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A practical combination of comparative modeling and NMR spectroscopy was used to generate
a three-dimensional structure of the response regulator protein, Spo0F. The backbone structure
obtained compares to the Spo0F Y13S mutant X-ray structure with an rmsd of 2.0 Å. We
provide results which suggest that structures obtained by this method are suitable for drug
discovery. The results of the GRID and DOCK methods as applied to the model and X-ray
structures of Spo0F are remarkably similar and tend to suggest the same design conclusions.
This trend is illustrated by these same techniques applied to two experimentally derived
structures of the analogous protein, CheY, which exhibit a pairwise rmsdBB on the same order
as that found for the two Spo0F structures.

Introduction

A three-dimensional structure of the key protein in a
targeted biological pathway is extremely useful in the
design of therapeutic agents, and to date, NMR spec-
troscopy and X-ray crystallography represent the only
two biophysical methods that yield high-resolution
structures. Experimental complexities that surround
these methods extend the length of time in which
structures are solved and often exceeds the time allotted
in a pharmaceutical research environment. For NMR-
derived structures, the secondary structures of proteins
are generally accessible from native and or 15N-labeled
proteins and can be obtained quickly.1 In contrast, a
high- resolution solution structure (rmsdBB ∼0.5 Å)2
requires generating a large set of unambiguously as-
signed NOE constraints (>16 NOEs per residue).3 The
experimental difficulties involved with X-ray crystal-
lography (crystallization conditions, diffraction, the
phase problem) are well-known.4

Spo0F, the response regulator protein (RR) of the
KinA/Spo0F two-component phosphotransfer signal
transduction pathway5-7 was targeted as key enzyme
in our efforts to design novel antibacterial therapeutic
agents. While efforts were underway to determine the
structure of Spo0F using NMR spectroscopy and X-ray
crystallography, the possibility of delivering a robust
structural model earlier in the drug design process
prompted the examination of computational methods.
Spo0F shares similar function and sequence identity
with nearly 100 RRs, and the degree of sequence
similarity among these proteins,8 a class that possesses
a well-defined (âR)5 folding motif, permits the global fold
to be approximated computationally by comparative
modeling techniques.9 In conjunction with secondary
structural information obtained from preliminary NMR
data, structures consistent with experimental data
known to date can be produced in short order and then
integrated into the drug discovery process.
We have applied this approach to Spo0F to generate

a three-dimensional structural model using a list of

NOE distances obtained from NMR spectroscopy.10
Despite the large number of RRs identified, only CheY,
the homologous RR for adaptive chemotaxis, has been
characterized by both NMR and X-ray crystallog-
raphy.11-16 NTRC, the RR for nitrogen fixation, has
been characterized by NMR.17 CheY will therefore
serve as the reference, or template, for the comparative
modeling procedure. The accuracy of the Spo0F model
was measured against the X-ray structure of the Y13S
Spo0F mutant, which was determined independently
during the course of this study by Varughese and co-
workers.18

Results and Discussion
The tertiary fold of Spo0F has been approximated

using the commercially available package MODELER.19
In MODELER, information such as the amino acid
residue, main-chain conformation, side-chain conforma-
tion, and local similarity (alignment) between two
sequences are defined as restraints in a variable target
function comprised of probability density functions for
the respective restraints.20 The sequence alignment of
Spo0F and CheY (shown below) yields 24% sequence
identity and 57% amino acid similarity. Key residues
of the catalytic core in CheY are paired with those of
Spo0F and are underlined.

MODELER is highly automated, and all default
parameters were utilized; five model structures were
generated by this procedure. Ramachandran plots, 3D
profiles analyses, and rotomer library analyses indicated
that all model structures were consistent with valid
protein structures.21 Visual inspection of the five
predicted models revealed that they all retained identi-
cal tertiary folds, and pairwise rms deviation for all
atoms (rmsdALL) were found to be less than 1.5 Å. The
close similarity among the comparative molecular mod-X Abstract published in Advance ACS Abstracts, October 1, 1997.
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els prompted the arbitrary use of the first model
structure in the refinement procedure. The model
compared to the X-ray of the Y13S Spo0F mutant with
a pairwise rmsdBB of 2.1 Å.
The NMR-derived distances (332) and dihederal

constraints (181) were taken from a recent report7 and
compared against the model structure. Of these, 51
distance restraints were found to be violated (i.e. >0.5
Å). The X-ray structure of the Y13S Spo0Fmutant itself
violated 24 of the NMR constraints. The model was
refined using the distance restraints with a restrained
molecular mechanics minimization employing 2.5 kcal/
(mol Å2) restraining force constants.22 The structure
obtained from the refinement compared only slightly
better to the X-ray structure of the Y13S Spo0F mutant
(rmsdBB ) 2.0 Å), but all distance constraints were
satisfied. The refined model was considered a valid
structure in the same manner as described above and
is compared to the X-ray structure in Figure 1. The
comparative modeling protocol defines the tertiary fold;
the NMR data is able to refine the â-sheet and helical
regions; and the force field defines the side-chain
conformations. The â-sheets flank helices 1-4, and the
network of interactions confer structure upon these
helices.
The crystal structure of Y13S Spo0F mutant is one

of three isoforms arbitrarily taken from the unit cell and
itself possesses an rmsdBB of 0.7 and 0.4 Å compared to
the other isoforms, respectively. Variation in experi-
mentally derived structures is common.4 For example,
the crystal structure of CheY has been solved to 1.8 Å
resolution,11 and the solution structure (46 structures)
has been solved using 1545 distance constraints from
heteronuclear NMR.15 The X-ray structure and 46
NMR structures are all useful for design efforts, even
though they differ among each other with an <rmsdBB>
of 1.65 Å.
We have applied the GRID23 and DOCK24 methods

to the refined Spo0Fmodel and Y13S Spo0Fmutant and

have found that the differences in their structures have
an imperceptible effect upon the design conclusions.
This trend is demonstrated by the application of these
methods to the X-ray (2che11) and NMR (1cey #515)
structures of CheY which are readily available from the
PDB. These structures differ between each other
(rmsdBB ) 1.9 Å) on the same order as found between
the Y13S Spo0F mutant and the refined comparative
model of Spo0F. Figure 2 shows the GRID contour
maps of the CheY crystal structure and NMR structure
resulting from an N3+ probe atom in the active site
region. Small differences exist, but both contour maps
suggest a common direction for drug discovery. Simi-
larly, the two CheY structures were utilized as target
proteins for the DOCK program and evaluated against
a portion of our proprietary database. A list of the 300
most favorable ligands from the respective DOCK
calculations for the two Spo0F structures (the compara-
tive molecular model vs X-ray structure) and for the two
CheY structures (the NMR vs X-ray structures) were
generated based upon the potential energy scoring
implemented in DOCK and compared. We have found
that ∼50% of the DOCK hits were found in all lists. If
substructure similarity is considered, the percentage of
hits common to both structures exceeds 70%, and
further, if the dynamic flexibility inherent to the ligands
and active site is considered, it is probable that the lists
will become nearly identical.

Conclusion
The process of combining comparative modeling tech-

niques with NMR spectroscopy can quickly put three-
dimensional structures into the drug discovery effort.
Additional structural refinement by extensive experi-
mentation would tend to better define the core region
of the protein only since this region is shielded from the
ambiguities caused by conformational averaging, and
in the case for X-ray structures, crystal packing effects
and insufficient side-chain electron density. It is prob-

Figure 1. Overlay of the ribbon representations of the
comparative molecular model of Spo0F (gray) and the X-ray
structure (black).

Figure 2. The GRID contour map of CheY for the N3+ probe
atom. For clarity, only the ribbon trace of the NMR structure
is shown. The bold contour (black) is that resulting from the
NMR structure, the thin contour (gray) from the X-ray
structure. The circled region denotes the active site.
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able that such refinements and adjustments in the core
region of the protein would have little effect upon the
course of the drug design efforts directed toward the
surface, which is properly addressed as dynamic. We
believe that the (âR)5 fold present in this class of
proteins will allow the extension of this method to many
of the response regulators, but it should also be consid-
ered for other protein classes. Structures produced in
this manner require a minimum of experimental data
and can allow the drug design process to begin well in
advance of the determination of these structures by
more exacting experimental means.

Methods
Comparative modeling and protein analysis were performed

using MODELER and PROTEIN HEALTH, respectively;19,21
default values were utilized unless explicitly stated otherwise.
The NMR and X-ray structures of CheY were imported from
the Brookhaven Protein Data Bank25 (accession numbers
1CEY and 2CHE). The alignment was conducted manually.
Graphical visualization and molecular mechanics minimization
were conducted using INSIGHT/DISCOVER.22 Minimization
was conducted using a loop employing 1500 steps of steepest
descent minimization followed by 1500 steps of conjugate
gradient minimization. Total charge) 0.0, distance dependent
dielectric constant ) 3.5r, cutoff ) 21 Å, cutdis ) 20 Å, swtdis
) 0 Å). The secondary structural restraints were taken
directly from the report of Feher et al.7 In our interpretation,
the strong NOEs were given an upper limit of 2.7 Å. Feher et
al. did not distinguish between medium and weak NOEs in
their study; NOEs reported to be “weak to medium” were given
an upper limit of 4.2 Å. The lower limit for all NOE restraints
was 1.8 Å; pseudoatom corrections were used for all â-protons,
and the glycine R-protons; hydrogen bonds were included only
for structured regions of the protein for amide protons in slow
exchange (<10-3 s-1); for JNH-RH > 8 Hz, φ was set to -120 (
40°, and when JNH-RH < 6 Hz, φ was set to -60 ( 30°, but
only for helical regions. In addition to these restraints, based
on the crystal structure of CheY, the K104-P105 amide linkage
was set to a cisoid configuration (ω ) 0°).
The DOCK suite of programs24 was applied using SYBYL26

as the graphical interface. For SPHGEN, the maximum and
minimum sphere radii are 4.0 and 1.3 Å, respectively, and for
CHEMGRID, a 0.4 Å grid size, and a 4r distance dependent
dielectric were used with a cutoff of 10 Å. Close contact limits
were defined as being between 2.3 and 2.8 Å. DOCK was run
in the “search” mode with a bin size of 0.5 Å. All other
parameters are self-explanatory and are varied according to
the number of hits desired and the size of the database to be
searched.
Surface properties were determined using the GRID

method.23 All parameters were set to the default values; the
grid size was held to 1.0 Å. The GRID data file was converted
to a format readable by INSIGHT using the file conversion
protocols supplied with the BIOSYM package.
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