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In this paper, we describe the first prospective application of the shape-comparison program
ROCS (Rapid Overlay of Chemical Structures) to find new scaffolds for small molecule inhibitors
of the ZipA-FtsZ protein-protein interaction, a proposed antibacterial target. The shape
comparisons are made relative to the crystallographically determined, bioactive conformation
of a high-throughput screening (HTS) hit. The use of ROCS led to the identification of a set of
novel, weakly binding inhibitors with scaffolds presenting synthetic opportunities to further
optimize biological affinity and lacking development issues associated with the HTS lead. These
ROCS-identified scaffolds would have been missed using other structural similarity approaches
such as ISIS 2D fingerprints. X-ray crystallographic analysis of one of the new inhibitors bound
to ZipA reveals that the shape comparison approach very accurately predicted the binding
mode. These experimental results validate this use of ROCS for chemotype switching or “lead
hopping” and suggest that it is of general interest for lead identification in drug discovery
endeavors.

Introduction

It is now well-known that bacterial resistance to first-
line antibiotics poses a serious threat to public health.
For this reason many pharmaceutical and biotechnology
companies are aggressively pursuing novel ways to kill
bacteria. Toward this end, Wyeth Research began
investigating a new bacterial target with the aim of
developing a small molecule antibiotic with activity
against resistant strains. This target is the ZipA-FtsZ
protein-protein interaction.

The bacterial protein ZipA appears to play an es-
sential role in the formation and dynamics of the septal
ring - a membrane-associated organelle that drives
constriction and formation of new cell walls during cell
division.1 It is believed that ZipA stabilizes and anchors
the septal ring to the cell membrane by directly inter-
acting with a primary component, FtsZ. In fact, it has
been shown that the two proteins interact via their
C-terminal domains, and that this interaction appears
to be critical to promote cell division; cells depleted of
ZipA grow, but cannot divide.2

ZipA is a 36.4 kDa integral membrane protein com-
prising of three domains; a short N-terminal membrane-
anchoring domain, a central domain rich in proline and
glutamine, and a large cytoplasmic C-terminal domain
(residues 185-328). Recently, a high-resolution crystal
structure for the C-terminal domain of ZipA was solved,
along with a structure of a complex between ZipA and
a 17 residue C-terminal fragment of FtsZ.3 It was found
that the C-terminal domain of ZipA is composed of a

six stranded â-sheet structure packed against three
R-helices. On the uncovered face of the â-sheet resides
a large and shallow hydrophobic cavity exposed to
solvent. It is within this cavity that the FtsZ 17-mer
binds (Figure 1). The KD for the ZipA-FtsZ 17mer
interaction was measured to be ∼7 µM.4

To find small molecule inhibitors of this critical
protein-protein interaction, Wyeth performed a fluo-
rescence polarization-based high-throughput screen of
∼250,000 corporate compounds. Approximately 30 re-
producible and interesting hits were identified from this
screen, of which, compound 1 was the most potent (Ki

of 12 µM). This lead was cocrystallized with ZipA and
the X-ray structure was subsequently used to guide
further development of the series (see Figure 2).4
Computational MM-PBSA-based calculations,5 deter-
mined that for the peptides and small molecules co-
crystallized with ZipA, van der Waals interactions and
the hydrophobic effect were the major contributors to
the free energy of binding.

Unfortunately, it was deemed very early on that 1 had
potential issues with toxicity as it showed rather strong,
nonspecific activity in both bacterial and yeast-based
(Candida albicans) assays. In addition, there were
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potential patent issues as amine substituted pyridyl-
pyrimidines are well represented in the literature in the
context of kinase inhibition with both antitumor and
antiviral applications.6-10 This prevalence in the litera-
ture is also suggestive that the scaffold could show other
toxic characteristics later on in development. So rather
than forfeit the information contained in both the
molecule and the nature of its interaction with the
protein, a new shape-based computational procedure
was used to identify other molecules within Wyeth’s
corporate database that could fill the same region of the
binding pocket and make comparable interactions with
the protein. This paper describes the computational
procedure employed, and its successful application to
finding new inhibitor scaffolds for the ZipA-FtsZ in-
teraction.

Computational and Experimental Procedures

Shape Comparisons and ROCS. The method imple-
mented in this work to lead or scaffold hop is known as ROCS
- Rapid Overlay of Chemical Structures.11 ROCS is used to
perceive similarity between molecules based on their three-
dimensional shape. The algorithm is based on earlier imple-
mentations of molecular shape comparison.12 The general
objective of these methods is to find and quantify the maximal
overlap of the volume of two molecules. This rigorously defines
a strong notion of shape that is either lacking in other
approaches or used weakly. By the latter we mean the
application of the word “shape” to concepts that lack connection
to the everyday notion of the shape of objects. For instance,
comparing the shapes of two coffee cups does not require
definition of pharmacophores or topological ring indices,
whereas ROCS could easily be applied to such a task.

Formally, the overlap of shape between two objects or
molecules A and B, OA,B, is defined as

Here r is a position in space, q is a set of variables that
determine orientation and position, and ø is the “characteristic
volume” function. The volume integral appearing in eq 1 is
over the whole space (drb ) dx dy dz). The characteristic
function is typically taken as one inside and zero outside. This
was the original approach of Masek et al.,12 wherein the
volume of a molecule is taken to be that defined by a set of
fused spheres of appropriate atomic radii. However, the actual
functional form of ø is then very complicated and discontinu-
ous. This made the critical step of optimizing the overlap OA,B

with respect to the orientation and position variables q very
challenging. In practice, the procedure was slow and not robust
in finding the global minimum. The crucial step forward was
the introduction of a description of molecular shape using
continuous functions constructed from atom-centered Gauss-
ians. This was used to define a ø of very similar behavior to
the hard-sphere volume-function, for instance, predicting total

Figure 1. The solvent-accessible surface of the FtsZ binding site on ZipA, colored by lipophilic potential. Created by the MOLCAD
module within Sybyl 6.8 (Tripos, Inc.); brown ) hydrophobic, green ) neutral, blue ) hydrophilic. The inset is a ribbon diagram
of the entirety of the ZipA-FtsZ structure. The yellow circle represents the primary interaction site.

Figure 2. The structure of 1 bound to ZipA. Surface details
are the same as in Figure 1.

OA,B(qbA,qbB) ) ∫∫∫øA(rb,qbA)øB(rb,qbB) drb (1)
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volumes and areas of small molecules to within one percent.13

The function used in the Gaussian shape model is

where

and the local coordinate system, ri ) |rbi| ) |r - cbi|, is defined
as a distance vector from the atomic center (cbi). Equation 2
can be applied to any set of atom-based functions and accounts
for the overlap between such functions, to any order. Such
overlaps become very complex when ø is a hard-sphere function
but trivial when a Gaussian (products of Gaussians are merely
other Gaussians). An atom of radius R is modeled as a
Gaussian of width γ given by

This choice of γ ensures that for an atom of radius R, the
Gaussian volume computed from the volume integral of eq 4
equals the equivalent hard-sphere atomic volume. A universal
value of 2.7 for the Gaussian weight parameter reproduces
molecular volumes, when used in eq 2.

Given such a Gaussian volume function, most of the
difficulties associated with the hard-sphere approach are
solved. Convergence to the global minimum is usually possible
from one of four starting positions, those for which the axes
of the moments of inertia are superimposed, followed by
rotation of π radians about each axis. In addition, the extreme
smoothness of the Gaussian functions allows for robust
optimization. Further experimentation showed that the ori-
entation found from this approach closely correlated with that
from the hard-sphere functions and that the relative orienta-
tion of ligands binding to proteins could be reasonably ac-
curately predicted based on their Gaussian volume overlay.14

The accuracy of the method is little affected by using a reduced
set of Gaussians generated from the neglect of overlap Gaus-
sians generated by eq 2. Since there are typically 10 times
more Gaussians of appreciable volume (greater than 0.01 cubic
Angstroms) in the ø from eq 2 as there are atoms, this is an
appreciable simplification.

Finding OA,B allows for the calculation of a fundamental
quantity between any two molecules, the shape distance, DA,B:

This property is a true metric (obeying the triangle inequality),
and predicts that shape is actually an intrinsic, not an extrinsic
or relative property. One can also produce a related property
that has more familiarity, a Tanimoto, TA,B:

This shape Tanimoto has the recognizable quantity that it is
1.0 if two shapes are identical, and 0.0 if completely different.
Two shapes are never completely different, i.e., have zero
overlap, but shapes may be identical for different molecules.
This Tanimoto is the measure used in this study to compare
molecules.

This is the approach of ROCS. Matches are based only on
volume overlap of optimally aligned molecules; therefore, they
are virtually independent of the atom types and bonding
patterns present in the query and search molecules. The
emphasis and goal of this approach is to identify molecules
that can adopt shapes extraordinarily similar to the query and
in doing so increase the chance of “scaffold hopping” or “lead
hopping”.

Database Preparation. The in silico screening library for
this study was a “lead-like” subset of Wyeth’s corporate
compound collection. The set included all molecules with
molecular weights between 180 and 400, less than 9 rotatable
bonds, no more than one chiral center, a log D(7.4) of less than
4.0, fewer than 4 ionizable groups, and believed to contain
“nonreactive” functionalities. The SMILES strings15 for the
database of lead-like molecules were expanded into a set of
3D conformers using the program OMEGA16 with torsional
sampling that ranged between 5 and 60 degrees, depending
on bond type. All conformations within 5 kcal/mol of the lowest
energy conformer were kept. For chiral compounds in the
database that lacked a stereospecific designation, both enan-
tiomers were created and conformationally expanded.

Scoring Protein-Ligand Interactions. The detailed
analyses of protein-ligand interactions were accomplished
through the use of a scoring function that includes molecular
mechanics and surface area-based energy terms, where the
effects of solvation were captured using a Poisson-based,
continuum solvent approach. This type of scoring function
(most widely known as MM-PBSA) has been well validated
by Kollman and co-workers (e.g. ref 5). The form of the scoring
function used in this work is17

where

and

The individual components were all evaluated with OpenEye
software.

Experimental Assays. Molecules selected using ROCS
were screened for activity against the ZipA-FtsZ interaction
by a fluorescence polarization assay described in detail in a
recent publication.4 Briefly, the assay utilizes a fluorophore-
modified FtsZ peptide. Percent inhibitions at fixed concentra-
tions are determined by comparing the fluorescence polariza-
tion of the inhibitor-ZipA-peptide solutions to that observed
for the ZipA-peptide solution. IC50’s and KD’s were deter-
mined only for molecules that exhibited a dose-dependent
response at 500, 200 and 50 µg/mL.

Crystallography. Two of the most promising hits identified
using our ROCS-based search procedure were cocrystallized
with ZipA to verify their mode of binding, and to provide
structural insights for further medicinal chemistry efforts.
Cocrystals were obtained in hanging drops using PEG6K, 0.1M
MES, pH 6.0 as precipitating solutions. Diffraction data were
collected at the Advanced Light Source (Berkeley, CA), then
integrated and scaled with DENZO/SCALEPACK. Crystals of
ZipA with compound 1 belong to space group P212121 with unit
cell parameters a ) 44.97 Å, b ) 50.61 Å, c ) 84.39 Å, and
with one molecule in the asymmetric unit. ZipA with com-
pound 3 crystallized in the space group P21 with unit cell
parameters a ) 52.69 Å, b ) 39.52 Å, c ) 70.27 Å, â ) 104.9°,
and with two molecules in the asymmetric unit. The crystal
structures were solved using molecular replacement (AmoRe18)
with the ZipA monomer as a search model. Refinement was
performed with CNS,19 and the process of the refinement and
rebuilding was repeated until most of the water molecules fit
the density. The refined models (with no inhibitors added) were
then used to calculate the 3Fo - 2Fc and Fo - Fc maps, which
showed clear electron density for the bound compounds. The
final models of complexes 1 and 3, respectively, have R-factor

ø(rb) ) 1 - ∏
i)1

i)N

(1 - gi(rb)) (2)

gi(rb) ) pi e-γrbi
2

(3)

γ ) π( 3p
4πR3)2/3

(4)

DA,B ) xOA,A + OB,B - 2OA,B (5)

TA,B ) OA,B/(OA,A + OB,B - OA,B) (6)

∆Gbind
solv ≈ [∆Eelec

gas + ∆EvdW
gas ] + ∆∆GPB + ∆∆GSA (7)

∆∆GPB ) ∆GPB
PL - (∆GPB

P + ∆GPB
L ) (7a)

∆∆GSA ) ∆GSA
PL - (∆GSA

P + ∆GSA
L ) (7b)
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values of 22.6% (Rfree of 22.8%) for the resolution range 45-
2.0 Å and of 20.7% (Rfree of 24.2%) for the resolution range
24-1.9 Å. The atomic coordinates (codes 1Y2F and 1Y2G) have
been deposited in the Protein Data Bank, Research Collabo-
ratory for Structural Bioinformatics, Rutgers University, New
Brunswick, NJ (http://www.rcsb.org/).

Results

The crystal structure of compound 1 and a substruc-
ture not including the (2-aminoethyl)piperazine sub-
stituent, were used as templates for the ROCS searches.
These two query molecules are denoted as ROCS•FULL
and ROCS•PART, respectively (Figure 3). The distribu-
tion of Shape Tanimoto values obtained from searching
the lead-like database using these queries is shown in
Figure 4. The mean Shape Tanimoto for ROCS•FULL
is 0.57 and 49 molecules have Shape Tanimoto values
greater than 0.85, whereas the smaller query, ROCS•
PART, has a mean Shape Tanimoto of 0.68 and 2203
molecules are found with a shape similarity that exceeds
0.85. Figure 4 shows that the distribution is roughly
Gaussian with the median shifted toward higher Tan-
imotos for the smaller shape. In a separate publication
(Haigh and Grant, in preparation) it is shown that this
difference is predominantly a volume effect; molecules
with volumes similar to the median have higher average
Tanimotos than smaller or larger molecules. A general

rule-of-thumb is that a Shape Tanimoto of greater than
0.75 provides visual shape similarity.

Since ROCS does not directly use protein structur-
al information, molecules identified by the proce-
dure can potentially have large volume overlap with
regions of the ZipA binding site, and thus would be
unlikely to bind to ZipA. To detect such clashes, each
ROCS hit was overlaid with the query molecule (1) in
the ZipA binding site, then the intermolecular van der
Waals energy was computed between the ROCS hit and
the protein. Molecules that resulted in positive values
of this interaction energy were discarded from consid-
eration. This screen was applied to all of the 49
moleculesobtainedfromthesearchusingtheROCS•FULL
query and the 300 molecules with the highest Shape
Tanimoto values obtained from the ROCS•PART query.
Subsequent removal of molecules with the same scaf-
fold as the query, and ensuring that molecules satis-
fied certain criteria connected with purity and avail-
ability, resulted in 29 molecules being selected for
experimental screening in the ZipA-FtsZ assay. An
example of a molecule selected using this overall ap-
proach is shown in Figure 5, which also shows the
shape-overlay onto the underlying ROCS•PART tem-
plate used in the search. The overlay itself is shown in
the context of the binding site obtained for the parent
compound 1. The experimental activities of all of the
molecules tested are given in Table 1, which reports
separatelythedataforthoseobtainedfromtheROCS•FULL
query (3 molecules), and the ROCS•PART query (26
molecules).

The three most interesting and active molecules from
the query are ROCS•PART-11, ROCS•PART-18 and
ROCS•PART-19 (compounds 2-4), with KD’s deter-
mined to be 73.9, 83.1 and 85.1 µM, respectively.
Although weaker than the original HTS hit, these
molecules were smaller, did not show the same cytotoxic
effects, and had less intellectual property concerns. For

Figure 3. The two structures used in the ROCS query. To
the left is the “FULL” query where all heavy atoms of 1 were
used, and to the right is the “PART” query where the heavy
atoms of the (2-aminoethyl)piperazine side chain were re-
moved.

Figure 4. A plot showing the distribution of the best Tan-
imoto scores found for each molecule in the in silico-screening
database. The line depicts the cutoff chosen for further study.

Figure 5. An example ROCS hit (ROCS•PART-18) overlaid
with 1, the query molecule.
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reference, molecule 2 was not in the original HTS

screening library, while molecules 3 and 4 were; how-

ever, the low activity values of 3 and 4 in the HTS
setting excluded them from further consideration by the
team.

A crystal structure of one of these molecules, ROCS•
PART-18, in complex with ZipA at 1.9 Å resolution was
obtained. The orientation predicted by ROCS (without
any minimization in the binding site) is strikingly
similar to that determined experimentally, as can be
seen in Figure 6 (RMSD of 1.25 Å).

Discussion
The interaction between the C-terminal domains of

FtsZ and ZipA primarily involves the burial of two

hydrophobic faces.3 The solvent accessible area buried
upon binding is ∼1350 Å2. The hydrophobic cavity on
ZipA (highlighted in Figure 1) is the binding site for the
R-helical segment of the FtsZ 17-mer. The most exten-
sively buried side chains are of the hydrophobic residues
Leu372, Ile374, Phe377 and Leu378 that fit tightly into
the ZipA pocket. Polar interactions made adjacent to the
tight hydrophobic binding pocket include a Phe-Arg
π-type interaction, and two hydrogen bonds between
main chain atoms of ZipA and FtsZ (FtsZ370/ZipA250 &
FtsZ372/ZipA248). A more complete description of the

Table 1. Fluorescence Polarization Assay Data and Tanimoto Scores for the Search Hits

fluorescence polarization assay

molecule
% inhibition
at 500 µg/mL

% inhibition
at 200 µg/mL

% inhibition
at 50 µg/mL

ROCS
Tanimoto

ISIS 2-D
similarity

(×0.01)

Partial Structure
ROCS•PART-01 54.9 14.7 0.5 0.896 0.316
ROCS•PART-02 8.4 3.3 3.3 0.909 0.552
ROCS•PART-03 10.8 8.1 3.7 0.877 0.367
ROCS•PART-04 6.4 13.6 5.8 0.897 0.309
ROCS•PART-05 7.9 4.5 3.9 0.895 0.464
ROCS•PART-06 21.5 8.9 0.4 0.896 0.554
ROCS•PART-07 13.3 4.5 2.8 0.896 0.575
ROCS•PART-08 2.3 0.0 7.2 0.879 0.434
ROCS•PART-09 0.0 0.0 0.0 0.910 0.284
ROCS•PART-10 19.3 20.6 15.1 0.926 0.357
ROCS•PART-11 55.0 45.4 32.8 0.901 0.363
ROCS•PART-12 15.5 10.7 11.2 0.898 0.367
ROCS•PART-13 31.5 44.5 35.5 0.905 0.364
ROCS•PART-14 21.9 13.8 15.4 0.907 0.331
ROCS•PART-15 4.1 17.5 12.1 0.892 0.319
ROCS•PART-16 20.0 15.3 7.1 0.877 0.330
ROCS•PART-17 7.1 26.5 13.3 0.934 0.358
ROCS•PART-18 76.6 58.0 23.9 0.907 0.348
ROCS•PART-19 76.3 55.8 23.5 0.876 0.364
ROCS•PART-20 11.6 2.3 0.8 0.867 0.328
ROCS•PART-21 1.7 6.9 5.5 0.871 0.356
ROCS•PART-22 26.4 20.4 6.9 0.894 0.361
ROCS•PART-23 7.5 6.9 0.9 0.893 0.350
ROCS•PART-24 28.3 29.5 19.8 0.908 0.710
ROCS•PART-25 13.4 9.6 3.4 0.878 0.539
ROCS•PART-26 8.6 2.4 0.4 0.859 0.508

Full Structure
ROCS•FULL-01 17.6 5.5 1.6 0.855 0.360
ROCS•FULL-02 4.6 2.7 6.2 0.854 0.429
ROCS•FULL-03 13.0 10.1 3.6 0.865 0.595

Figure 6. The X-ray structure of 3 overlaid with its ROCS
determined pose.
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structure of ZipA and its interaction with the FtsZ
peptide can be found elsewhere.3

The crystal structure of 1 (Figure 2) shows that the
molecule we identified from the HTS fits quite tightly
into ZipA with an affinity (KD 12 µM) similar to that of
the FtsZ peptide (KD 7 µM). However, the solvent
accessible surface area buried upon binding of molecule
1 is 740 Å2, appreciably smaller that that of the
FtsZpeptide. Expressing the equilibrium binding data
in terms of the binding interface area gives values of
9.2 and 5.2 cal mol-1 Å-2 for molecule 1 and the FtsZ
peptide, respectively. This indicates that the relative
efficiency of the small molecule inhibitor in utilizing
surface area to promote binding to ZipA is nearly double
that of the peptide. MM-PBSA5 calculations suggest that
the favorable contributions to the ∆G of binding of 1
arise from hydrophobic interactions, its conformational
rigidity, van der Waals interactions, a π-stacking in-
teraction with Phe269 (which forms part of the floor of
the ZipA pocket), and minimal desolvation of polar
groups.

Despite cytotoxicity issues, molecule 1 was a valuable
discovery for the program, given that small molecule
antagonists of protein-protein interactions are notori-
ously difficult to find.20-22 Nevertheless, this molecule
supports the hypothesis that small scaffolds with mul-
tiple aromatic rings connected by rigid linkers make
good inhibitors of intramolecular hydrophobic collapse.21

Further support for this hypothesis can be found in two
of our recent publications on other families of ZipA-
FtsZ antagonists.23,24 Given these examples, it is tempt-
ing to speculate that screening libraries enriched with
such compounds will be more successful in finding
inhibitors of therapeutically interesting protein-protein
interactions.22

The ROCS searches we performed (utilizing the
experimentally determined binding mode of molecule 1)
provided the team with two new and novel scaffolds to
work with. The algorithm used the shape of 1 to
“scaffold hop” to molecules that are similar in their
three-dimensional shape, but possess nonintuitive simi-
larities according to their bond frameworks. By contrast,
numerous 2-D substructure/similarity searches only
identified more pyridylpyrimidine-like molecules that
also tested positive for cytotoxicity. To show how dif-
ferent in 2-D similarity the ROCS hits are, we also
calculated (Table 1) the 2-D MDL similarity index
implemented in ISIS (MDL Information Systems).25 As
observed in Table 1, the highest 2-D similarity (x 0.01)
for one of the ROCS chosen molecules was that for
ROCS•PART-24 at a value of 0.710 - identical 2-D
frameworks would have a value of 1.000. Most impor-
tantly, the molecules from the ROCS screen that were
experimentally verified to inhibit the ZipA-FtsZ inter-
action in a manner consistent with compound 1 had 2-D
similarities in the range of 0.348-0.364. As a point of
reference, there are over 35,000 molecules in the Wyeth
database with 2-D similarities values greater than this.

Figure 5 illustrates the ability of ROCS to overlay
molecules based on shape. These molecules also share
the low MW feature of 1, as well as being conforma-
tionally rigid. The crystal structure of 3 bound to ZipA
(Figure 6) validates the binding mode of this inhibitor,
and suggests that the major contributors to binding are

similar to that of 1; namely favorable enthalpy from van
der Waals interactions, the π-stacking interaction with
Phe269 and minimal desolvation of polar groups, and
favorable entropy gain from the hydrophobic effect.
Although 3 is a weaker inhibitor than 1, it has a lower
MW and a near identical free energy of binding per
“heavy” atom (i.e. non-hydrogen atoms) of 0.2 kcal
mol-1.26 Ultimately, molecules 2-4 were all considered
good “lead-like” starting points for developing antago-
nists of this protein-protein interaction. Further details
of the opportunities present and the subsequent opti-
mization of these scaffolds will be provided in future
communications.

The approach taken here differs significantly from
other 3-D search methods. In particular, it is almost
orthogonal to the so-called 3-D pharmacophore ap-
proach. The active compounds here were found without
any reference to the details of the actual chemistry of
the known active. The approach relied only upon an
intuitive fragmentation based upon physicochemical
reasoning of the known active to generate appropriate
templates for ROCS searches. This is in contrast to
pharmacophore approaches, which require complex
representations of molecules in terms of distances,
angles, planes, centroids and very detailed chemical
features. ROCS requires no preprocessing other than
the generation of a set of energetically reasonable
conformations of a corporate/vendor/virtual database.
It currently processes conformers at a rate approaching
one thousand per second on a single processor; orders
of magnitudes faster than other 3-D search methods or
docking programs, and is easily parallelizable. While it
does not give energies of interactions as methods such
as free energy perturbation or thermodynamic integra-
tion attempt to do, it does give results that are intuitive
and easy to understand. In our hands it is capable of
jumps in chemical structure that other methods cannot
approach.

Conclusion

The new 3-D similarity algorithm described in this
report rapidly identified two new and significantly
different inhibitor scaffolds for Wyeth’s ZipA program.
The algorithm first uses ROCS to create a 3-D Gaussian
volume for the query molecule and to rapidly search a
multi-conformer database for molecules with similar
shapes. Then, a simple evaluation of van der Waals
interactions of the ROCS hits with the protein is
performed to eliminate molecules with obvious steric
clashes with the protein. This ultimately produced a
final list of molecules similar in shape and protein
binding site coverage as the query molecule. By follow-
ing this procedure, the molecules ranked best need not
be structurally similar (in a 2-D sense) to the query; in
fact, in this example, we intentionally focused on hits
that were not similar, thus allowing us to “scaffold hop”
to molecules without the same toxicity and potential
intellectual property issues as the query. In practice,
we found that a rigorous definition of shape alone is
more powerful than we, or others, had expected.

Crucial support for the viability of this approach was
provided by a crystal structure for one of the ROCS hits.
This structure confirmed that our new scaffold binds
to ZipA at the same site as the FtsZ peptide, and the
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query molecule 1. Most importantly, the new molecules
share the same tight fit within the site, similar hydro-
phobic interactions and a π-stacking interaction with a
binding site phenylalanine. With lower molecular weights
and superior ratios of binding energy to surface area to
that of the FtsZ peptide, we believe that the ROCS-
identified molecules provided us with ideal, lead-like
scaffolds for further development of antagonists to the
ZipA-FtsZ protein-protein interaction.
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