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ABSTRACT. Two crystal structures of rat thymidylate synthase (TS) complexed with dUMP and the
anticancer drug Tomudex (ZD1694) have been determined to resolutions of 3.3 and 2.6 A. Tomudex is
one of several new antifolates targeted to TS and the first to be approved for clinical use. The structures
represent the first views of any mammalian TS bound to ligands and suggest that the rat protein undergoes
a ligand-induced conformational change similar to that of Eseherichia coliprotein. Surprisingly,
Tomudex does not induce the “closed” conformation in rat TS that is seen on bindiagdoli TS,
resulting in inhibitor atoms that differ in position by more than 1.5 A. Several species-specific differences
in sequence may be the reason for this. Phe 74 shifts to a new position in the rat complex and is in van
der Waals contact with the inhibitor, while in tH& coli protein the equivalent amino acid (His 51)
hydrogen bonds to the glutamate portion of the inhibitor. Amino acids Arg 101, Asn 106, and Met 305
make no contacts with the inhibitor in the open conformation, unlike the equivalent residuegirctiie

protein (Thr 78, Trp 83, and Val 262). dUMP binding is similar in both proteins, except that there is no
covalent adduct to the active site cysteine (Cys 189) in the rat structures. Two insertions in the rat protein
are clearly seen, but the N-termini (residues2D) and C-termini (residues 36B07) are disordered in

both crystal forms.

Thymidylate synthase (TBcatalyzes the reductive meth-  performed with protein isolated from bacterial sources. Since
ylation of dUMP and is the sole de novo source of dTMP in the protein is highly conserved, such studies have enabled
all species so far examined. The enzyme is of mechanisticthe development of potent inhibitors of human TS (hTS),
interest for the ease with which it catalyzes methyl transfer, some of which have entered the clinic as anticancer drugs.
of structural interest for its ligand-induced conformational However, an understanding of several mammalian-specific
changes, of medicinal interest as a logical target for drug TS functions has been hampered by the paucity of structural
design, and of biological interest for its role in cellular data for these proteins. For example, mammalian TSs appear
regulation. Several extensive reviews of TS have recently to have a protein translation regulatory function implemented
appeared—4). through binding to its own and other messenger RNA
The majority of the structural and biochemical studies of molecules §) and, furthermore, may be regulated through
TS, which began more than 40 years agd have been phosphorylation and compartmentalization (between the
cytosol and nucleus)7§. Once in the nucleus, mammalian
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Ficure 1: TS catalytic mechanism and inhibitor structure. (A) Simplified mechanism. (B) Structures of substrate dUMP, &Ractor
5,10-methylenetetrahydrofolate (gFHF), and inhibitors Tomudex (ZD1694) and CB3717.

attack of the dUMP pyrimidine by an active site thiol, and present the first inhibitory structures of a mammalian TS,
by opening of the CHTHF five-membered ring. An inter-  but also suggest an unexpected difference in the binding of
mediate is formed that contains covalent bonds between theTomudex to the bacterial and mammalian TSs.
substrate and both the protein and the cofactor, which is
followed by formation and release of the products, dTMP MATERIALS AND METHODS
and dihydrofolate. The enzyme undergoes an extensive
conformational change during catalysis that results in burial  protein Isolation, Characterization, and InhibitiofRe-
of the Iigands in the active site and modulates the Chemistry combinant rat hepatoma TS (rTS) was prepared from an
of the thiol addUCt11_13) Recent detailed discussions of Overexpressini_ coli strain as previous|y describeﬁm,
the TS mechanism can be found in réfs 14, and15. except that a second DEAE-cellulose chromatography col-
Analogues of both substrate and cofactor have proven toumn was added. The recombinant protein was judged to be
be excellent inhibitors of TS, and two such compounds have near homogeneity by denaturing polyacrylamide slab gel
reached clinical use for the treatment of cancer. 5-Fluoro- electrophoresis using a 2y sample 21), and to be fully
uracil, which is metabolically converted to 5-fluoro-dUMP  active. Enzyme activity was measured spectrophotometrically
(FAUMP), has been used in the treatment of breast and colon(22), and the specific activity was found to be 2ol min—!
cancer for over 40 years, with moderate success. Tomudexmg™ for conversion of dUMP to dTMP at 30C. The
(zD1694, shown in Figure 1) is one of several new folyl- protein’s N-terminus was sequenced (University of Arizona
based TS inhibitors developed for cancer treatment, and isLaboratory for Protein Sequencing and Analyses) and found
the only TS-directed antifolate so far approved for cancer to be fully intact. The mass of the protein was measured
treatment (in Europe). Tomudex, like most of the other new from two different protein batches and found to be 35 009
antifolates, is derived from an earlier inhibitor (CB3717, Da for the first sample and 35 012 Da for the second. Both
Figure 1) that failed in the clinic for reasons related to values are within experimental error of the predicted mass
solubility (reviewed in refsl6, 17). for the intact protein (35 015 Da). Rat TSs from hepatoma
Ideally, structures of hTS in the presence and absence ofcells (rhTS) and from regenerating rat liver (rrlTS) were
substrates and inhibitors should be determined. However,purified as previously describe®3, 24). These proteins
structural studies of hTS have been compromised by the poordisplayed a specific activity about 4-fold less than that of
quality of hTS crystals, and the only reported hTS structure the recombinant proteir28, 24), possibly due in part to a
is at low resolution and in the absence of ligantig)(We modification of the N-terminus in rat cells, as previously
have therefore pursued the structure of the rat protein, whichdiscussed 20). The TS, rhTS, and TS proteins were
is 90% identical to the human protein overall, and completely indistinguishable by SDSPAGE.
identical in the active site. Quantitative analyses of TS reaction kinetics and inhibition
In the present work, we present two structures of rat TS were performed using an assay that measures tritium release
(rTS) complexed with dUMP and Tomudex, one to 3.3 A from [5-*H]JdUMP, as previously describe@%). Inhibition
nominal resolution and the other to 2.6 A nominal resolution. by Tomudex was evaluated with an algorithm employing
In both structures, ligands are bound in an arrangementnonlinear regression analysis for competitive, noncompeti-
similar to that in the identical complex wiBscherichia coli  tive, and mixed inhibition types2f).
TS (ecTS) 19), except that the inhibitor has failed to induce Crystallization and Data CollectiorRecombinant ITS was
a closed protein conformation in rTS and failed to stabilize prepared from an ammonium sulfate precipitate. Two crystal
the thiol adduct with dUMP. Thus, these complexes not only forms were obtained, both in space gro0p. For crystal
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form 1, the protein was diluted into a buffer of 50 MM TES  T_11e 1. Data Collection and Refinement Parameters
(pH 7.4), 5 mM DTT, and exchanged several times using a

Centricon-10, resulting in a final prptein concentration of gﬁtal' fomsztila) fo(ﬁrr%’szt?:o)
35 mg/mL. dUMP and Tomudex (a gift from Dr. Tom Boyle,
Zeneca Pharmaceuticals) were added to a final concentration®P3%% 9P 1C§9 5 Ci%o 0 ngg .
of 2.3 mM, and crystals were obtained by the hanging drop  p (A) 88.5 101.8 101.6
method at £C after mixing 1:1 with a well buffer solution c(A) 68.8 141.2 140.8
of 21% (weight/volume) PEG 4000 (Fluka), 0.1 M Tris HCI B (deg) 97.8 101.3 1014
buffer (pH 8.5), and 0.2 M magnesium chloride. Data were Lisighu;'?;&)ﬁons 115;3221 2()1_73i5()6 8_556484
measured from a single flash-frozen crystallf0 °C in multiplicity 558 25 1.8
original buffer) measuring 0.2% 0.1 x 0.1 mm @ = 159.6 completeness (%) 100/100  97/97 85/71
A, b=2885Ac=688A 3= 978) using a MAR Ila(lg 18/11.3 5.4/3.2 10.3/2.6
imaging plate and Cu & radiation. Data were processed %fy”;c (working set/test set) 8%_";3/0.23 11.9/21.8 55/1261/'0%22
with Denzo and Scalepac€). rmsd, ideal distances (A) 0.008 0.008

Crystal form 2 was obtained at room temperature by the rmsd, ideal bond angles (deg) 1.3 1.4
hanging drop method from protein dialyzed against a buffer most favored phi/psi (%) 90 90
containing 5 mM DTT and 20 mM TES, pH 7.4. A solution %B’ Fmte'” atomsg? 21 39

. , ligand atoms (. 35 68

of protein (32 mg/mL), dUMP (6 mM), and Tomudex (6 5 solvent molecules 0 75

mM) was mixed 1:1 with a well buffer of 20% (weigh_t/ aTotallouter shell® Rum= (5 +1ln — /G ). © Roe = (3olFone
volume) PEG 5000 monomethyl ether, 200 mM ammonium _ Fead)/(2nFobg), wherss{he V\fozrﬂir:g angj)te(gthsg)ts ;Ceyas i%{gl‘ergented
sulfate, 5 mM DTT, and 100 mM MES, pH 6.0. Crystals of in X—PLOR @7).

approximately 0.7 0.5 x 0.2 mm were obtainedi(= 99.7

A, b =101.6 A c = 140.8 A, g = 101.4). Data were
measured from two crystals using an Enraf Nonius area
detector and Cu X-ray source and were processed with
MADNES (27), PROCOR 28), and CCP4Z9).

left unrestrained, and individual isotropic temperature factors
were refined for each atom.

Structure comparisons were performed with INSIGHTII

L Biosym Technologies, San Diego), and figures were drawn
Structure Determinations.he structure of crystal form 1 ( .
was determined by molecular replacement usindeanoli with O (33, MOLSCRIPT @6), BOBSCRIPT 7).

TS ternary complex12) as a starting model, with ligands RESULTS

and solvent molecules removed, and the program X-PLOR

(30, 31). The crystals contained one TS dimer in the Inhibition of rTS by Tomudexihe recombinant protein
asymmetric unit (Matthew’s coefficient 3.57) 32)). The was purified to near homogeneity and displayed the expected
rotation function contained 2-fold related peaks correspond- specific activity (see methods for details). The inhibition of
ing to the two monomers in the dimer, and rigid body rTS by Tomudex was competitive with respect to THF,
refinement of the translation search result yielded an initial and similar in magnitude to that reported for human and
model withR.ys = 0.45 and clear electron density for the murine TSs. The recombinant protein display&gd= 29 +
ligands. The final model was obtained after rounds of model 8 nM (mean+ standard error for three measurements),
building with O 33) and refinement with X-PLOR34, 35. whereasK; = 62 nM for murine TS and apparenthy60
Two overall temperature factors were refined for each nM for hTS (16). The mode of inhibition was reported to be
residue, one each for the main chain and side chain atomsslightly mixed noncompetitive for inhibition of the mouse
and noncrystallographic symmetry restraints were applied protein @8). Inhibition of rat TS isolated from regenerating

throughout refinement. rat liver (rrITS) has also been reported and found to display
The structure of crystal form 2, which contains two TS competitive inhibition withK; = 100 nM @5). For ecTSK;
dimers in the asymmetric unit (Matthew’s coefficient = 1 uM, 10—34-fold higher than for rTS and hTS (L. Hardy,

2.59), was determined by molecular replacement using theunpublished data).

rTS model from crystal form 1, except that ligands and  Structure of rTS-dUMP-Tomudex (Crystal Form The
residues 26-30 were removed. A low-resolution model was first crystal form obtained for the rTS-dUMP-Tomudex
obtained using data from a crystal that diffracted to 3.5 A contained one TS dimer in the asymmetric unit and yielded
by first placing one dimer in the orientation indicated by diffraction data to 3.3 A resolution. The structure was
the highest peak in the cross-rotation function, followed by determined by molecular replacement (see Methods for
a translation searchR{ys = 0.44), and then placing the details). Despite the low resolution, the ligands were well-
second dimer based on the highest peak in the self-rotationordered in the active site and displayed readily discernible
function, followed by a translation search in the absence of conformations in the final electron density map (Figure 2).
the first dimer. After rigid body refinement of both dimers, Surprisingly, the protein was in the open conformation,
Rerys dropped to 0.33. Clear electron density was observed where the covalent adduct between substrate and the active
for omitted residues 2030 in the initial difference electron  gjte cysteine (Cys r189) cannot fofThis is in contrast to
density maps, but electron density was absent for the ligandsthe complex formed with ecTS, where the covalent adduct

until the structure was better refined. The final model was to dUMP was found19), and further, in contrast to all ecTS
refined against data from a second crystal that was slightly

honisomorphous with the first crystal, but which extended Numbering: The residue number used is for the species indicated,

to 2.6 A resolution (Table 1). Noncrystallographic sSymmetry where “" refers to rat, *h” to human, etc. For example, Cys r189 is
was initially restrained during refinement but was eventually cysteine 189 for the rat protein.
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Ficure 2: Simulated annealed “omit” electron density maps for
ligands. Ligands and Cys r189 were removed from the model
followed by simulated annealing to remove phase bi#g and
maps calculated usind={ — F)a. coefficients (contour levet

20): (A) crystal form 1, monomer A; (B) crystal form 2, monomer
C.

ternary complexes determined to date, which are all in the
closed conformation (reviewed in réj.

Both the N- and C-termini were disordered in the first
ITS structure, and residues—20 and r30%r307 were
therefore left out of the final model. The rat N-terminus is
23 amino acids longer than ecTS; however, only three of
the additional residues were found in the structure {r21
r23). Replacing th&. coli N-terminal methionine is Glu r24,
which forms hydrogen bonds to Thr r69 and Thr r70 in an
arrangement similar to that found in IcTS9j. In ecTS, the
N-terminus forms a carbamate with €@ order to retain
these hydrogen bondd4@). There are two additional inser-
tions in rTS with respect to ecTS (r111122, and r146

Sotelo-Mundo et al.

the asymmetric unit, resulting in a 2.6 A structure of the

ITS ternary complex (see Methods for details). The four
monomers in crystal form 2 are nearly identical to each other
and to the model of crystal form 1. The protein in crystal

form 2 is once again in the open conformation (slightly more
so than crystal form 1), and the N- and C-termini are once
again disordered. The loop containing Arg rd44, which

contacts both the dUMP phosphate and the C-terminus in
the ecTS closed conformation, is very poorly ordered in
crystal form 2, and its position in the model is unreliable.

The TS insertions are better defined in crystal form 2,

although they are still less well ordered than some other
portions of the protein, and they display the same conforma-
tions as in crystal form 1. The ligands are present in all active
sites, but are more poorly ordered than in the first crystal
form (Figure 2). The electron density for monomers C and
D is better than for monomers A and B in the crystal.

The final models for the four monomers in the second
crystal form consist of the same residues as the two
monomers in crystal form one: amino acids ¥2300.
Residues r£r20, and r30%r307 are not visible in any of
the six independent monomers resulting from the two crystal
structure determinations. That these amino acids were present
in the protein was confirmed by mass spectrometry, N-
terminal sequencing, and gel electrophoresis, as noted above.

Ligand Binding in rTS-dUMP-TomudeXhe ligand ar-
rangements in the ecTS and rTS ternary complexes are quite
similar except that contacts to the “right” side of the rat active
site (as displayed in Figure 3) are fewer in number, and
contacts to the C-terminus are completely missing. All
contacts with dUMP found in the ecTS complex were found
in rTS except for the covalent adduct with Cys r189, which
cannot form when the protein is in the open conformation
(illustrated in Figure 4A). The Cys r189 sulfur and the
pyrimidine ring are in van der Waals contact (3.5 A in
monomer C of crystal form 2 but the residue is poorly
aligned for nucleophilic attack, and the ligand is unable to
shift the~1.5 A required for covalent addition without either
a shift of the protein to the closed conformation or a loss of
several hydrogen bonds to the pyrimidine ring (Arendall and
Montfort, unpublished data, and discussed inljefAll nine
residues that hydrogen bond to dUMP in ec13g,(4] also
hydrogen bond in rTS, except for Arg r44, which is poorly
ordered as noted above. However, several of the ordered
water molecules found in the ecTS ternary complexes,
including the water linking O4 of the pyrimidine and the
carboxylate of Glu ec58, were absent in the rat structure.
This is probably a consequence of the open conformation,
which provides more room for solvent in the active site,
allowing for greater solvent disorder.

In contrast to dUMP binding, there were several differ-
ences in the way Tomudex binds to rTS and ecTS (Figure

r147), and although these loops were more poorly orderedy). The first differences are due to the open conformation

than the rest of the protein, the general fold for these
insertions was apparent (Figure 3).

Ligand binding in the rTS complex is very similar to that
observed for the ecTS-dUMP-Tomudex structdr® (except
that the more open protein conformation leads to fewer
protein—ligand contacts (discussed below).

Structure of rTS-dUMP-Tomudex (Crystal Form 2).
second crystal form was found that diffracted to higher
resolution and contained two full TS dimers140 kDa) in

found in rTS. van der Waals contacts between Tomudex and
lle r102, Trp r103, Leu r215, Gly r216, and Phe r219 in the
rat complex are similar to those found  coli complex,
although Phe r219 rotates to a new position (see below). The
expected hydrogen bond between the side chain of Asp r212
and Tomudex is also present (3.2 A), but the expected water-

3 All distances reported are for monomer C of crystal form 2 unless
otherwise noted.
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Ficure 3: Ribbon diagram of rTS-dUMP-Tomudex (stereoview). Shown is one monomer of the rTS dimer. The rTS insertions, with
respect to ecTS, are shown in black, as are the ligands. The B and K helices, inserts 1 and 2, and the N-terminus are labeled. Residues
r1—r20 and r30%r307 are missing in the model.

mediated hydrogen bond to the C-terminal loop is completely Comparison of rTS with the Bacterial Homologueés. is
missing, since the loop is disordered, although the water perhaps the most highly conserved enzyme known, with the
molecule is present in the structure (3.2 A). Tomudex and bacterial and mammalian TSs having50% sequence
dUMP display an extensive van der Waals contact surfaceidentity. It is therefore not surprising that the structures of
in both structures, but the two ligands differ in position by the bacterial and rat TSs are also nearly identical. The ligand
1-1.5 A in the two structures (Figure 4C). This difference binding arrangement for ligands is nearly identical in rTS
in position may serve to further dislodge the C-terminus in and ecTS, as discussed above, and the N-terminal hydrogen
the rat complex, since the 2-methyl portion of the Tomudex bonding to Thr r69 and Thr r70 is conserved. Two insertions
quinazoline overlaps with the expected position for r305 of (r111-r122, and r146r147) form extensions of shorter
the C-terminal loop (r304r307). loops found in ecTS and have essentially no effect on either
Binding may be further altered by two active site differ- the local fold at the point of insertion or the general TS fold.
ences between the rat aid coli proteins. The first is the ~ Insertions after residue r111 occur in both rTS and IcTS,
Change of Trp ec83 to Asn r106. The tryptophan at this but interestingly, the rTS insertion looks nothiﬂg like that
position forms van der Waals contacts with the quinazoline of IcTS 42), suggesting either that the insertion does not
ring of Tomudex in the ecTS structure, but the asparagine have a functional role in TS or that the functional role is
found in the rat protein cannot form these contacts, the lossspecies-specific. The second rTS insertion (after residue r140)
of which may contribute to the inability of the inhibitor to  leads to an alternate conformation for the loop containing
induce the closed conformation (Figure 4). The second the insertion. The residues in this insertion are conserved in
change is His ec51 to Phe r74 at the “top” of the active site. mammalian TSs and may play a functional role in higher
In the E. coli protein, His ec51 points out of the active site. Species, such as providing a surface for binding to other
In the rat protein, the loop providing this residue (preceding cellular proteins. The conformation of the second insertion
the B-helix, Figure 3) moves further into the active site, and is anchored by hydrogen bonds between Tyr r140 and Thr
Phe r74 rotates such that it forms an extensive van der Waalg90 and between Tyr r147 and Asp r142.
contact with the inhibitor (Figure 4B), and also contacts Phe  The most surprising difference found in the present
r219, which shifts further into the active site than does the structures is that the protein conformation of rTS-dUMP-
equivalent residue in ecTS. In this new position, Phe 1219 Tomudex is open, while that of ecTS-dUMP-Tomudex is
retains extensive van der Waals contacts with the thiopheneclosed. The ligand-induced conformational change in TS had
ring, as noted above, but now contacts Glu r81 on the otherpeen previously characterized only in ecTS, where it was
side of the active site. For the protein to adopt the closed shown to involve the inward shifting of helices and loops
conformation, Phe r219 would have to move back to a on both sides of the active sitél—13). The largest shift
pOSitiOﬂ similar to that found in ecTS, and Phe r74 would was in the C-terminal |oop, which moves5 A on forming
Ilker have to move out of contact with the inhibitor. It aternary Comp|ex_ Additional inward shifts of 8-2 A occur
should also be noted that in two of the active sites (monomersfor about half of the remaining amino acids, resulting in an
A and C of crystal form 2), Arg r72 is in contact with the  active site volume reduced by nearly 50% (Roberts and
glutamate portion of the inhibitor, but the position of this Montfort, unpublished data). Superpositioning of the rat
residue appears to be distorted through crystal packingternary complex (monomer C of the second crystal form)
forces. with the first monomer of the ecTS-dUMP-Tomudex ternary
A final point worth mentioning is that Tomudex has a complex yielded an rms deviation inoGositions of 2.1 A,
2-methyl group in place of the 2-amino group in CB3717 a value greater in magnitude than that for most of the atoms
and CHTHF (Figure 1). This results in the loss of a hydrogen involved in the ligand-induced conformational change.
bond to the C-terminal loop in Tomudex complexes, which Similar values are obtained for superpositioning with an
may lead to the open conformation in the rat ternary complex, ecTS-dUMP binary complex (rms¢ 2.0 A, Roberts and
where binding is already compromised from changes to Montfort, unpublished data) and with an IcTS-phosphate
residues r74 and r106, but still permit formation of the closed binary complex (rmse= 1.9 A, (43)). Despite this complica-
conformation in the ecTS complex. tion, it is clear that the same amino acids that shift on ligand
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A N220 N220

K71/48 K71/48

F219/17 F219/176
Y252/209 Y252/209

N106/W83 N106/W83
C189 C189

Ficure 4: Stereoview of ligand binding. (A) dUMP binding in crystal form 1, monomer A (filled bonds). Ser r210 is left out for clarity.
Arg r169 and Arg r170 are from monomer B. (B) Tomudex binding in crystal form 2, monomer C (filled bonds). (C) Superpositioning
of rITS-dUMP-Tomudex (thick lines) and ecTS-dUMP-Tomudex (thin lines).

binding to ecTS also shift in the rTS ternary complex when site (Figure 4A), is 16.5, 16.4, and 16.2 A for the “open”
compared with the ecTS ternary complex. For example, the complexes rTS-dUMP-Tomudex, ecTS-dUMP, and IcTS-
C-terminus is completely disordered in the rTS structure, and phosphate, but is only 15.4 A for the “closed” complex ecTS-
residues on both sides of the active site shift outward-thy dUMP-Tomudex.

A (after superpositioning of the two structures), including  One difference in the structure determinations of rTS and
the K-helix and preceding residues (r25265), and the loop ~ ecTS is that rTS was crystallized in a solution of moderate
containing Tomudex contact residues lle r102 and Trp r103. ionic strength (0.2 M salt, 20% PEG), while all of the ecTS
Another indication is that the distance across the active site structures have been crystallized in solutions-@ M salt.

is abou 1 A further in the rTS structure than in the ecTS Evidence that this difference in ionic strength is not the
ternary complex structure, but is about the same as that forreason for the difference in the rTS and ecTS structures
the ecTS and IcTS binary complex structures. For example,comes from the crystal structure of TS frobeishmania
the distance between thex€for residues Tyr r252 and Cys major, which is a bifunctional enzyme containing both TS
r189, which contact dUMP from opposite sides of the active and DHFR activities in a single polypeptid&y. This protein
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was crystallized in 0.12 M ammonium sulfate and 19% PEG hydrogen bond to the C-terminal loop through its 2-amino
in a ternary complex with FAUMP and CB3717, and group, whereas Tomudex has a 2-methyl in this position.
displayed a closed conformation nearly identical to that of CB3717 also has a bulkier N10 substituent than Tomudex,
the high-salt ecTS-FAUMP-CB3717 structudd)( Interest- which makes several contacts with the protein. Second, the
ingly, the Leishmaniaprotein also has an Asn substituted rat protein has lost an amino acid contact to the inhibitor
for Trp at position r106, as described above for rTS, yet the through the change of Trp ec83 for Asn r106. Third, the
tighter-binding CB3717 induces the closed conformation in energetic barrier to active site closure may be larger in rTS
this protein despite the loss of contacts with this residue. than in ecTS through the species-specific contacts of Phe
Comparison of hTS and rT$he only other mammalian 74, which contacts Phe r219 and alters its position such that
TS structure so far reported is that for the unliganded humanit how sterically opposes active site closure.
TS at 3.0 A resolution@). In this structure, none of the It is interesting that, despite the foregoing discussion,
mammalian insertions were visible, and the active site Pinding of Tomudex to rTS is at least 10-fold tighter than
cysteine, Cys h195, was found to lie in a nonfunctional t0 €cTS. One possible reason for this is that Phe r74 becomes
conformation with the catalytic thiol buried, possibly due to buried on Tomudex binding to rTS, but in ecTS, this residue
disulfide bond formation with Cys h180 during purification. is & histidine and not involved in binding. A second possible
In the rTS structures of the present study, two of the three reason is that binding energy is apparently not expended to
mammalian insertions are visible, and the active site thiol is induce the closed conformation in rTS, whereas in ecTS,

in the functional position.

DISCUSSION

The two crystal structures of rat TS complexed with dUMP
and Tomudex determined in this study provide the first look
at a mammalian TS with ligands bound, and provide the first
well-resolved models for understanding the structural basis
for mammalian-specific TS functions. The most surprising
revelation in these structures is that binding of Tomudex to
the rat ancE. coli proteins differs. Rat TS monomers were
determined in six different crystalline environments (two in
crystal form 1 and four in crystal form 2), and all six were
essentially identical and in the “open” conformation. In
contrast, the ternary complex formed wihcoli TS (19) is
in the same closed conformation that all ecTS inhibitory
complexes have exhibited); While it is possible that the
rTS-dUMP-Tomudex complex may also adopt the closed
conformation, it seems clear from the present experiments
that the open conformation is the predominant conformer in
solution, since it occurs in multiple crystalline environments.

No evidence that the observed open conformation was due

to artifact was discovered: the protein was determined to
be full-length and to have the expected specific activity, and
no modifications such as oxidation of sulfhydryls by reducing
agent were detected (see, for example, Cys r189 in Figure
2). Further evidence in support of this conclusion comes from
kinetic studies: Tomudex inhibition is competitive with
CH,THF for the rat protein, indicating free exchange of both
inhibitor and cofactor occurs, whereas inhibitors such as
CB3717 (Figure 1) exhibit a slow-binding phase where
inhibition changes from competitive to a form with an
extremely long off rate (26.5 h for tHe caseiprotein @5)).
Consistent with the stability of this complex is the ecTS-
dUMP-CB3717 structure, which has the closed conformation
and a covalent bond between dUMP and Cys ecI4. (
Interestingly, rTS complexes with more tightly binding
inhibitors such as CB3717 do not crystallize in the same

manner as the Tomudex complexes, suggesting that such

ligands induce the closed conformation in the protein (Sotelo-
Mundo and Montfort, unpublished observations).

The open conformation in the present structures may result
from the accumulation of several destabilizing factors. First,
the inhibitor has fewer contacts with the protein than other
inhibitors such as CB3717. The latter compound can

some portion of the binding energy must be used to overcome
the energetic barrier to closure. A possible design strategy
for the improvement of Tomudex would therefore be to
further stabilize binding of the inhibitor to the open
conformer of rTS. This could be accomplished by, for
example, replacing the N10-methyl with a more bulky
substituent, or by adding substituents to the quinazoline rings.
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