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ABSTRACT: Thymidylate synthase (TS) is a major target in the chemotherapy of colorectal cancer and
some other neoplasms while raltitrexed (Tomudex, ZD1694) is an antifolate inhibitor of TS approved for
clinical use in several European countries. The crystal structure of the complex between recombinant
human TS, dUMP, and raltitrexed has been determined at 1.9 Å resolution. In contrast to the situation
observed in the analogous complex of the rat TS, the enzyme is in the closed conformation and a covalent
bond between the catalytic Cys 195 and dUMP is present in both subunits. This mode of ligand binding
is similar to that of the analogous complex of theEscherichia colienzyme. The only major differences
observed are a direct hydrogen bond between His 196 and the O4 atom of dUMP and repositioning of the
side chain of Tyr 94 by about 2 Å. The thiophene ring of the drug is disordered between two parallel
positions.

Thymidylate synthase (TS)1 catalyzes the reductive me-
thylation of 2′-deoxyuridine 5′-monophosphate (dUMP) to
thymidine 5′-monophosphate (dTMP), using the cosubstrate
5,10-methylenetetrahydrofolate (CH2H4folate) as a one-
carbon donor and reductant. This reaction is the only de novo
source of thymidylate (1). The inhibition of TS in rapidly
dividing cells leads to pronounced changes in cellular protein
and RNA, cessation of DNA replication, and eventually cell
death, a phenomenon termed thymineless death (2). This
makes TS uniquely suited as a target for cancer chemo-
therapy and protocols utilizing TS inhibitors have been used
in the clinic for over 30 years. A commonly prescribed
chemotherapeutic drug is 5-fluorouracil, which is a potent
inhibitor of TS after metabolism to 5-fluoro-dUMP (FdUMP)

(3). In recent years, analogues of the other substrate,
collectively termed antifolates, emerged as a new class of
TS-targeted agents (4). Many of them are in different stages
of clinical trials, with raltitrexed (Tomudex, ZD1694) already
approved for the therapy of advanced colorectal cancer in
several European countries (5). In cells, raltitrexed undergoes
enzymatic polyglutamylation to tri- and pentaglutamates in
a reaction catalyzed by folylpolyglutamate synthetase (FPGS).
Polyglutamylation is an important determinant of the cyto-
toxicity of raltitrexed since it decreases the binding constant
of hTS and increases cellular retention; about 80% of
intracellular drug is in the polyglutamylated form (6). In some
clinical studies, raltitrexed efficacy was similar to that of
fluorouracil/leucovorin protocols and produced lesser toxicity
(5). This appears to be especially true if patients with low
levels of FPGS and/or high levels ofγ-glutamyl hydrolase
(GGH), an enzyme that removes glutamyl residues, are
eliminated from trials.

Crystallographic studies of TS complexes with raltitrexed
have been carried out withEscherichia coliTS (ecTS) at
2.2 Å resolution (7) and with rat TS (rTS) at 2.6 Å resolution
(8). While the ecTS/dUMP/raltitrexed complex crystallized
in the closed conformation, with a covalent bond between
the catalytic cysteine and C(6)-atom of dUMP, the TS
conformation in the rTS/dUMP/raltitrexed complex was not
closed and the covalent bond was not present. Crystal
structures of complexes of human thymidylate synthase (hTS)
have not been reported due to problems in obtaining suitable
crystals. However, the structure of unliganded hTS has been
determined (9, 10) and an unusual conformation was
observed. The active-site loop, residues 181-197, is rotated
approximately 180° with respect to its orientation in bacterial
TSs. The sulfhydryl group of the catalytic nucleophile, Cys
195, is not located in the active site, but more than 10 Å
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from the corresponding position in bacterial enzymes; thus,
in this conformation, the enzyme must be inactive. This
inactive conformer has not been observed in any other TS,
and conversely, the structures of hTS previously reported
have not been in either an active conformation or a liganded
form. Recently, we were able to obtain suitable crystals that
allowed us to elucidate the structure of the hTS/dUMP/
raltitrexed complex at 1.9 Å resolution. While many inhibi-
tory complexes of TS have been studied by crystallography,
this is the first report of a complex of the human enzyme. It
shows that for enzymes, even as conserved as TS, differences
between proteins from different species may have significant
impact on the efficacy of drug design.

EXPERIMENTAL PROCEDURES

Materials. Raltitrexed was obtained from AstraZeneca.
Nucleotides, salts, 2-mercaptoethanol (2-ME), phenylmethane-
sufonyl fluoride (PMSF), ethylene glycol, poly(ethylene
glycol)s (PEGs), folic acid, and tris(hydroxymethyl)ami-
nomethane (Tris) were obtained from Sigma (St. Louis, MO).
Formaldehyde was purchased from Fisher (Pittsburgh, PA).
Culture plate used in crystallization was from Corning Inc.
(Corning, NY). Ultrapure ammonium sulfate was from ICN
Biomedicals, Inc. (Aurora, OH). Centriprep-30 concentrators
were purchased from Amicon (Beverly, MA). Restriction
enzymes and T4 DNA ligase were from New England
Biolabs (Beverly, MA). (6S)-5,6,7,8-tetrahydrofolic acid
(H4folate) was prepared from folic acid and converted to
(6R)-CH2H4folate as described previously (11).

Expression and Purification of Human Thymidylate Syn-
thase.Recombinant hTS was expressed as described previ-
ously (12). Transformed bacteria cells were grown in Luria
Bertani broth and used to inoculate 1 L cultures containing
100µg/mL ampicillin. The cultures were incubated for 12-
16 h; cells were harvested by centrifugation at 1000g at 4
°C and frozen at-70 °C. Cell pellets (2-3 g) were thawed
on ice and suspended in buffer A (50 mM Tris-base, 1 mM
EDTA, and 14 mM 2-ME at pH 7.4 and 4°C) containing
0.1 mM PMSF. Cells were lysed at 4°C by sonication using
a Branson Sonifier 450 (Branson Ultrasonics, Danbury, CT).
Cell debris was removed by centrifugation at 18000g at 4
°C for 30 min. The cell extract was loaded onto a Blue
Sepharose CL-6B column (Pharmacia) and washed with
buffer A. The fractions containing the enzyme were eluted
from the column using buffer B (buffer A with 100 mM
KCl), pooled and dialyzed overnight against buffer A (12).
Purified hTS was analyzed by 12% SDS-PAGE for purity
and stored in buffer A containing 15% glycerol at-20 °C.

Protein Determination and Catalytic Assay. Enzyme
activity was measured spectrophotometrically by monitoring
the absorbance change accompanying the conversion of
CH2H4folate to H2folate (13) using either a Shimadzu UV
1601 spectrophotometer equipped with a TCC 240A tem-
perature-controlled cell holder or a Shimadzu UV 2101 PC
spectrophotometer (Shimadzu Corporation, Columbia, MD).
Measurements were carried out at 25°C and pH 7.4 in
Morrison buffer (14). One unit of enzyme activity is defined
as the amount of enzyme required to synthesize 1µmol of
dTMP/min. Enzyme concentration was determined by mea-
surement of absorbance at 280 nm, as described previously
(15).

Crystallization of the Ternary Inhibitory Complex of
Human Thymidylate Synthase.Crystals of recombinant hTS
complexed with dUMP and raltitrexed were grown by the
vapor diffusion method in the hanging drop setup in tissue
culture plates. In the drop, 5µL of ternary complex solution
(5.3 mg/mL) containing 1 mM EDTA, 10 mM 2-ME, and
200 mM Tris-base (pH 8.8) was mixed with an equal volume
of precipitant solution containing 40% PEG 4K, 2% saturated
ammonium sulfate, 20 mM 2-ME, and 100 mM Tris-HCl
(pH 7.6) and allowed to equilibrate with 0.6 mL of precipitant
solution in the well. The culture plates were stored undis-
turbed in the dark at room temperature, and thin plate-shaped
crystals of dimensions 0.06× 0.15 × 0.50 mm were
observed after 3-4 weeks.

Diffraction Data Measurement, Processing, and Structure
Determination.A complete set of oscillation data were
measured on a single crystal of hTS/dUMP/raltitrexed. The
crystal was mounted directly from the cryogenic mother
liquor and flash-cooled in N2 vapors at-178 °C. The
crystallographic diffraction experiment was carried out using
CuKR radiation of 1.5418 Å in wavelength generated by a
rotating anode. Reflection data were collected with the Raxis
IV area detector at a crystal to detector distance of 120 mm
and processed with Denzo/Scalepack software (16). The
atomic coordinates of the structure of native hTS (to be
published) were used as the search model in molecular
replacement by aMoRe (17) in the CCP4 suite of programs
(18). The rotation function applied to the hTS/dUMP/
raltitrexed data utilizing phasing solutions from the unli-
ganded hTS model showed four 2-fold related peaks,
corresponding to four monomers. Thus, the internal 2-fold
axis was used to generate a dimer from the initial monomeric
model. The highest cross-rotational peak was oriented to one
dimer followed by a translational search in the absence of
the second dimer. Rigid body refinement of the solutions
resulted from the translational search yielded anRcrys of 0.48.
The fitted tetramer was subject to simulated annealing using
torsional angle dynamics, positional and individual temper-
ature factor refinements using the CNS software (19).
Electron density maps calculated with 2Fo - Fc andFo -
Fc coefficients were utilized to introduce manual corrections
to the model with the interactive graphics program CHAIN
(20). Least-squares superpositions of structures were based
on positions of CR of subunit A and carried out in an iterative
manner to include only those equivalencies for which
distances were less than 2.0 Å. Calculations were carried
out using the LSQKAB software (21) from the CCP4 suite
of programs (18). Ribbon diagrams and wire-and-basket
models were prepared with the programs MOLSCRIPT (22)
and CHAIN (20), respectively.

RESULTS

Crystallization. Crystals of the ternary complex of the
enzyme did not grow in the typical high-salt conditions
favored by native hTS and bacterial TSs. However, with
moderate pH change and low ionic strength, these crystals
were successfully grown to suitable sizes in poly(ethylene
glycol) 4000. They are plate-shaped and stacked end-on into
a long multiple crystal. The single-crystal belongs to the
space groupP1 with two dimers in the asymmetric part of
the unit cell. The crystal parameters and statistics of
crystallographic refinements are summarized in Table 1.
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OVerall Structure.The data, having a mosaicity of 0.59
and an overallRmerge of 0.072, yielded excellent electron
density maps; there is continuous density from Pro 26 to
Ala 312 in all four subunits. The structure of hTS/dUMP/
raltitrexed complex is similar to those of rat andE. coli TS
complexes as is expected from the highly conserved primary
structures. As reported for the rTS complex (8), the inserts
specific for mammalian TSs are in a well-defined conforma-
tion. The N-terminal extension is largely disordered; good
density starts at Pro 26, as was observed in native hTS and
in the inhibitory ternary complex of rTS (PDB entry 2tsr,
ref 8). The active site loop is in the active conformation as
was also found in the rTS/dUMP/raltitrexed complex (8).
Its superposition on the loop in the inactive conformation
of the native hTS yielded a root-mean-square (rms) deviation
between CR of 2.4 Å (for residues 182-197). The superposi-
tion, shown in Figure 1, indicates that the major conforma-
tional differences are essentially limited to the hinge regions.
Unlike in the rTS complex, in the hTS complex, the
C-terminus is ordered and its structure resembles closely
those observed in bacterial TS inhibitory ternary complexes.

The exception to this is the last residue, Val 313. In the ecTS
complex the terminal carboxylate forms an ion pair with an
arginine (ecTS Arg 21), which corresponds to Arg 50 in hTS.
In the hTS complex, Val 313 shows poor density and the
dominant form has the carboxylate away from the guani-
dinium moiety of Arg 50.

Superpositions of Structures.There are two dimers per
asymmetric part of the unit cell; the subunits of the first
molecule are denoted A and B while C and D form the other
molecule. Subunits B, C, and D were superimposed on
subunit A and yielded rms deviations between the CR

positions of 0.29, 0.27, and 0.29 Å. A least-squares super-
position of the unliganded hTS, based on residues 27-49,
54-102, 132-182, and 196-310 yielded an rms distance
between CR positions of 0.64 Å. A superposition of the
complex rTS/dUMP/raltitrexed (PDB entry 2tsr, ref8)
subunits C and D, which had better density than A and B
(8) to residues 27-303 of the hTS complex, subunit A,
yielded rms distances between CR positions of 0.61 and 0.50
Å, respectively. Two bacterial complexes, each with two
subunits per asymmetric cell, also were compared to the hTS/
dUMP/raltitrexed complex: the ecTS/FdUMP/CH2H4folate
complex (PDB entry 1tls, ref23) and the ecTS/dUMP/
raltitrexed complex (PDB entry 2kce, ref7). The equivalen-
cies used for them were hTS 30-110, 129-142, and 157-
310; they yielded very similar rms distances between CR,
all in a range 0.73-0.75 Å.

Ligand Binding.There is excellent density for the dUMP
and raltitrexed molecules in all four subunits (Figure 2) and
the temperature factors are very similar to those of the
neighboring protein atom, indicating full occupancy of the
binding sites. An exception to this is the glutamate tail of
raltitrexed, which appears to be disordered between two quite
well-defined positions.

There is continuous density between C6 of dUMP and Sγ

of Cys 195 indicating covalent bonding, and the distances
are consistent with such assessment. The position of the
dUMP molecule is very similar to the positions of nucleotide
ligands present in the ecTS/dUMP/raltitrexed and ecTS/
FdUMP/CH2H4folate complexes. In contrast, the position of
dUMP in rTS/dUMP/raltitrexed is shifted 0.4-0.7 Å away
from the catalytic cysteine, which is consistent with the
interpretation (8) that the complex is noncovalent. The sole

FIGURE 1: Stereoview of a least-squares superposition of loop 181-197 in the active conformation (in heavy lines) and in the inactive
conformation.

Table 1: Crystal Parameters and Refinement Statistics

space group P1
a (Å) 68.85
b (Å) 70.50
c (Å) 74.53
R (deg) 70.23
â (deg) 83.30
γ (deg) 73.28
mosaicity (deg) 0.59
resolution (Å) 1.9
reflections, measured 229 821
reflections, independent 94 011
completeness (%) 93.8
Rsym

a 0.072
Rcrys

c/Rfree 0.20/0.24
averageB (Wilson plot) 10.5
most favoredφ/ψ (%) 87.4
rmsd, bond lengths (Å) 0.006
rmsd, bond angles (deg) 1.3
rmsd, in CRd 0.16
no. solvent molecules 601
no. ligand ions/molecules 12

a Rsym ) (∑h|Ih - 〈I〉|)/(∑hIh). c Rcrys ) (∑h|Fobs- Fcal|)/(∑hFobs). Rfree

) crystallographicR-factor for test set as implemented in CNS_1.0
(19). d Root-mean-square deviation.
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major difference at the nucleotide-binding site between the
bacterial and mammalian complexes is the position of His
196. In complexes of mammalian species, there is a direct
interaction between the His 196 imidazole and the O4 atom
of the nucleotide. In contrast, in the complexes of ecTS the
interaction is not direct but mediated through a conserved
water molecule, also coordinated to Glu 87 (ecTS Glu 58).

This water molecule is also present in the mammalian TS
complexes but it does not form a hydrogen bond with the
side chain of His 196. This is due to a difference in the main-
chain conformation, which results in repositioning of the His
196 imidazole and formation of a direct hydrogen bond
between Nε2 and O4. The environment of Nδ1 is nonpolar
and it is unlikely that this atom is protonated. The different

FIGURE 2: Stereoview of electron density contoured at 1.0σ for the catalytic cysteine, Cys 195, and the ligands: dUMP in the middle and
raltitrexed, on the top. The glutamate tail appears to be disordered between two positions.

FIGURE 3: Stereoview of a superposition of the structures of TS complexes with dUMP and raltitrexed. In heavy line is the hTS complex,
in single line rTS, and in dash line ecTS. The superposition is entirely based on the positions of CR; see text for the equivalencies. The fit
between ecTS and hTS is superb and the major structural differences are significant. The differences between rTS and hTS are entirely
consistent with the presence of covalent bond in the hTS complex and its absence in the rTS complex.
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position of His 196 is correlated with the position of the
side chain of Tyr 135. In ecTS complexes the equivalent
Tyr 94 is stacked against the imidazole and its phenolic
oxygen is an acceptor of a hydrogen bond from the backbone
N-atom of catalytic Cys 146. In mammalian enzymes, the
position of Oη is 1.9 Å away and it accepts a H-bond from
the N-atom of His 196. The other significant difference
between ecTS and hTS is a hydrophobic interaction between
the side chain of Met 313 and the 2-desamino-2methyl
quinazoline moiety. In the ecTS complex, the residue
equivalent to Met 313, Val 261, is not in contact with the
bound raltitrexed molecule while in the hTS complex the
Sδ-N1 distance is 3.0 Å. It is likely that this interaction,
which perhaps involves charge transfer between a lone
electron pair of Sδ and the quinazoline aromatic system, is
responsible for the tighter binding of raltitrexed by the human
enzyme than by ecTS (7).

The open versus closed conformations of rTS/dUMP/
raltitrexed and hTS/dUMP/raltitrexed complexes led to
significant differences in the position of the nucleotide in
the active site. Differences between the positions of the
raltitrexed ligand are even larger, 0.5-1.0 Å, as the position
of the 2-desamino-2methyl quinazoline ring system is shifted
and tilted away from the pyrimidine ring (Figure 3).
Difference electron density maps (not shown) revealed the
presence of positive peaks at C16 of the thiophene ring in
all subunits. It is an indication of disorder of the thiophene
ring between two positions flipped by 180°, with the heavier
sulfur atom generating the extra density.

Can a more tightly binding ligand be designed based on
the structure of the complex? One area that appears to be
worth testing is the replacement of the N-H moiety of the
glutamate with a CH2 moiety. The peptide imino group does
not have an acceptor for its hydrogen bond function (Figure
4) and its transfer form water to hydrophobic environment
must be energetically unfavorable. The other possibilities are
at C8 atom, which does not form contacts, and obviously at
CP1, where a propargyl substituent was successfully used
in CB3717.

DISCUSSION

Although there are important differences between the
structures of the rat rTS/dUMP/raltitrexed and the corre-
sponding complex of the human enzyme, there are many
features that are common. Their presence in both complexes
and actually in five different crystal environments (three rat
dimers and two human dimers) essentially allows one to
eliminate the “crystal field effect” from considerations.
Protein molecules are typically slightly distorted at contacts
with other molecules forming a crystal. However, when
structures in multiple crystal forms, or several crystalografi-
cally independent subunits are available, contacts are different
and distortions are also different. Thus when multiple
observations are made, it is higly likely that the common
structural features reflect the situation in solution. This is
especially important for analyses of the ordered versus
disordered fragments of the molecule since crystal contacts
may stabilize ordered forms and significantly shift confor-
mational equilibria. The primary structure of hTS differs from
that of ecTS in three regions: the N-terminus of hTS is
extended by 29 residues and two insertions of 12 and 8

residues are present at positions 117 and 146, respectively,
in the human protein that are absent in ecTS (1). It is apparent
that the N-terminus does not have a single conformation with
a deep energy minimum. Different N-terminal extension
lengths and/or different conformational states (active/inactive
and/or open/close) do not induce an ordered structure of the
N-terminus in either rat or human TSs. This is in contrast to
the inserts, which are disordered in the native hTS in the
inactive conformation and ordered in the ternary inhibitory

FIGURE 4: (Top) Environment of raltitrexed drawn with the program
MOLSCRIPT (25). The ligands, raltitrexed and dUMP, are in
purple; side chains are in silver, while the main chain representation
reflects its secondary structure. (Bottom) Schematic diagram of the
ligand environment as displayed by the program LIGPLOT (26).
The bonds of raltitrexed (Rtx) are displayed in purple and those of
the protein in black. Hydrogen bonds are green dashes with the
bond length noted. Protein residues and ligand atoms involved in
hydrophobic contacts with the ligands are noted with red eyelashes.
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complexes whether in the closed (hTS) or open (rTS)
conformations. Thus, the formation of a ternary complex
leads to a well-ordered structure in the insert regions. This
structure is quite compact and the enzyme in this conforma-
tion may be less likely to undergo degradation. This
hypothesis is consistent with studies in which a decrease in
the turnover of TS was observed in tumor cells exposed to
TS inhibitors (24).

The formation of a covalent complex in the hTS/dUMP/
raltitrexed structure, in contrast to a noncovalent complex
reported for the analogous rTS complex, is not likely to be
a result of differences in amino acid sequences. The hTS
and rTS sequences are 93% identical if the disordered
N-terminus is omitted. The analogous ecTS complex is
covalent while the sequences of ecTS and hTS are only 55%
identical. Perhaps, the low pH of the crystallization medium,
6.0, resulted in protonation of the catalytic cysteine and
formation of a noncovalent complex in type 2 crystals of
rTS/dUMP/raltitrexed, diffracting to 2.6 Å. However, for type
1 crystals, which were obtained at more alkaline pH but
yielded only medium resolution 3.3 Å data, also a non-
covalent complex was proposed. Regardless of the basis for
the differences in the nature of the complexes, structures of
mammalian TSs have been elucidated in three states along
the catalytic pathway: unliganded and inactive, liganded,
active and open; and liganded, active and closed. Our
structure of a drug-receptor complex offers a superior model
for further structure-based anti-cancer drug design.
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