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ABSTRACT: Thymidylate synthase is an attractive target for antiproliferative drug design because of its
key role in the synthesis of DNA. As such, the enzyme has been widely targeted for anticancer applications.
In principle, TS should also be a good target for drugs used to fight infectious disease. In practice, TS is
highly conserved across species, and it has proven to be difficult to develop inhibitors that are selective
for microbial TS enzymes over the human enzyme. Using the structure of TS fromLactobacillus caseiin
complex with the nonsubstrate analogue phenolphthalein, inhibitors were designed to take advantage of
features of the bacterial enzyme that differ from those of the human enzyme. Upon synthesis and testing,
these inhibitors were found to be up to 40-fold selective for the bacterial enzyme over the human enzyme.
The crystal structures of two of these inhibitors in complex with TS suggested the design of further
compounds. Subsequent synthesis and testing showed that these second-round compounds inhibit the
bacterial enzyme at sub-micromolar concentrations, while the human enzyme was not inhibited at detectable
levels (selectivities of 100-1000-fold or greater). Although these inhibitors share chemical similarities,
X-ray crystal structures reveal that the analogues bind to the enzyme in substantially different orientations.
Site-directed mutagenesis experiments suggest that the individual inhibitors may adopt multiple
configurations in their complexes with TS.

Thymidylate synthase (TS)1 is an attractive target for the
design of drugs used against proliferative diseases because
of its central role in the production of DNA. TS catalyzes
the methylation of 2′-deoxyuridine 5′-monophosphate (dUMP)
by N5,N10-methylene tetrahydrofolate (CH2H4folate). This
reaction is the terminal step in the only de novo synthetic
pathway to thymidylate, which is essential for DNA produc-
tion. Inhibition of TS stops the production of DNA, disrupt-
ing the progression through the cell cycle and eventually
leading to “thymineless” cell death (1).

Much effort in drug design against TS has focused on
inhibitors that resemble the substrate, dUMP, or the cofactor,
CH2H4folate. A mechanism-based inhibitor of TS (2),
5-fluorouridylate, which is administered as the premetabolite,
5-fluorouracil (5-FU), is used in chemotherapy. The TS
inhibitor, 10-propargyl-5,8-dideazafolate (CB3717), is a
mimic of the cofactor, CH2H4folate (3). Although CB3717
is a potent inhibitor of TS [Ki of 40 nM (4)], it shows liver
and kidney toxicity in a small number of patients (5). Recent
structure-based drug design efforts against TS (6-11, 41,
42) have resulted in a series of potent compounds such as
AG337 and Tomudex that bind in the folate binding site of
the enzyme. These new compounds show promise as cancer
chemotherapeutics.

The amino acid sequence of TS is highly conserved across
species, particularly among those residues that form the
substrate and cofactor binding pockets (12). These residues
also interact closely with inhibitors such as 5-fluorouridylate,
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CB3717, BW1843U89, Tomudex, and AG337. Folate bind-
ing site inhibitors such as CB3717, ZD1694 (Tomudex), and
BW1843U89 are broadly cytotoxic to dividing cells, and
show little selectivity for microbial versus human TS (HTS)
(13). Thus, these compounds are not candidates for antimi-
crobial chemotherapy. Given the recent rise in antibiotic
resistance, novel drug candidates in this area would be
welcome.

The marked conservation of the substrate-binding region
of TS among organisms suggests that species-specific
inhibitor discovery should target nonsubstrate regions of the
binding site. We have previously described an inhibitor of
TS, phenolphthalein (1), whose binding site (Figure 1) is
displaced from that of the substrate (Figure 2) (14). The

phenolphthalein binding site borders on residues of the
Lactobacillus caseiTS (LcTS) that belong to an insertion
unique to certain bacterial forms of TS. This insertion,
referred to as the “small domain”, spans residues 90-139
in LcTS (Figure 1). Several of these residues are conserved
among TS enzymes from microbial pathogens, such as
Streptomyces aureas(15). Although phenolphthalein itself
is not selective for bacterial versus human TS, we reasoned
that analogues of phenolphthalein that took advantage of this
region in L. caseiwould be selective for this and similar
enzymes over the human enzyme.

Here we describe the design and testing of derivatives of
phenolphthalein meant to be specific for LcTS versus HTS.
In designing these new derivatives, we sought to take

FIGURE 1: Crystal structure of phenolphthalein (PTH) bound to TS fromL. casei(14). Every tenth CR is labeled, and the bacterial “small
domain” insertion (residues 90-139) is dark gray. This figure were prepared using the program BOBSCRIPT (R. Esnouf, 1996, unpublished).

FIGURE 2: Superposition of the crystal structures of each of the complexes discussed [LcTS-phenolphthalein,-4, and-5 (all in white
ball-and-stick representations) with the complex of LcTS with substrate, dUMP, and cofactor analogue, CB3717 (PDB entry 1LCA), which
are both drawn as black stick representations]. Note that the crystallographic binding modes of these species-specific inhibitors are all well
removed from the substrate binding pocket. This figure were prepared using the program BOBSCRIPT (R. Esnouf, 1996, unpublished).
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advantage of regions of LcTS, proximal to the phenolphtha-
lein binding site, that are not present in HTS. Upon synthesis
and testing, the most specific derivative had a 40-fold
selectivity for LcTS versus HTS. Crystallographic studies
of a specific and a nonspecific analogue showed that these
compounds bound in different orientations to LcTS, sug-
gesting a mechanism for the differential specificities. Using
this information, new analogues were designed, synthesized,
and tested. These second-round compounds were both more
potent and more selective than the initial derivatives, with
sub-micromolar affinities for the bacterial enzyme but with
the affinity for the human enzyme essentially eliminated.
Several of these inhibitors showed specific toxicity for
bacteria such asS. aureasversus human cells in in vitro
studies (16). These inhibitors are candidates for further
elaboration as antimicrobial chemotherapeutics.

EXPERIMENTAL PROCEDURES

Inhibitor Design. Phenolphthalein (1) analogues2-4 were
designed to complement the small domain region of LcTS

(residues 90-139), based on visual inspection of the complex
between phenolphthalein (1) and LcTS (Figure 1) (14).

As a model for HTS, we used the structure of TS from
Escherichia coli(17). Although the HTS structure has been
determined, the structure is thought to reflect an inactive form
of the enzyme in which a large portion of the active site is
rearranged into an architecture which makes the binding of
and enzymatic activity on substrates unlikely (18). The E.
coli TS crystal structure has been used successfully as a
model of the human enzyme in previous inhibitor design
studies (6-11, 41, 42). The identities of theE. coli residues
at positions 82, 83, and 264 were changed to those of the
human residues by graphical modeling. Thus, Glu82 was
truncated to alanine, Trp83 modified to asparagine, and
Ile264 modified to valine. The human residue was overlapped
onto the correspondingE. coli atom positions; for the Trp83
to asparagine substitution, the Nδ of the asparagine was
modeled to overlap with the Nε of Trp. No close contacts
were introduced by these modeled substitutions. For com-
parison of compounds1, 4, and5 in the LcTS versus putative

Table 1: Specificities and Inhibition Constants for Phthalein Analogues

a Specificity measured as IC50(LcTS)/IC50(HTS). b Specificity measured asKi(LcTS)/Ki(HTS). c No inhibition measured at this concentration,
close to the solubility limit of the compound.d Assuminge10% inhibition at the solubility limit.
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HTS complexes, the structure of the “humanized” EcTS was
rms-fit onto the LcTS structure using the main chain CR

atoms. In evaluating the fit of5 in the humanized EcTS
structure, we used the conformation of Trp85 adopted in the
LcTS-5 complex.

Chemistry. The synthetic scheme for the various deriva-
tives is described in detail in an accompanying paper (16).
Briefly, the phthalein and naphthalein derivatives were
prepared through reaction of the anhydride precursor of the
phthalein ring system with the appropriate phenolic deriva-
tive. A mixture of the appropriate anhydride (0.01 mol) and
phenolic derivative (0.02 mol) and a few drops of concen-
trated H2SO4 was heated while it was being stirred at 180
°C for 5 h. After cooling, the residue was purified by silica
gel chromatography eluting with dichloromethane/methanol
(95/5) to give as the first run the unreacted anhydride
followed by the desired product. Stock solutions of each of
the compounds were prepared in dimethyl sulfoxide (DMSO)
and stored at-20 °C until they were used. The molar
extinction coefficients of all compounds were measured in
DMSO solution at a concentration of approximately 10-4

M.
Enzymology. LcTS and HTS were expressed and purified

as described previously (19-21); the enzymes were greater
than 95% homogeneous as determined by SDS-PAGE.
Purified enzyme was stored at-80 °C in 10 mM phosphate
buffer (pH 7.0) and 0.1 mM EDTA until it was used.
Enzymatic assays were carried out with a Perkin-Elmer UV
lamba 16 spectrophotometer equipped with a multicell system
and thermoregulated with a Haake F3C circulating bath. The
activity of the enzymes was determined spectrophotometri-
cally by following the increasing absorbance at 340 nm due
to the oxidation reaction of CH2H4folate to dihydrofolate (4).
In these activity assays, (6R,S)-CH2H4folate was used at a
concentration of 180µM, dUMP at 120µM, and enzyme at
0.07µM. Enzyme kinetic experiments were conducted under
standard conditions (22): 50 mM TES buffer (pH 7.4), 75
mM â-mercaptoethanol, 25 mM MgCl2, 6.5 mM formalde-
hyde, and 1 mM EDTA. In all cases, unless otherwise noted,
the enzyme concentration was 0.07µM, and the substrate
(dUMP) concentration was 120µM. The CH2H4folate
concentration was 60µM for IC50 calculations and was varied
for Ki calculations. We note that theKm values of HTS and
of LcTS for folate are similar: 8 and 10µM, respectively.
Thus, comparing the IC50 (or Ki) values for the two enzymes
gives a good indication of specificity. Inhibitors were
delivered from the DMSO stocks to the buffered solution.
Reactions were initiated by the addition of enzyme. For
assays with mutant LcTS enzymes, previously expressed and
purified mutant enzymes were used, as described previously
(2, 23-25).

X-ray Crystallography. Since compounds4 and 5 have
low aqueous solubilities, saturated solutions were prepared
in DMSO. Complex crystals were grown with the addition
of 1 µL of a ligand solution to a 10µL hanging drop
containing 9µL of 6 mg/mL LcTS, 1µL of 10% ammonium
sulfate, and 1 mM DTT, and inverted over wells containing
20 mM KPO4 (pH 6.8) and 1 mM DTT. Rapid precipitation
of the ligands was seen on addition of the DMSO solution
to the crystallization experiment. Crystals began growing
within this precipitate in 2-4 days. Control drops containing
only apo-LcTS began to crystallize in 1-2 days. Crystal

growth continued for 4-5 days. Control crystals grew to a
maximum of 800µm, but complex crystals grew to no larger
than 450µm in the principle (c*) dimension. Complex
crystals, like apo-LcTS, are hexagonal bipyramids, but
distinctly orange in color due to the presence of the highly
colored inhibitors. The crystals belong to space groupP61-
22 with the following unit cell dimensions:a ) 78.3 Å and
c ) 243.2 Å. The crystallographic asymmetric unit contains
one LcTS monomer.

X-ray diffraction data from a 200µm × 200 µm × 450
µm crystal of the LcTS-4 complex were collected on an
R-Axis IIc imaging plate with a Rigaku RU-200 rotating
anode generator operating at 15 kW (50 mA and 300 kV)
and equipped with a Cu anode (λ ) 1.5418 Å). The crystal
to detector distance was 230 mm, and the detector was set
at -15° in 2θ. Exposures of 20 min per 1° of oscillation
range were used throughout the data collection. The diffrac-
tion data were indexed, integrated, scaled, and merged to
2.5 Å resolution with the R-Axis software from MSC (Table
2). A total of 78 644 observations were integrated, scaled,
and merged, yielding 9477 unique reflections [60% complete
with F > 2σ(F)] between 48.6 and 2.5 Å [Rsymm(I) ) 0.081
with an average redundancy of 3.8].

X-ray diffraction data from a 125µm × 125 µm × 300
µm crystal of the LcTS-5 complex were collected using
the same equipment and settings. Exposures of 30 min per
1° of oscillation range were used. The data were indexed,
integrated, scaled, and merged to 3.0 Å resolution using the
HKL software package (26) (Table 2). A total of 35 352
observations were integrated, scaled, and merged, yielding
7727 unique reflections between 50.0 and 3.0 Å. The data
were 80% complete withF g 2σ(F); Rsymm(I) equaled 0.124
with an average redundancy of 4.6.

Since both complexes crystallized in a lattice isomorphous
with the unliganded form of the enzyme, initial difference
electron density Fourier syntheses (Fo - Fc) were calculated
using the refined coordinates for apo-LcTS without ordered
waters or counterion. The initial difference density for

Table 2: X-ray Diffraction Data and Refinement Statistics

parameter LcTS-4 LcTS-5

a (Å) 78.3 78.3
c (Å) 243.2 243.2
γ (deg) 120.0 120.0
space group P6122 P6122
maximum resolution (Å) 2.5 3.0
no. of measured reflections 78644 35352
no. of observed reflectionsa 29742 16758
no. of unique reflections 9477 7727
completenessa (%) 58.7 80.0
Rsymm(%) 8.12 12.4
average redundancy 3.8 4.6
refinement resolution (Å) 8-2.5 8-3.0
refinedRfactor 0.163 0.175
Rfree 0.251 0.222
no. of modeled waters 313 247
rms bonds (Å) 0.006 0.012
rms angles (deg) 1.4 1.9
rms dihedrals (deg) 23.7 24.6
rms impropers (deg) 1.08 1.45
G-factorb 0.28 0.13

a I/σ(I) g 2.0. b TheG-factor is a measure of the overall “normality”
of the structure. The overallG-factor reported by PROCHECK (27)
was obtained from an average of all the differentG-factors for each
residue in the structure.
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compound4 was roughly spherical in shape when contoured
at 3σ. It was not possible to uniquely orient compound4
into this density. Since least-squares refinement procedures
modify the working model to account for all features of the
crystallographic data possible, features that are not currently
represented in the model can be refined away through global
accommodation of the model. In this case, detailed features
of the binding mode of4 were found by applying a random
positional displacement (a “shake”) to all atoms of the protein
model that varied as a Gaussian distribution between 0 and
0.1 Å in magnitude. The protein was not yet refined against
the diffraction data obtained for this complex. A difference
Fourier synthesis was calculated using the “shaken” model
and is displayed in Figure 4a. This map clearly shows a
bilobal distribution of the electron density projecting from
the original difference density. The two phenol moieties
could now be modeled into these lobes and the naphthalein
ring into the larger portion of the difference density.
Subsequent refinement clarified the positions of them-
chlorine substituents as shown in a final simulated annealing
omit map (Figure 4b), calculated after the protein had been
refined against the data, but from which the ligand (4) has
been omitted.

The initial difference electron density map (Fo - Fc) for
the LcTS-5 complex was devoid of significant features
above 2.5σ. However, the strong coloration of the crystals
suggested that significant amounts of the ligand had been
incorporated into the crystal lattice. Therefore, the more
sensitive∆Fo calculation was used to locate any possible
reduced occupancy binding sites. This calculation uses the
difference between the observed diffraction amplitudes{-
[Fobs(apo)- Fobs(complex)]R(apo)} from two closely related
data sets (here, apo-LcTS and the LcTS-5 complex) rather
than the difference between the amplitudes for the structure
of interest and calculated amplitudes based on the current
model{[Fobs(complex)- Fcalc(complex)]R(complex)}. The
resulting Fourier synthesis reveals only those features which
differ between the two crystal structures. The additional

sensitivity of this calculation enabled us to observe the
location and orientation of5, as well as any differences in
the protein structure relative to the apo structure. On the basis
of this calculation, we were able to place and successfully
refine a model of compound5 in the complex structure
(Figure 5).

RESULTS

Four analogues of phenolphthalein (1) were initially
synthesized and tested for activity as inhibitors of LcTS and
HTS: diphenol-2,3-naphthalein (2), diphenol-1,8-naphthalein
(3), 3′,3′′-dichlorophenol-1,8-naphthalein (4), and 5-ni-
trodiphenol-1,8-naphthalein (5). Phenolphthalein was not
specific for LcTS versus HTS, inhibiting the human enzyme
more potently than the bacterial enzyme rather than the
reverse (IC50 values of 1.2µM for HTS and 12µM for LcTS;
specificity ratio of 0.1). Conversely, the new inhibitors were
more specific for the bacterial enzyme (Table 1). This was
especially true of compound4, which had a specificity ratio
of 40 and aKi of 0.7 µM against LcTS. A fifth analogue,
the 3′,3′′-dichloro derivative of phenolphthalein (6), was then
synthesized to test a mechanism for possible specificity (see
the Discussion).

X-ray Crystal Structures. The LcTS-4 complex was
elucidated by difference Fourier techniques to 2.5 Å resolu-
tion and refined to anRfactor of 0.163 (Rfree ) 0.251) using
X-PLOR (28). The final model consists of well-modeled
positions for all 316 amino acids in one monomer of LcTS,
315 well-ordered solvent molecules, one phosphate ion in
the dUMP binding site, and one modeled binding orientation
of compound4. The refined coordinates for the LcTS-4
complex have been deposited with the Brookhaven Protein
Data Bank as entry 1TSL.

The LcTS-5 complex was determined by difference
Fourier techniques to 3.0 Å resolution and refined to anRfactor

of 0.175 (Rfree ) 0.222) using X-PLOR (28). The final model

FIGURE 3: Crystal structure of compound4 bound toL. caseiTS. Important protein-ligand interactions (see the text) are labeled and
indicated with dashed lines. This figure were prepared using the program BOBSCRIPT (R. Esnouf, 1996, unpublished).
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consists of well-modeled positions for all 316 amino acids
in one monomer of LcTS, 247 well-ordered solvent mol-
ecules, one phosphate ion in the dUMP binding site, and
one modeled binding orientation of compound5. We note
that the number of solvent molecules in both complexes is
high for structures at such resolutions. However, the protein
model is based on a good quality structure determined to
2.3 Å resolution with excellent geometry (PDB entry 4TMS).
Thus, the model phases are effectively at higher resolution
and lower mean error than a de novo structure determined
at this resolution, giving us greater confidence in the positions
of ordered water molecules than would normally be the case.

The refined coordinates for the LcTS-5 complex have been
deposited with the Brookhaven Protein Data Bank as entry
1TSM.

Further Inhibitors.Compound7, the 4-chloro derivative
of 4, was synthesized to take advantage of specificity
opportunities observed in the LcTS-4 complex. This deriva-
tive was a mixed type inhibitor (29) of LcTS with aKi value
of 0.7µM. The compound had no detectable affinity for HTS
(Table 1). Several monophenolic derivatives were also
synthesized (16) to explore possible steric restriction imposed
by the diphenolic substitutions, but in general, these com-
pounds showed low activity. An exception was compound

FIGURE 4: (a) Initial difference map (Fourier coefficient map ofFo - Fc, contoured at 3σ) of the TS active site. No refinement of the
protein against the diffraction data has been done, and compound4 has not yet been modeled into this density. (b) Simulated annealing
“omit” map showing difference electron density (Fo - Fc, contoured at 3σ) for compound4 in the L. caseiTS. This calculation uses all
of the atoms of the structure except those of the ligand and is unbiased by refinement with inclusion of the ligand molecule. This figure
were prepared using the program BOBSCRIPT (R. Esnouf, 1996, unpublished).

1612 Biochemistry, Vol. 38, No. 5, 1999 Stout et al.



8, which had aKi value of 0.25µM and specificities over
the human enzyme of>1000-fold (Table 1).

Mutant Studies. The effect on inhibitor binding to several
site-directed mutant TS enzymes was also tested (Table 4).
The compounds tested included phenolphthalein and com-
pounds3-5. The mutant enzymes were E60D (23), W82Y
(12), and V316A. These substitutions typically diminished
the extent of inhibitor binding by 3-20-fold; several

substitutions improved the extent of inhibitor binding by up
to 2.5-fold.

DISCUSSION

This study was initiated with the crystal structure of the
phenolphthalein-TS complex (14). Visual inspection sug-
gested that analogues of phenolphthalein with larger func-
tional groups extending from the phthalein ring system would
complement residues specific to certain bacterial forms of
TS, including LcTS, which were not present in the human
enzyme. These included residues Glu84, Trp85, Glu88, and
the “small domain” (residues 90-139) of LcTS (Figure 1).

Initial Inhibitor Design. Compounds2-5 were synthesized
to test this hypothesis. The most selective of the new
inhibitors was compound4, which was 40-fold more
selective for LcTS compared to HTS, and had a 6-fold higher
affinity than phenolphthalein (Table 1). The differential
selectivity of compound4 compared to compounds3 and5
was unexpected (4 has a selectivity index of 40, compound
3 has a selectivity index of 2.5, and5 has a selectivity index
of 1.8). Compound4 differs from3 and5 in the presence of
o-chlorine substitutions on the phenolic rings, and the
possibility that the haloderivatization of the phenolic rings
formed the basis of specificity was considered.

To address this question, the 3′,3′′-dichloro derivative of
phenolphthalein (6) was synthesized. The specificity ratio
for compound6 was found to be 0.13 (i.e., it inhibited HTS
better than LcTS, rather than the reverse), similar to that
found for phenolphthalein. This suggested that the specificity
advantage of compound4 is a convolution of the effects of
the chlorine and naphthalide derivatizations, though perhaps
the naphthalide extension had a greater effect. Although the
initial hypothesis had led to the desired increase in specificity,
it was clear that the reasons for the specificity increase were
more complicated than anticipated.

X-ray Crystal Structures of LcTS in Complex with4 and
5. To address the molecular basis of specificity, the structure
of 4 bound to LcTS was determined by X-ray crystal-
lography. The 2.5 Å resolution structure of this complex
showed 4 making interactions with LcTS that differed
considerably from those made by phenolphthalein (Figures
3 and 7). Rather than the naphthalide moiety extending into
the small domain from the phenolphthalein anchor position,
as had been designed, compound4 was displaced from the
phenolphthalein binding site by approximately 5 Å. The
phenolic O3 hydroxyl (Figure 3) of compound4 formed a
water-mediated hydrogen bond with Asp103 of the small
domain (Table 3). The same inhibitor hydroxyl makes polar
and dispersive interactions with His106 of the small domain
(His106 Nδ1 to phenolic hydroxyl distance of 3.4 Å) and
makes a hydrogen bond with the C-terminal carboxylate of
Val316. The second phenolic hydroxyl (O4, Figure 3) forms
a hydrogen bond with Glu84 of LcTS (distance of 2.9 Å,
angle of 93°); the analogous residue in HTS is an alanine.
The two phenolic chlorines make dispersive interactions with
Thr24, Glu84, and Trp85 (Table 3). The naphthalein moiety
of 4 makes van der Waals contacts with the Cú3 and CΗ2
atoms of Trp85 and the Cγ2 atom of Val24. The residue
analogous to Trp85 in the human enzyme is an asparagine.
The naphthalein ring of compound4 also appears to interact
with Glu88 (ring carbon to Oε2 distance of 3.3 Å), presum-

Table 3: Contacts Observed between LcTS and Phenolphthalein,4,
and5a

inhibitor atom

contact
distance

(Å)
LcTS

residue
LcTS
atom

HTS
residue

phenolphthalein phenol 1 OH 2.6 water 404 O NAb

phenolphthalein phenol 1 OH 3.3 Glu60 Oε1 Glu
phenolphthalein C16 4.7 Trp82 Cδ2 Trp
phenolphthalein C9 3.8 Trp85 Nε1 Trp
phenolphthalein phthalein O 2.7 Trp85 Cú2 Asn
phenolphthalein phthalein O 3.9 Arg23 Nη2 Arg
phenolphthalein phthalein O 3.6 water 363 O NAb

phenolphthalein phenol 2 OH 2.3 Asp221 Oδ1 Asp
phenolphthalein phenol 2 C18 2.9 Val314 Cδ1 Met
phenolphthalein phenol 2 C20 4.7 Val316 Cδ1 Val
phenolphthalein phenol 2 C20 3.4 Glu84 Cγ Ala
4 naphthalein O2c 3.4 phosphate O phosphate
4 naphthalein O2c 3.0 water 361 O NAb

4 naphthalein C2 4.6 Trp85 Cú3 Asn
4 naphthalein C2 4.6 Trp85 CΗ2 Asn
4 naphthalein C4 4.6 Ala194 CR Ala
4 naphthalein C7 3.3 Glu88 Oε1 Arg
4 naphthalein C8 3.1 Glu88 Oε2 Arg
4 phenol Cl1 3.7 Thr24 Cγ2 Thr
4 phenol O3

c 3.1 Val316 OT Val
4 phenol C16 3.7 Val316 Câ Val
4 phenol O3

c 3.4 His106 Nδ1 NAb

4 phenol O3
c 3.4 His106 N NAb

4 phenol O3
c 2.7 water 627 O NAb

4 water 627 2.8 Asp103 Oδ2 NAb

4 phenol O4
c 2.9 Glu84 Oε

1 Ala
4 phenol Cl2 3.0 Glu84 Câ Ala
4 phenol C21 3.4 Trp85 Cú2 Asn
4 phenol Cl 3.5 Trp85 Cδ2 Asn
4 phenol C20 3.6 Trp85 Cη2 Asn
5 naphthalein O2d 2.8 water 357 O NAb

5 water 357 3.0 Arg23 Nε Arg
5 naphthalein O2d 3.4 phosphate O phosphate
5 naphthalein C4 3.6 Asp221 Oδ2 Asp
5 phenol 1 C16 3.5 Leu195 Cδ2 Leu
5 phenol 1 C17 3.7 Leu195 Câ Leu
5 phenol 1 O3

d 2.5 Trp82 Cú3 Trp
5 phenol 1 C17 3.2 Trp85 Cε3 Asn
5 phenol 2 O4

d 3.2 Glu88 Oε1 Arg
5 phenol 2 C23 3.1 Glu84 Câ Ala
5 phenol 2 C24 4.1 Glu84 Cγ Ala

a Also indicated is the corresponding residue in human TS.b Not
appropriate because water is absent or the residue is missing.c See
Figure 3.d See Figure 6.

Table 4: Effect of Mutant Residues on Apparent Inhibition
Constants

binding constant (µM)a

ligand wild type V316A W82Y E60D

CH2H4folate 10 370 10 36.8
phenolphthalein 4.7 15 2.0 1.6
3 2.8 11 - NIb

4 0.7 13 1 4.4
5 1.0 13 - 0.4

a The values reported for CH2H4folate areKm values, and the values
for the inhibitors areKi values.b No inhibition measured at 30µM
inhibitor.
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ably through charge-quadrupole and dispersive interactions.
This residue in the human structure is an arginine. Overall,
the structure of the enzyme changes only slightly between
the complex with phenolphthalein and that with compound
4. The most dramatic change is in the conformation of Arg23,
which formed a water-mediated hydrogen bond to the
carbonyl oxygen of phenolphthalein. In the complex with4,
Arg23 has swung away from the binding site, resuming the
conformation that it occupies in the apo-TS structure.

The structure of compound4 bound to LcTS went some
way toward explaining the selectivity of that compound. The
convolution of the effect of the chlorine and naphthalide
derivatizations seemed to occur because both functional
groups were interacting directly with residues of TS that were
present in the bacterial enzyme and absent from the human
enzyme (Table 3). Additionally, the chlorines may be acting
indirectly to perturb the properties of the phenolic hydroxyls,
which make extensive interactions with residues that differ
between the two species. The interactions with the small
domain may be especially important, since this region is not
present in the human enzyme. When compound4 is fit into
the analogous position of a model of human TS, it appears
to be poorly accommodated, physically intersecting several
residues.

To address the question of how naphthalein derivatives3
and 5 bound to the enzyme and why they lacked the
specificity of compound4, the structure of LcTS bound to
compound5 was determined using X-ray crystallography.
The structure of the complex (Figure 6) shows that, unlike
compound4, compound5 interacts with many of the same
residues with which phenolphthalein interacted.

Although the residues defining the phenolphthalein and
compound5 sites are very similar, compound5 binds to the
site in an orientation that differs considerably from that
adopted by phenolphthalein (Figure 7). In the crystal structure
of the phenolphthalein-LcTS complex, three hydrogen
bonds were observed involving residues Arg23, Glu60, and

Asp221. In the complex with compound5, only the interac-
tion with Arg23 is conserved, and this interaction is made
in a different manner. A phenolic hydroxyl of compound5
forms a hydrogen bond with atom Oε1 of Glu88 (distance
of 3.2 Å). A water-mediated hydrogen bond is made between
Arg23 Nε and the carbonyl oxygen of the naphthalide ring
(Table 3). The second phenolic hydroxyl does not appear to
be involved in a hydrogen bond, nor does the nitro group.
Although the structure of LcTS remains broadly unchanged
between the phenolphthalein and the compound5 complex,
Trp85 undergoes a large conformational change. In the
complex with5, the side chain of Trp85 has swung away
from the binding site; if it had not, compound5 would have
been excluded from this site. The compound lacks extensive
interactions with residues in the small domain of LcTS.

Unlike compound4, compound5 can be fit into the
“humanized”E. coli structure without steric conflict when
the two structures are overlaid. Compound5 had few
interactions with the small domain of LcTS (Table 3). Both
observations are consistent with the low specificity of
compound5 for the bacterial versus the human enzyme.

The structures of the complexes between TS and com-
pounds4 and5 presented two important implications. First,
it appeared that the differences in species specificity between
compound4 and compound5 arose from the different regions
of the enzyme with which they interacted. As a target for
species-specific enzyme inhibitors, the structures of the
complexes between LcTS and compounds4 and5 allowed
us to design and synthesize molecules with increased
selectivity. Second, these complexes challenged us to
understand how such apparently similar compounds bound
to TS in such different manners (Figure 7). One hypothesis
holds that the crystallographic structure of each complex
might represent a unique, low-energy binding orientation for
the ligands. Alternatively, this family of molecules might
bind to LcTS in several low-energy modes, some of which
were represented by the three crystal structures. We consider

FIGURE 5: Simulated annealing omit map showing the difference electron density (Fo - Fc, contoured at 3σ) for compound5 in the L.
caseiTS crystal structure. This calculation uses all of the atoms of the structure except those of the ligand and is unbiased by refinement
with inclusion of the ligand molecule. This figure were prepared using the program BOBSCRIPT (R. Esnouf, 1996, unpublished).
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the issues of further specific design and multiple binding
modes separately.

Further Species-Specific Inhibitors. The structure of the
complex between compound4 and LcTS (Figure 3) sug-
gested there was room to add substituents to the naphthalein
ring. Such substitutions should interact with residues in the
small domain of LcTS, and by the same standards be less
likely to inhibit HTS. Compound7, the 4-chloro derivative
of 4, was synthesized. This compound was a mixed competi-
tive inhibitor of LcTS, with aKi of 0.73 µM. It did not
measurably inhibit HTS at its solubility limit (64µM),
making it more than 100-fold specific for the bacterial
enzyme versus the human enzyme (Table 1).

A more dramatic departure was the deletion of one of the
phenolic rings in the naphthalein series, based on our
observation of the LcTS-5 complex and the structural
rearrangement of the protein induced at the binding site of
one of the phenolic substituents. Most of these compounds
did not inhibit LcTS significantly (unpublished results);
however, the 4-nitro-3′-chloro derivative (8) inhibited the
enzyme potently, with aKi value of 0.25µM. This compound
showed>1000-fold specificity for LcTS over the human
enzyme (Table 1). A key feature of the activity of this
monophenolic derivative appears to be its derivatization on
the phenolic ring by a halogen ortho to the phenolic hydroxyl;
in the absence of such a substituent, activity was abolished

FIGURE 6: Crystal structure of compound5 bound to TS fromL. casei. Trp85 has reoriented by∼180° aboutø1; the orientation of this
residue in the complexes with phenolphthalein and4 is white. This figure were prepared using the program BOBSCRIPT (R. Esnouf, 1996,
unpublished).

FIGURE 7: Overlay of phenolphthalein, compound4, and compound5, from their complex structures withL. caseiTS, determined by
X-ray crystallography. This figure were prepared using the program BOBSCRIPT (R. Esnouf, 1996, unpublished).
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(data not shown). The high specificity and relative potency
of this derivative make it an attractive lead for the design of
further inhibitors specific for LcTS and related bacterial
enzymes. These would include any that have the small
domain present in LcTS, such as those occurring in the
Staphylococcussp. (15, 30).

Multiple Binding Modes. In each of the three structures
formed by TS and the phthalein analogues that we have
determined, the inhibitor adopts a different binding mode in
the enzyme site (Figure 7). In two structures of another TS
inhibitor, sulisobenzone, the ligand was also observed to bind
in two different orientations on the enzyme (14). Our
discussions of activity thus far have assumed that the different
analogues occupy different individual configurations in the
binding site of TS (one compound, one configuration). It is
possible that each inhibitor samples several low-energy
configurations on TS. In this circumstance, the affinity of
the compounds would be a product of the several different
binding modes that each compound could adopt (we exclude
the trivial case where the compounds adopt multiple but very
similar configurations with TS).

Site-Directed Mutagenesis. Each of the three ligand-TS
crystal structures shows particular contacts between the
various inhibitors and the enzyme (Table 3). If the individual
compounds are binding in one dominant configuration each,
that represented by the crystal structure, then perturbing these
interactions by site-directed mutagenesis should have a
significant effect on inhibitor binding. Alternatively, if each
ligand binds in several low-energy configurations, then a
perturbation that is particular to a given binding mode will
have less of an effect on affinity.

We tested four compounds against substitutions made at
three contact residues, and one enzyme mutant where the
entire small domain (residues 90-139) had been removed
(31). In all, three mutant enzymes were tested (Table 4). The
inhibitors tested included phenolphthalein and compounds
3-5. The substitutions were made at Glu60 (to Asp), Trp82
(to Tyr), and Val316 (to Ala). In the various crystal structures
of ligand-enzyme complexes, Glu60 appears to form a
hydrogen bond with a phenolic hydroxyl of phenolphthalein
(14). The residue does not appear to interact directly with
compound 4 or 5. Val316 appears to make dispersive
interactions with phenolphthalein and compound4, but is
too far from compound5 to interact directly (6.2 Å is the
closest contact). The Cú atoms of Trp82 appear to make
dispersive interactions with phenolphthalein (closest distance
of 4.7 Å) and make a close contact (2.5 Å) with a phenolic
hydroxyl of compound5. Trp82 is 7.6 Å from compound4
at its closest approach. The small domain (residues 90-139)
deletion makes several polar interactions with compound4,
as do residues close to this domain boundary, such as Glu88.

Assuming that the crystallographic configuration is the
dominant binding mode, one might predict that the mutant
enzyme V316A would affect the binding affinity of phenol-
phthalein and compound4, but have less of an effect on
compound5. The extent of binding of phenolphthalein should
be diminished in the mutant E60D, but the effect of the
substitution should be smaller for compounds4 and5. One
might expect W82Y to have a small effect on compound4
but to significantly perturb the binding of phenolphthalein.

Overall, the largest perturbations are seen with compound
4, where substitutions at contact residues diminished the

affinity by g10-fold. Substitution to the distant Trp82 left
the affinity unperturbed. For phenolphthalein, compounds3
and5, the inhibition constants with the mutant proteins did
not conform to expectations based on a simple interpretation
of the structures (Table 4). The mutant enzymes W82Y and
E60D, both of which appear to make important contacts with
phenolphthalein, have little effect on theKi relative to the
native enzyme. V316A diminishes the extent of binding of
compound5 by 13-fold, relative to that of the native enzyme,
though this residue does not appear to contact the compound
in the X-ray structure. Although Glu60 is observed to make
a hydrogen bond with phenolphthalein, the E60D mutant has
improved affinity for this inhibitor. Conversely, this substitu-
tion eliminates measurable binding by compound3. Though
the deletion of the small domain has a 26-fold effect on the
extent of binding of compound4 (31), this is less than one
might expect unless considerable rearrangement occurs.

The effects of these substitutions, whether on the enzyme
through mutagenesis or, as with compound8, on the ligand,
are consistent with a plastic recognition interface. This
plasticity can come from protein rearrangement or ligand
rearrangement or a combination of the two. Given the
different binding modes adopted by the three related inhibi-
tors in crystal structures of the complexes, our favored
hypothesis is that this plasticity is at least the result of
multiple low-energy binding modes being populated for
several of the inhibitors.

Several investigators have observed that in a series of
analogous compounds, several similar ligands can bind to
the same receptor in dissimilar manners (31-37). The
phenomenon is intriguing, even disturbing, because it can
undermine the interpretation of affinity numbers among a
series of similar compounds through structure-activity
relationships (36). Most structure-activity relationships
implicitly assume that a series of analogues will bind to a
receptor in the same manner. When analogues have similar
affinities but dissimilar binding modes, the basis for many
structure-activity analyses breaks down.

One lesson drawn from these studies has been an emphasis
on the ongoing need for experimental structure determination
in ligand design efforts (36-38). It should also be noted that
the observation of dissimilar binding modes for similar
ligands weakens the static interpretation of even atomic
resolution structures. Investigators have long recognized that
ligand-protein complexes may have alternate geometries
with energies close to that of the global minimum (39, 40).
Typically, these similar energy levels are thought to represent
similar structures, but they need not. In cases where small
perturbations to the ligand lead to large changes in config-
uration, or where multiple low-energy binding modes are
available to a given ligand, interpretations of particular
ligand-receptor interactions should proceed cautiously, since
the structures on which they are based may represent only a
partial view of the interactions that contribute to the total
binding energy “landscape” of the ligand.

CONCLUSIONS

We have described the design and testing of a new series
of inhibitors of thymidylate synthase that are specific for
the bacteriumL. caseiversus the human enzyme. The better
inhibitors bound to the bacterial enzyme at sub-micromolar
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concentrations but had no measurable affinity for the human
enzyme. Crystal structures of the complexes between several
of these inhibitors and LcTS suggest that the specific
inhibitors are interacting with a region of the bacterial
enzyme that differs significantly between the bacterial and
mammalian enzymes. This region borders on the substrate
binding region (Figure 2) against which other TS inhibitors
and drugs have been designed. The inhibitors also show
selectivity in cell culture assays (16). These inhibitors show
promise as potential lead compounds toward antimicrobial
drugs that target TS.
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