:248991
184521 23:159159
214229 25:220363
220363 50:177193
248991 55:184521
251848 88:251848

a Results presented by Hull et al.” P This study. ¢ Calibration: The scored lists were used to generate ranking for the members of the
joint chemical probes. We analyzed these rankings to pick out the singular value at which the members of the joint chemical probe are
ranked the best (the rank of the last compound retrieved is the lowest). If there was a tie in the rankings for two or more singular values,
we chose the results of the smallest singular value. 9 The number of actives retrieved by LaSSlI in the top-scoring 300 compounds out of
82 000 compounds in MDDR database. The compounds used in the probes are not counted among the actives. ¢ Best k: The results from
the best performing singular value at which most actives are retrieved. f Joint chemical probe members. 9 Percent improvement = [(joint
chemical probe titration actives — single chemical probe actives at k = 300)/single chemical probe actives at k = 300] x 100.

% improvement = (28 — 6)/6 x 100 = 367%

Comparison of LaSSI and TOPOSIM Results

The comparison of the retrieval rates and the initial
enhancements of the searches using joint chemical
probes with LaSSI and TOPOSIM is given in Table 4.
The results from the LaSSI searches are given in
columns 3—5. The results of the TOPOSIM searches are
given in columns 6—8. In column 4, initial enhance-
ments for LaSSI searches are presented. As described
in the Methods section, initial enhancement is given by
the ratio of the number of actives found in the top 300
compounds and the number of active compounds that
can retrieved by chance. In column 7, initial enhance-
ment for TOPOSIM searches are given. The number of
actives in the top 300 compounds are given in paren-
theses in each case. In column 9, the difference in initial
enhancements and the number of actives retrieved are
given as the percentage change from LaSSI to TOPO-
SIM. The positive numbers indicate that LaSSI'’s per-
formance is better than TOPOSIM, the negative num-
bers indicated that TOPOSIM'’s performance is better
than LaSSlI, and the numbers close to zero indicate that
both perform equally.

The initial enhancements in all cases show that the
use of the joint chemical probes significantly enhances
the chances of retrieving active compounds over pure

chance. The best initial enhancement for LaSSI is
achieved in the case of dopamine agonists (113). How-
ever, in the case of TOPOSIM, the best initial enhance-
ment is achieved for thrombin inhibitors (113). The
differences in initial enhancements between LaSSI and
TOPOSIM show that LaSSI does better in two cases,
ACE inhibitors (27%) and dopamine agonists (23%).
However, TOPOSIM has better initial enhancements
than LaSSI in the cases of 5HT re-uptake inhibitors
(—95%) and thrombin inhibitors (—33%). LaSSI and
TOPOSIM give similar initial enhancements in retriev-
ing leukotriene antagonists, with both retrieving actives
at a rate much better than pure chance.

Discussion

We show that the use of joint chemical probes, in
addition to the use of single probes, can significantly
enhance retrieval of the active compounds from a
database (Table 5). We wanted to verify that the use of
the joint chemical probes provide significant advantage
in the retrieval of actives over similarity searches with
constituents of the joint probe. Therefore, we compared
the similarity search results of leukotriene antagonists
with the joint chemical probes used by LaSSI and
TOPOSIM versus the similarity search results with the
constituents of the joint probes. The individual similar-
ity searches with each constituent of the joint probes
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Table 3. Results of Joint Chemical Probes Searches with TOPOSIM

joint chemical probe

therapeutic total single chemical probe® JCP rankings improvement
category actives probe activesP members® of probes activesP (%)
5HT re-uptake inhibitors 219 170534 6 170534 1:170534 28 367
222869 2:222869
252275 3:252275
ACE inhibitors 499 115230 62 090388 2:090388 111 79
152038 4:206856
155108 18:220578
165334 23:152038
185771 144:155108
206856 675:165334
220578 4156:185771
dopamine agonists 127 161853 16 143986 1:143986 39 144
161853 4:224232
174007 6:174007
224232 42:161853
leukotriene antagonists 811 205402 186 146603 2:146603 194 4
154326 8:205152
205152 27:154326
thrombin inhibitors 493 090744 195 159160 4:256114 198 1
177193 5:159160
201822 13:256052
238882 22:238882
256052 37:201822
256114 2175:177193

a Results presented by Hull et al.” ® The number of actives retrieved by TOPOSIM in the top 300 compounds out of 82 000 compounds
in MDDR. The compounds used in the probes are not counted among the actives. ¢ Joint chemical probe members.

Table 4. Retrieval Rates and Initial Enhancements of LaSSI and TOPOSIM

joint chemical probe

LaSSlI TOPOSIM
therapeutic total JCP IE2 ranking JCP 1E2 ranking %
category actives members (actives) of probes members (actives) of probes diff°

5HT re-uptake inhibitors 219 166597 19. (15) 1:170534 170534 37.(28) 1:170534 —95.%
170534 5:222868 222869 2:222869 (—87)
222868 11:166597 252275 3:252275

ACE inhibitors 499 090439 88. (152) 5:204703 090388 64. (111) 2:090388 27.%
152038 9:211892 152038 4:206856 27)
158135 15:152038 155108 18:220578
158137 30:158135 165334 23:152038
167770 38:158137 185771 144:155108
180880 65:090439 206856 675:165334
204703 74:180880 220578 4156:185771
211892 87:167770

dopamine agonists 127 139393 113. (44) 6:174007 143986 87. (39) 1:143986 23.%
143986 9:169745 161853 4:224232 (11)
161853 26:143986 174007 6:174007
169745 31:179378 224232 42:161853
174007 53:177101
177101 70:161853
179378 80:224232
224232 99:139393

leukotriene antagonists 811 146603 49. (207) 1:154326 146603 46. (194) 2:146603 6.%
148762 10:146603 154326 8:205152 (6.3)
154326 23:162215 205152 27:154326
162215 55:206343
206343 58:148762

thrombin inhibitors 493 090744 85. (146) 1:090744 159160 113. (198) 4:256114 —33.%
159159 5:214229 177193 5:159160 (—36)
177193 14:248991 210822 13:256052
184521 23:159159 238882 22:238882
214229 25:220363 256052 37:201822
220363 50:177193 256114 2175:177193
248991 55:184521
251848 88:251848

a |nitial enhancement: ratio of the number of actives found in top 300 ranked compounds and the number active compounds that can
be retrieved by chance. P % diff = [initial enhancement (actives) of LaSSI — initial enhancement (actives) of TOPOSIM]/[initial enhancement
(actives) of LaSSl].

using LaSSI and TOPOSIM retrieved fewer actives than All the LaSSI searches with the joint probes afforded
the similarity searches with the joint probe (data not at least 37% enhancement over searches with the single
shown). probes, whereas TOPOSIM searches with joint probes
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Table 5. Number of Common Actives Retrieved by LaSSI and TOPOSIM Using Single Chemical (SCP) and Joint Chemical Probes

(JCP)
LaSSI and TOPOSIM
JCP
LaSSI TOPOSIM total

therapeutic SCp2 JCP SCP/ICP SCP JCpb SCP/JCP unique

category actives actives common actives actives common common actives

5HT re-uptake inhibitors 11 15 8 6 28 (24) 3(4) 14 (15) 29 (24)
ACE inhibitors 73 152 55 62 111 (122) 34 (26) 97 (106) 166 (168)

dopamine agonists 22 44 14 16 39 (42) 12 (13) 36 (39) 47 (47)
leukotriene antagonists 106 207 95 186 194 (187) 149 (120) 156 (155) 245 (239)
thrombin inhibitors 104 146 88 195 198 (207) 127 (165) 84 (120) 260 (233)

a Similarity search with LaSSI at k = 300 using single molecule probe. ? The values in parentheses are the results from the TOPOSIM

similarity searches with LaSSI joint chemical probes.
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Figure 7. 5HT re-uptake inhibitor structural classes retrieved by (a) LaSSI and (b) TOPOSIM.

afforded significant enhancement in only three out of
five cases (see Tables 2 and 3). The method of calibration
used here ensures that we can identify the k value a
priori at which LaSSI’s retrieval rate is close to the best
(Table 2). This is true based on the performance in three
out of five cases. In two cases where the best k value
was not located, the number of actives retrieved were
off by less than 26% (5-HT re-uptake inhibitors and
thrombin inhibitors, Table 2).

Since LaSSI inherently retrieves diverse chemical
structures, it cannot be expected to perform optimally
when the actives belonging to a particular therapeutic
category are close analogues of each other. LaSSlI
appears to use the descriptors from the molecules that
comprise the joint chemical probe to retrieve compounds
that are similar to each of the constituent molecules and
similar to those that are hybrids of two or more of these
molecules. For example, in the case of ACE inhibitors,
the substructure features found in the joint probe

members 152038, 158135, and 167770 (Figure 3a) are
present in the retrieved compound 219699 (Figure 8a).
In another case, the thrombin inhibitor 174301 (Figure
9a) retrieved by LaSSI has constituent elements of
177193 and 214229 (Figure 6a).

The performance of TOPOSIM with the joint chemical
probes is significantly enhanced over single probes in
three out of five cases. In the case of 5-HT re-uptake
inhibitors, there is 367% enhancement in the retrieval
of the actives over the single probe searches. There is
little enhancement in the retrieval of the actives by use
of the joint chemical probes in the searches for leukot-
riene antagonists and thrombin inhibitors (4% and 1%,
respectively, Table 3).

We used two approaches to assess the diversity of
compounds in the top-scoring 300 compounds by the two
search techniques. In the first approach, we computed
the mean similarity of the entire set of actives belonging
to a corresponding therapeutic category to their cen-
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Figure 8. ACE inhibitor structural classes retrieved by (a) LaSSI and (b) TOPOSIM.

troid. The mean, standard deviation, and the range
(lowest to highest) of the similarities are given in Table
6. These data show that in all categories ,except the
5-HT re-uptake inhibitors and Leukotriene antagonists,
the mean similarity of the retrieved compounds to their
centroids is lower for LaSSI than it is for TOPOSIM.
These values are a measure of how similar the com-
pounds are to each other and therefore a measure of
diversity among the active compounds. In the case of
thrombin inhibitors, LaSSI retrieves the most diverse
set of compounds (mean similarity of 0.39 for LaSSlI
actives vs 0.47 for TOPOSIM actives). It is interesting
to note that the mean values appear to the mask the
wide range of similarity values in each of the cases. In
the case of ACE inhibitors, it is interesting to note that
the mean similarity values are very similar for LaSSI
and TOPOSIM; however, the range of similarity values

is wider for LaSSI than for TOPOSIM. Thus, as mea-
sured by mean similarity values and the range of
average similarity values of the retrieved actives to their
centroids, LaSSI retrieves structurally more diverse
compounds than TOPOSIM does. Therefore, it is infor-
mative to examine the range of similarity values to
better understand the diversity of compounds retrieved
by each of these techniques.

To assess the issue of diversity from the structural
perspective we examined the structural classes retrieved
by the two techniques. This was done by generating self-
similarity and cross-similarity matrixes between all the
actives found by both techniques. We also generated
self- and cross-similarity matrixes for the actives that
are not in common between the two sets of actives.
These similarity matrixes were then used to generate
structural classes by grouping compounds together
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Figure 9. Thrombin inhibitor structural classes retrieved by (a) LaSSI and (b) TOPOSIM.

Table 6. Measure of Diversity of LaSSI and TOPOSIM
Similarity Search Results

LaSsSlI TOPOSIM
therapeutic average similarity? average similarity
category mean £+ SD range mean £+ SD range

5HT re-uptake 0.58 +0.13 0.25-0.70 0.53 + 0.07 0.28-0.63
inhibitors
ACE inhibitors 0.46 +£0.11 0.10—-0.61 0.48 £0.09 0.23—-0.62

dopamine 0.55+0.12 0.17-0.70 0.59 +0.10 0.41-0.74
agonists

leukotriene 0.55+0.12 0.25—-0.63 0.53 +0.07 0.36—0.66
antagonists

thrombin 0.39 + 0.07 0.19-0.53 0.47 +0.06 0.27—0.60
inhibitors

a Average similarity = similarity of each member of the set of
retrieved actives to their centroid. The mean of the similarities of
each member of the active set to their centroid, standard deviation,
and the range (lowest—highest) of similarity values are presented
above.

when similarity between any two compounds in a given
class was greater than or equal to 0.65. We present the
analysis of the results from three therapeutic categories.

In the case of 5-HT re-uptake inhibitors, the self-
similarity matrixes revealed that LaSSI retrieved four
structurally distinct classes of compounds and TOPO-
SIM retrieved five structural classes. The cross-similar-
ity matrix computed between LaSSI actives and TO-
POSIM actives yielded four structural classes, of which
three classes are common between the two methods (see
Figure 7). LaSSI found one structural class that TO-
POSIM did not and vice versa. The distinct structural
classes found by LaSSI and TOPOSIM are similar to

the structures used in their joint probes. In the case of
TOPOSIM there is one unique structure occurring as a
singleton which is not found by LaSSI (195646, Figure
7b).

In the case of ACE inhibitors, LaSSI retrieved nine
structurally distinct classes with two or more represen-
tative members, and five singletons. On the other hand,
TOPOSIM retrieved six structurally distinct classes
with two or more representative members, and four
singletons. The representative structures from these
classes retrieved by each of these two methods are
shown in Figure 8. The four structural classes retrieved
by the two methods are represented by the following
four compounds: 090507, 158136, 158137, and 199258
(Figure 8a). LaSSI has five structural classes distinct
from the compounds retrieved by TOPOSIM. These are
represented by the following three compounds: 090826,
165334, and 185772 (Figure 8a). TOPOSIM, on the
other hand, has no structural class that is distinctly
different from that of LaSSlI'’s. In the search for ACE
inhibitors using the joint probe with TOPOSIM, we see
that TOPOSIM with the Dice similarity measure did
not rank two members of the joint chemical probe in
the top 300 compounds (165334 and 185771, Table 4).
Thus it is not surprising that the searches did not
retrieve compounds belonging to the classes represented
by those two compounds. This case shows that when
there is a wide variety of structural classes represented
in the database belonging to a particular therapeutic
category, the use of LaSSI with a joint chemical probe
yields compounds with greater structural diversity than
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does TOPOSIM. This is due to the fact that LaSSl,
unlike TOPOSIM, retrieves compounds corresponding
to the constituents of the joint probe, and when queried
with the probe, it retrieves compounds that have probe
descriptors and those descriptors that correlate with
them.

In the case of thrombin inhibitors, TOPOSIM found
more actives than LaSSI; however, LaSSI found seven
structurally distinct classes of compounds whereas
TOPOSIM found five (see Figure 9). It appears that
TOPOSIM, once it locks into a structural class, retrieves
as many compounds as it can corresponding to that class
and hence results in fewer structural classes but a
greater number of compounds. However, LaSSI has
fewer members belonging to the structural classes it
retrieves and hence overall retrieves fewer actives than
does TOPOSIM. The results presented in Table 4 show
that TOPOSIM retrieved only six of its seven members
of the joint chemical probe in the top-scoring 300
compounds and hence could not retrieve the correspond-
ing class of compounds belonging to the missing com-
pound (177193, compare Figures 5b and 9b).

Conclusions

We have demonstrated here that the use of joint
chemical probes to mine chemical databases signifi-
cantly enhances the rate of retrieval of active com-
pounds compared with the single molecule probes. The
compounds retrieved by both LaSSI and TOPOSIM
closely resemble the members of the joint chemical
probes; with LaSSlI, the compounds retrieved may be
hybrid molecules that contain one or more fragments
of the compounds comprising the joint probe. In similar-
ity searches with joint chemical probes, LaSSI enhances
the retrieval of actives by at least 37% over the searches
with single chemical probes. On the other hand, TO-
POSIM shows significant enhancement in only three out
of five cases. We have presented a calibration method
to fine-tune similarity searches with LaSSI to identify
the number of singular values at which the greatest
number of actives are retrieved from a chemical data-
base. LaSSI inherently retrieves diverse chemical struc-
tures through correlated descriptors whereas TOPOSIM
retrieves only compounds that share descriptors with
the probe. The analysis of our results here show that
more than 30% of the actives retrieved from the
database are found by both LaSSI and TOPOSIM, and
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in almost all cases LaSSI retrieves all the structural
classes that TOPOSIM retrieves and more. This sug-
gests that an initial search with LaSSI would lead us
to identify all possible structural classes that are related
to the joint chemical probe and that a subsequent
similarity search with TOPOSIM with each individual
compound or a combination of compounds will identify
most of the actives in a given class.
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