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We have developed a computer program, called NEWLEAD, for the automatic generation of
candidate structures conforming to the requirements of a given pharmacophore. The treatment
consists in connecting the pharmacophoric pieces with spacers assembled from small chemical
entities (atoms, chains, or ring moieties). We have tested the program on several sets of input
fragments, each comprising selected functional groups obtained from the bioactive conformations
of reference molecules. In addition to the expected solutions, the program can generate new
structures that are chemically unrelated to the reference molecules. This provides an unbiased
starting point for the design of new generations of lead structures. The concept used in this
approach is presented and discussed. The present possibilities of the program are illustrated by
some examples. The treatment is very fast, because only a few bonds are created between building
blocks already having ideal geometries. The ability to generate rapidly a variety of molecules
conforming to a three-dimensional pharmacophoric model makes NEWLEAD a useful tool with
wide applicability in rational drug design, including the areas of molecular mimicry and

peptidomimetism.

Pharmacophores are often considered in rational drug
design as starting points for the conception of novel
candidate structures. The pharmacophoric approach is
compatible with the ideas of analogy and mimetism, the
two approaches most often taken by the successive
generations of drug designers.

A pharmacophore consists of the spatial arrangement
of chemical groups that is recognized by a single receptor.
The concept is general: it can be derived from the
inspection of X-ray structures of macromolecule-ligand
complexes or from known lead compounds. It is also
creative: it can give access to the identification of novel
structures having the desired biological activity, but which
are chemically unrelated to the known reference com-
pounds.

Designing molecules that assemble a set of disconnected
functional groups in three dimensions is not a trivial task
and remains very subjective. A computerized approach
may provide a diverse set of solutions that are free from
arbitrary user bias.

A variety of modeling techniques has been developed
toderive pharmacophoric hypotheses by comparing series
of bioactive molecules?” or from the knowledge of the
three-dimensional structure of a receptor.’-10

The next step consists of exploiting the adopted
pharmacophoric hypothesis and designing new molecules
conforming to the desired requirements. Current efforts
are focused on the search!!-2! in three-dimensional da-
tabases for molecules conforming to specific pharma-
cophoric patterns. These methods have been recently
reviewed.22 The databases currently used by these pro-
grams contain either experimental X-ray structures, e.g.
the Cambridge Structural Database,!? or three-dimen-
sional structures derived from modeling programs.

The database search methods have been remarkably
successful. Recently, more direct and perhaps more
creative approaches have been conceived that no longer
rely on a given database®!%:24-32 (for a review see ref 32).

® Abstract published in Advance ACS Abstracts, October 15, 1993.
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Along these lines we developed the NEWLEAD program,
described here.

Method

The computational approach of NEWLEAD can be
simply described as follows. Given a set of at least two
disconnected fragments, the problem consists of finding
appropriate spacers to assemble these moieties in a single
molecule. Multiple solutions are likely, because many
connections with different combinations of spacers are
possible. The elementary units used for constructing the
spacers are library spacers (Figure 1), single-atom spacers
(Figure 2), and fuse-ring spacers (Figure 3). The procedure
adopted by NEWLEAD executes the following sequence
of commands: (1) connect two isolated moieties, (2) retain
the intermediate solutions for further processing, (3) repeat
the above steps for each of the intermediate solutions until
no disconnected units are found, and (4) output the final
solutions, each of which is a single molecule.

The method is outlined in Figure 4. The reader is
referred to the experimental Section (program imple-
mentation) for a detailed description of the code. The
input of the program, the spacers, the algorithms, and the
output obtained are described in the next paragraphs.

Structure of the Input. The input consists of the
pharmacophore, given as a set of disconnected fragments
in three dimensions. A typical input can be built by
identifying key fragments of a reference molecule in its
assumed bioactive conformation, eliminating the remain-
ing part of the structure, and adding H-atoms to the chosen
fragments (by convention, the program will attach spacers
only on atoms explicitly carrying hydrogen atoms in the
input data).

If the structure of the receptor is known, sterically
forbidden regions can be mimicked by introducing addi-
tional dummy fragments (no hydrogens). An input can
also be created by putting trial fragments in positions
complementary to the binding sites of a known receptor.

Before starting a calculation, the user can also define
a set of tolerance factors for the geometrical and steric
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Figure 1. Elementary operations in the NEWLEAD program:
library spacers. Two fragments, F) and F3, are connected by a
spacer. The connection is made by replacing a hydrogen atom
on each fragment with a heavy atom of the spacer. (a) A spacer
is selected from the library on the basis of geometrical criteria.

(b) The spacer is superimposed on the two fragments. (c) The
bonds are created.
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Figure 2. Elementary operations in the NEWLEAD program:
single-atom spacers. (a) A fragment F and a single-atom spacer
(in this case, CHj). (b) The single-atom spacer is attached to the
fragment and rotated several times around the connection bond
(see text).

Figure 3. Elementary operations in the NEWLEAD program:
fuse-ring spacers. (a) A fragment with two C—H bonds available
for connections and a matching fuse-ring spacer. (b) Alignment
of the two moieties. (c) The bonds are created.

requirements of the spacers, as described in the following
sections. The values of these parameters are stored in a
special file that can be modified before the treatment to
obtain either a broad range of solutions or a smaller set.

Spacers. The program uses three types of spacer:
library spacers, single-atom spacers, and fuse-ring spacers
(see Figures 1-3). The combination of these elementary
building blocks generates an essentially infinite number
of spacers in the geometrically correct conformations to
connect any two fragments. All the spacers are treated as
rigid, and the proper conformations are given by the free
selections of the dihedral angles around the bonds used
for the connections.

Thelibrary spacers and the fuse-ring spacers are simple
molecules stored in two libraries of Cartesian-coordinate
files. Additions to the libraries can be made without the
need to change the program code. As the name implies,
the single-atom spacers are short connections. They are
generated by simple geometric operations on the frag-
ments. The library spacers are used to connect two
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Figure 4. The basic algorithm of the NEWLEAD program.

Figure 5. Representation of spacer connections as vector pairs.
(a) A library spacer S, two fragments F, F, and the two vector
pairs indicating their connection sites. (b) The four geometrical
parameters of a vector pair: d, ay, az, and ¢.

fragments. The single-atom spacers and the fuse-ring
spacers are attached to a single fragment and used as
starting points for a connection to another fragment with
a library spacer.

Algorithm and Library for Spacers. The library
spacers are optimized structures of small molecules such
as ethylene, benzene, and methylamide. Details are given
in the Experimental Section.

To attach a spacer, the program uses two bonds on the
fragments and two bonds on the spacer (see Figure 1). For
the sake of code implementation, these bonds are repre-
sented as vectors, following the method of Bartlett!” (see
Figure 5a). A vector tail is given by a heavy atom and a
vector head by an H-atom. As depicted in Figure 5b, a
bond pair is described in terms of (1) the distance d between
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the two heavy atoms (vector tails), (2) the two angles o
and ag, and (3) the dihedral angle ¢.

Most spacers can give more than one connection.
Ethylene, for instance, can give two, corresponding to the
cis and trans conformations, and benzene the three
connections resulting from ortho, meta, or pera disub-
stitution of the ring. The geometrical parameters of all
the connections of the spacers have been calculated and
stored in a key file. Currently, the library contains 68
spacers (see the Experimental Section), and the corre-
sponding key file contains 517 entries, with values of the
parameter d ranging from 1.31 to 7.67 A.

Connection points on the fragments are also defined in
terms of pairs of vectors (see Figure 5a). The algorithm
to connect two fragments with a spacer is as follows. The
program builds a list of vector pairs representing con-
nection points on two fragments. For each vector pair on
two fragments, the program can rapidly scan the library
and find one or more spacers with matching vector pairs.
The user can define tolerance values for the parameters
d, a1, az, and ¢ (smaller tolerance values give fewer results
of higher quality; larger tolerance values give more results,
but a number of them may have distorted geometries).
We usually take the tolerance for the distance d in the
range 0.2-0.4 A. No simple relationship exists between
this value and the actual errors on bond distances, which
are usually much smaller (typically less than 0.05 A). The
errorisreduced because it is distributed between two bonds
and also because these two bonds are usually bent away
from the segment d. The tolerances on the angles are
usually set around 10°. The actual errors on valence and
torsion angles are smaller (typically less than 5°), again
due to the distributioa of the error over two bonds.

The spacers selected from the library are superimposed
by the program on the fragments (Figure 1b). A spacer
is accepted after an overall van der Waals radii check. The
allowed distances are given by the van der Waals radii
sums for any pair of atoms multiplied by a user-defined
scaling factor, typically chosen between 0.7 and 0.9. Spacer
connections that would involve undesired bonds such as
0-0 and N-N are also rejected. Finally, each spacer that
satisfies the geometrical, steric, and chemical requirements
is permanently connected to the fragments, leading to a
new molecular moiety (see Figure 1c).

No constraints are set on the dihedral angles of the new
bonds between the fragments and a spacer. For instance,
suppose that the two fragments RH and R’H are connected
by an ethylene spacer to form the molecule RCH=CHR'.
The torsion angle of the double bond can be either 0° or
180° (library spacer), but the torsion angles of the bonds
R~C and R’-C can assume any value, depending on the
relative orientation of R and R’.

Algorithm for Single-Atom Spacers. The single-
atom spacers are represented by the groups CHs, NH,,
and OH. The program uses these units in conjunction
with the library spacers. The corresponding algorithm is
described as follows. Given a pair of fragments, the
program replaces one H-atom on each fragment in turn
with the groups CHs, NHj, and OH (see Figure 2). The
program finds the vector pairs involving the single-atom
spacer and the other fragment and attempts the connec-
tions with library spacers. The library search, the su-
perimposition, and the van der Waals radii check are
carried out as above. The attempt is repeated for several
orientations of the single-atom spacers (we usually define
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between 4 and 12 orientations for each group). The same
operations are repeated for all the remaining hydrogens
on the fragments.

Algorithm and Library for Fuse-Ring Spacers. As
an option, the program can fuse rings on suitable input
fragments (see Figure 3). For this purpose we use the
“fuse-ring” spacers. They consist of optimized structures
of five- to seven-membered rings stored in a library of
Cartesian-coordinate files. Atpresent, rings are fused only
on double bonds. For example, a benzene fragment can
be transformed into a benzocycloalkane, naphthalene,
indole, etc. Once fused, the rings are used for further
connections involving library spacers with or without
single-atom spacers. Insummary, the most complex spacer
created by the program involves fuse-ring, single-atom,
and library spacers.

Currently, the fuse-ring library contains only six mol-
ecules (see Experimental Section). As with the library
spacers, we use vector pairs to describe the bonds to be
used in the connections. The values for the corresponding
parameters d, a;, ag, and ¢ dre stored in a special key file.
The fuse-ring spacers are attached to a fragment by using
the same algorithm and program code as for the library
spacers. For each fragment the program builds a list of
pairs of bonds that can be used to accommodate a fuse-
ring spacer (see Figure 3a). Then the fuse-ring library is
searched for matching vector pairs. Each fuse-ringspacer
found is superimposed on the fragment and, after being
checked for van der Waals radii violations, permanently
connected (see Figure 3b,c). For these operations the
program applies the same user-defined tolerance values
(for thelibrarysearch and the van der Waals scaling factor)
as those set for the library spacers.

Analysis of the Output. The output produced by
NEWLEAD is a set of molecules containing the original
fragments now connected by spacers. The atoms belonging
to the input fragments maintain their original orientations
inspace. The molecules are chemically plausible because
of the makeup of the spacers and energetically acceptable
because of the rejection of solutions with van der Waals
radii violations.

The results are ordered by increasing van der Waals
radii violations. Because several hundred solutions may
be generated in a typical run, we found it useful to cluster
them into groups having similar topological features.

Inourlaboratory, NEWLEAD is used by both molecular
modelists and synthetic chemists. Usually the input for
the program is defined during a common session. Any
interesting molecular frames identified among the output
are either used as queries for in-house database searches
or considered directly for synthesis. Minor modifications
to the selected prototypes may, of course, be considered
for synthetic reasons. Insome cases, additional modeling
analyses are made (energy minimization, docking analysis,
etc.) before the molecule is considered an interesting
enough candidate to be prepared and evaluated.

Results

To illustrate the possibilities afforded by the NEW-
LEAD program, we have selected the following mole-
cules: methotrexate, indomethacin, and the HIV-1 pro-
tease inhibitor A74704. The program was able to repro-
duce the reference structures. As expected, it also
generated other structures that were chemically unrelated
tothe references. The tolerance factors used for each test
are reported in the Experimental Section.
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Figure 6. (a) Methotrexate molecule (R” = CHj3); R =
CH(CO;H)CH,CH;COzH. (b) Input for the NEWLEAD pro-
gram. In part a, the molecule with R’ = H corresponds to one
of the solutions generated by the program.

Figure 7. Comparison between a NEWLEAD result (dark grey)
and the same structure after minimization (light grey). The
molecule shown is the NEWLEAD result of Figure 6a (R’ = H)

for the methotrexate run.

Methotrexate Test. Starting from an X-ray structure?
of the methotrexate molecule (see Figure 6a), we removed
the fused pyrazine ring, the phenyl group, and the atoms
connecting these two aromatic rings. The input therefore
consisted of two fragments (Figure 6b). The NEWLEAD
program was run with the fuse-ring option on. The
reference structure was reproduced (with one minor
difference, NH instead of NCHj; see Figure 6a). An
analysis of the calculation showed that for this solution
the program first attached the pyrazine ring taken from
the fuse-ring library. A methyl single-atom spacer was
then attached to the pyrazine, and the aniline spacer
completed the connection. A comparison between this
result and the same structure after minimization is shown
in Figure 7. The total number of structures generated in
this run was 21. Some of them are depicted in Figure 8.
The results vary from structures closely related to the
reference compound (see Figure 8a, where the toluene
spacer replaces aniline) to rather different structures (see
Figure 8b-h). In Figure 9 we depict several of these
structures in three dimensions, as they were obtained from
the output. The CPU time for this run was 47sona VAX
6320, and 5 s on a Silicon Graphics Iris 4D 310 GTXB
workstation.

Indomethacin Test. For the second example we built
a three-fragment input from the X-ray data of the
indomethacin structure® (see Figure 10). It consisted of
the CH3;0H, HCO;H, and HCI fragments, set in the
positions that the corresponding functional groups occupy
in the reference molecule. NEWLEAD reproduced the
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reference structure (molecule with R = H of Figure 10a)
almost identically. For thissolution, a methylsingle-atom
spacer was first attached to the C-atom of the formic acid
fragment. The indole spacer was used for the connection
to the methanol fragment. In the second and last pass,
the benzaldehyde spacer was added. Altogether 68 new
structures were obtained in this run. Some of them are
depicted in Figure 11. While a few structures are related
to the reference (see, for instance, Figure 11a), most of
them are quite different (see Figure 11b—d). This run
took 2 min of CPU time on the VAX 6320, versus 12 s on
the Silicon Graphics Iris 4D 310 GTXB workstation.
HIV-1 Protease Inhibitor Test. The third example
involved the HIV-1 protease inhibitor A74704.2° From
the X-ray structure of this compound (inhibitor bound to
the HIV-1 protease enzyme), we built an input for
NEWLEAD consisting of five fragments: two benzene
molecules, two moieties each containing a peptide bond,
and one water molecule (see Figure 12b). Among other
results, the program exactly reproduced the reference
structure. An analysis of the calculation showed that this
result was generated as follows. First, a methyl single-
atom spacer was attached to the water fragment, then two
ethane spacers were used to join the two benzene frag-
ments. Finally, two methylamide spacers completed the
connection. Eleven more structures were generated by
the program in thisrun. They are all rather closely related
to the reference, but that is not surprising, because the
short distances left between the chosen fragments limits
the number of possibilities for connection with spacers.
One of the solutions includes two ethene spacers instead
of the amide spacers, resulting in double bonds instead of
peptide bonds. The CPU time for this run was 19 min
and 30 s on the VAX 6320 and 1 min and 48 s on the
Silicon Graphics Iris 4D 310 GTXB workstation.

Discussion

For the three test cases, the NEWLEAD program was
able to generate results that were either similar to the
reference molecules or different in structure. This dem-
onstrates the validity of the program as well as its predictive
value.

The geometrical quality of the structures is under the
control of the user and depends on the tolerance factors
allowed for the spacer search. Small tolerance values
ensure structures with bond distances and angles close to
ideal values. The user can control the energetics of the
solutions by choosing the van der Waals radii scaling factor.
As previously mentioned, we do not constrain the torsion
angles at the junctions between fragments and spacers.
Although some structures may have values of these angles
different from the known equilibrium positions, we feel
that, as long as the van der Waals criterion is satisfied, the
energy of the proposed molecules should remain accept-
able.

Approaches for Structure Generation in Rational
Drug Design. The existing computer programs for
structure generation in drug research®!%1724-32 yge two
main types of treatment to build candidate structures.
The first involves the use of single atoms as building
blocks?*27 and the second the use of larger chemical
elements, or templates.®10:17,28-32

The programs?+-?7 in the first category generate struc-
tures by attaching one atom after the other, starting from
a “seed” atom. Several positions of each new atom are
considered, leading to multiple solutions.
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Figure 8. (a-h) Selected results generated by the NEWLEAD program from the methotrexate input of Figure 6b (R = CH(CO;H)CH;-

CH,COzH).

Figure 9. Several NEWLEAD results from the input of Figure 6b. Shaded areas indicate schematically the fragments given in the
input, which are present in the same orientations in all NEWLEAD results. The corresponding 2-D representations of the above
molecule are shown in Figures 8g (a), 8b (b), 6a (¢, R’ = H), and 8¢ (d).
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Figure 10. (a) Indomethacin molecule (R = CH3). (b) Input for
the NEWLEAD program. In part a, the molecule with R = H
corresponds to one of the solutions generated by the program.

CAVEAT" and LUDI! are examples of programs that
build structures by using chemical templates.%10,17,28-32
CAVEAT attempts to find spacers that simultaneously
satisfy multiple connections on isolated fragments. The
bonds chosen for connections on the fragments are
represented as vectors. The program rapidly finds suitable
spacers from a subset of the Cambridge Structural
Database!? containing thousands of polycyclic structures,

also represented as sets of vectors. The results of a
CAVEAT run are new molecules that combine the
fragments and the spacers and therefore differ from the
original database entries. This feature distinguishes
CAVEAT from other 3D database search programs used
for design.13-16.18,20-21 The LLUDI program builds ligands
inside areceptor cavity. It placesfragmentsfrom alibrary
of 800 small molecules at favorable interaction sites inside
the cavity. A second library of 1100 molecules contains
linkers, similar to the spacers of the present approach.
The linkers can be connected to one, two, or three
fragments already placed in the cavity to create more
complex ligands.

The present program is more similar to the chemical
template methods than to the one-atom-at-a-time building
approach, because it relies on predefined libraries of
spacers and fused rings. Nevertheless, our use of the single-
atom spacers is similar in spirit to the latter methods.
NEWLEAD attaches single atoms in many orientations
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Figure 11. (a—d) Selected results given by the NEWLEAD
program from the indomethacin input (Figure 10b).

onagiven fragment. The nextstep taken is the connection
of a spacer from the library rather than of another single
atom.

Animportant point of contact between NEWLEAD and
CAVEAT is that both programs rely entirely on the careful
choice of pharmacophoric pieces in precise orientations in
space (vector representation) to carry the information on
biological activity needed to create candidate structures.
The present method builds spacers by assembling small
chemical blocks from libraries, while CAVEAT extracts
the spacers from large databases. Theinputfor CAVEAT
consists of the coordinates of vectors defining anchoring
points on the fragments, while NEWLEAD automatically
considers different vector pairs on the fragments.

Thelinking functionality of the LUDI program is similar
to the approach presented here, especially in the creation
of shortlinks between two fragments. The programs differ
somewhat in the creation of long connections. Because
the input fragments for NEWLEAD are given in fixed
positions in space, our program is designed to create
complex spacers composed of several elements for long
connections (e.g. in the methotrexate test, above). In
LUDI, the difference between fragments and linkers is
more subtle. To create a ligand spanning a long distance
inside a receptor cavity, LUDI attaches linkers on single
existing fragments and simultaneously places new frag-
ments inside the cavity. When these growing structures
become close enough, they can be linked by the program
into a unit.

Enhancementsto NEWLEAD. Futureenhancements
to NEWLEAD will include extensions of the fuse-ring
treatments, hydrogen-bond anchoring, and possible mo-
tions of the input fragments.

Conclusions

The NEWLEAD computer program for the automatic
generation of lead structures is able to assemble discon-
nected pharmacophoricfragmentsin three dimensions and
to generate multiple solutions that are chemically unre-
lated to each other. The solutions are likely mimic
compounds of the active molecules used to define the
pharmacophore, because they have the functional groups
considered responsible for the biological activity in the
same relative orientation in three dimensions. The
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program is expected to be a useful tool with broad
applicability in rational drug design, including the field
of peptidomimetism.

Experimental Section

Molecular Modeling. Structure Optimization. The struc-
ture of Figure 7 was energy-minimized using MACROMODEL?
and the NCC force field.?” The superposition of the twostructures
of Figure 7 was carried out using the all-atom rigid superposition
of MACROMODEL. The library spacers and the fuse-ring
spacers (see below) were also energy-minimized using MACRO-
MODEL and the NCC force field.

Tolerance factors for methotrexate: 0.15 A for the distance
d, 15.0° for the angles oy, a;, and ¢, and 0.75 for the van der
Waals radii scaling factor.

Tolerance factors forindomethacin: 0.25 A for the distance
d, 10.0° for the angles a), a3, and ¢, and 0.45 for the van der
Waals radii scaling factor.

Tolerance factors for the HIV-1 protease inhibitor
A74704: 0.4 A for the distance d, 20.0° for the angles o, as, and
¢, and 0.7 for the van der Waals radii scaling factor.

Program Implementation. The implementation of NEW-
LEAD can be described with reference to the pseudocode given
below and to the flow chartin Figure 4. For the sake of discussion,
two major sections can be defined, the main program and the
“attach spacers” function. We shall describe the main program
first and then, in more detail, the attach_spacers function. The
main program follows:

main {
read the original input stream
if the ring option is selected {
create a iist /ist_ 1 of bond pairs that can accommodate fuse-rings

add the soiutions to the input stream

}

1
2
3
4
5 attach_spacers(/ist_7, ring_library) /' attach fuse-ring spacers */
6
?
8 while the input stream is not empty {

9 for each set of fragments in the input stream {

10 buiid a list of fragment pairs, by increasing distance

1 for each fragment pair {

12 buiid a fist /st_2 of bond pairs

13 attach_spacers(list_2, spacer_library)

14 attach singie-atom spacers, buiid a new list /ist_3 of bond pairs
15 attach_spacers(/ist_3, spacer_library)

18 if one or more spacers are found, exit ioop

17 }

18 write the intermediate solutions to the input stream

19 write the finai soiutions to the output stream

20 }

21 }

22 sort the solutions by increasing VAW radii overiaps

23 order the solutions with similar spacers in groups; write report

24}

Description of the Main Program. On line 2 of the main
program, the input as supplied by the user is read into the input
stream. On lines 3-7, we have a section that performs the fusion
of rings on suitable fragments (see Figures 3 and 4). Allthe pairs
of bonds suitable for fusing a ring are added to a list, list_1. list_1
is passed to the attach_spacers routine, with an indication that
the library of fuse rings, ring_library, isto be used. Thesolutions
given by attach spacers are new sets of fragments with fused
rings; they have the same number of fragments as the original
inputsetsfrom which they are derived. Thesesolutions are added
to the input stream for further processing.

The loop of lines 8-21 comprises the body of the NEWLEAD
code. The loop processes the current input stream. If needed,
it creates a new input stream with the intermediate solutions to
be processed in the next pass. The loop is terminated when no
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HsGe

Figure 12. (a) A74704 molecule. (b) Input for the NEWLEAD
program.

more structures are found in the current input stream. The input
stream may contain only one set of fragments at the beginning
on a program run, or even several hundreds of sets in an
intermediate pass.

The program processes each set of fragments in the input
stream, lines 9-20. The first operation on aset of fragments, line
10, is to build a list of all the fragment pairs (one or more). This
list is ordered, by increasing distances between the fragments,
to favor shorter connections. A loop, lines 11-17, processes the
fragment pairs. In the case of more than two fragments, the loop
is terminated, line 16, as soon as one pair of fragments can be
connected by one or more spacers (Figure 4). This is to avoid
the occurrence of duplicate results when the intermediate
solutions are processed in the next pass.

For a given pair of fragments, the program attempts to find
spacers, lines 12-15. On line 12, the program builds a list, list_2,
of the bond pairs shared by the two fragments. On the next line,
list_2 is passed to the attach spacers routine, with an indication
to use the default spacer library, spacer_library. This operation
may yield the first solutions. To get more solution, lines 13 and
14 are used. Single-atom spacers are attached to the fragments
(Figures 2 and 4). A new list, list.3, contains pairs involving one
bond on asingle-atom spacer and one bond on the other fragment.
A call to attach_spacers with arguments list_3 and spacer_library
attempts to find more connections between the two fragments,
line 15.

The program handles the solutions found for a given set of
fragments on lines 18 and 19. On line 18, the intermediate
solutions, which need more spacer connections, are entered in
the new input stream to be processed in the next pass. The final
solutions are written to the output stream, line 19.

The program reaches line 22 after the input stream is fully
processed. The final solutions are ordered by increasing van der
Waals radii solution. On line 23, the program attempts to group
together the solutions that have similar spacers. A report is
written giving the number of solutions and describing the makeup
of each of them in terms of spacers.

Below, we give the pseudocode for the attach_spacers function:

attech_spacers(//st, library) {
for each bond pair in /ist |
from library, find spacers with matching bond-pairs, within tolerance
for each hit {
attempt the atom superposition of the hit on the fragment(s)
check the Van der Waals radii errors
if the violation is higher than the threshoid, skip to the next entry /* reject °*/
make permanent bond connections to the fragment(s)

© @ N OO s W N

Description of the attach_.spacers Function. The at-
tach_spacers function is at the heart of the NEWLEAD program.
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It is flexible enough to be used to fuse rings to a fragment and
to join two fragments with a library spacer. As shownonlinel,
the input for attach.spacers is a list of bond pairs, list, and a
library of spacers, library.

At lines 2-10, the program processes each pair in list. Atline
3, several hits are found in library, based on the geometrical
matching of the bonds on the fragment(s) and on the spacers.
Next, the program attempts the fitting in place of each hit (lines
4-9). A standard superposition algorithm is used to align the
bonds of the spacer to the bonds of the fragment(s) (Figures 1b
and 3b). If the spacer can be superimposed successfully, the van
der Waals radii errors are calculated, line 6. The calculation
involves only the atoms that would be part of the final structure
connected to the fragment(s). On line 7, a spacer is accepted if
no two atoms are closer than the sum of the van der Waals radii
times a user-defined factor.

A spacer that passes the van der Waals radii test can then be
connected to the fragment(s), line 8. Several atoms are deleted
from the spacer and the fragment(s), and two new bonds are
created (see Figures 1c and 3c).

Library spacers: ethane, ethanol, ethylamine, ethanethiol,
acetaldehyde, propane, propanol, butane, pentane, hexane,
heptane, ethylene, methylamide, propene, ethanoic acid, ethyl-
amide, methylethylester, trans-2-butene, N-methylethylamide,
benzene, pyridine, pyrimidine, pyrazine, pyridazine, toluene,
benzaldehyde, 2-methylpyrimidine, 4-methylpyridine, 5-meth-
ylpyrimidine, aniline, styrene, benzamide, ethynylbenzene, cy-
clohexane, methylcyclohexane (equatorial), pyrrole, pyrazole,
indazole, furan, thiophene, N-methylpyrrole, 2-methylpyrrole,
2-methylfuran, 2-methylthiophene, 2-ethenylpyrrole, 2-ethenyl-
furan, 2-ethenylthiophene, 3-ethenylpyrrole, 3-ethenylfuran,
3-ethenylthiophene, naphthalene, quinoline, isoquinoline,
phthalazine, cinnoline, quinoxaline, quinazoline, pteridine, 1-8-
naphtyridine, 1-methylnaphthalene, 2-methylnaphthalene, 2-
naphthaldehyde, indole, indazole, benzimidazole, purine, ben-
zofuran, benzothiophene.

Fuse-ring spacers: pyrrole, cyclopentene, cyclohexene, ben-
zene, pyrazine, cycloheptene.
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