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ABSTRACT: Unlike all other organisms studied to date,Bacillus subtilisexpresses two different thymidylate
synthases: bsTS-A and bsTS-B. bsTS-A displays enhanced enzymatic and structural thermal stability
uncharacteristic of most TSs. Despite the high level of TS conservation across most species, bsTS-A
shares low sequence identity (<40%) with the majority of TSs from other organisms. This TS and the
TSs fromLactococcus lactisand phageΦ3Tsto which it is most similarshave been of interest for some
time since, by structure-based sequence alignment, they appear to lack several key residues shown by
mutagenesis to be essential to enzymatic function [Greene, P. J., Yu, P. L., Zhao, J., Schiffer, C. A., and
Santi, D. (1994)Protein Sci. 3, 1114-6]. In addition, bsTS-A demonstrates specific activity 2-3-fold
higher than TS fromLactobacillus caseior Escherichia coli. We have solved the crystal structure of this
unusual TS in four crystal forms to a maximum resolution of 1.7 Å. Each of these crystal forms contains
either one or two noncrystallographically related dimers. Stabilization of theâ-sheet dimer interface
through a dramatic architecture of buttressed internal salt bridges maintains the structural integrity of
bsTS-A at elevated temperatures. Melting curves of TSs fromL. caseiandE. coli are compared to that
of TS-A from B. subtilisand correlated with numbers of hydrogen bonds, salt bridges, and the numbers
of interactions localized to the dimer interface. Analysis of this structure will shed light on the conservation
of function across diversity of sequence, as well as provide insights into the thermal stabilization of a
highly conserved enzyme.

Enzymes crucial to organism survival tend to be among
the more highly conserved across species and are less tolerant
of mutational modifications. Studies of enzyme stability and
activity have therefore tended to focus on the effects of site-
directed mutagenesis of structurally and chemically important
residues. Recently, however, with the discovery of extre-
mophiles, there has been increased interest in how organisms
can effect proper enzyme stability while maintaining a
protein-fold and electrostatic environment conducive to the
desired chemical reaction (reviewed in refs2-8). Clearly,
extremophiles have adapted to environmental pressure in
order to fill and exploit an available niche. More unusual
are mesophiles, organisms living under moderate environ-
mental conditions, which carry macromolecules displaying
resistance to extreme conditions. We report to very high-
resolution the crystal structure of a highly conserved enzyme,
thymidylate synthase (TS),1 which displays pronounced

thermal stability despite its origin from the mesophile
Bacillus subtilis. The host organism displays the additional
unusual feature of carrying genes for two independent
thymidylate synthases, TS-A and TS-B. These TSs are
distantly related evolutionarily (Figures 1) and display
distinct thermal profiles and enzymatic specific activitiess
providing an “internal standard” for the study of the
relationships between protein sequence and structure and the
thermal stability and enzymatic efficiency of an enzyme.

All cells synthesize the DNA base thymidine through the
conversion of 2′-deoxyuridine monophosphate (dUMP) to
2′-deoxythymidine monophosphate (dTMP). This reductive
methylation is catalyzed by the enzyme thymidylate synthase
(TS), whichsbecause of its crucial role in nucleotide
productionsis one of the most conserved enzymes across
species and phyla (Figure 1a), as well as being one of the
more attractive anticancer drug design targets.

Unlike all other organisms studied to date,B. subtilis
expresses two separate thymidylate synthases, bsTS-A and
bsTS-B. bsTS-B is not expressed or active at temperatures
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FIGURE 1: (a) Sequence alignment of several selected thymidylate synthases. Shaded boxes correspond to residues which are conserved
across at least 8 of the 12 listed sequences. (b) Phylogenetic relationship among selected thymidylate synthases as calculated by GeneWorks
based on the alignment in panel a (43). The lengths of the horizontal lines in this figure are proportional to the estimated genetic distance
between the sequences, while the numbers at the branch points are the standard error in the position of that branch point.
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above 37°C and accounts for only 5-8% of the total cellular
TS activity. bsTS-A displays temperature resistance, allows
cells to grow without exogenous thymidine at 46°C (9),
and appears to retain structural integrity beyond 65°C. The
two TSs share little sequence identity (38.9%) with one
another (Figure 1a). bsTS-B displays a typical TS sequence
profile, sharing 64.8% sequence identity (81.8% homology)
with TS fromEscherichia coliand 60.5% sequence identity
(74.9% homology) to the enzyme fromLactobacillus casei.
The other TS expressed byB. subtilis, bsTS-A, displays
particularly low sequence identity with the majority of
previously studied TSs: 37.4% vsE. coli (60.3% homology)
and 37.2% vsL. casei (63.9% homology); however, the
enzyme does exhibit 97% sequence identity with the TS from
theB. subtilisphage,Φ3T (10). It remains unclear whether
B. subtilispossibly incorporated this TS fromΦ3T or vice-
versa.

Phylogenetically, bsTS-A is one of the more distantly
related TSs (Figure 1b) studied structurally to date. Crystal
structures have been determined at varying resolutions for
the largely conserved TSs fromE. coli (maximum resolution
1.83 Å) (11-14), L. casei(2.3 Å) (15), T4 phage (3.2 Å)
(16), L. major (bifunctional DHFR-TS; 3.2 Å) (17), andH.
sapiens(misfolded; 3.0 Å) (18). We report here the three-
dimensional structures to a maximum resolution of 1.7 Å of
this unusual heat-stable TS fromB. subtilis. We have shown
that bsTS-A consists of two identical subunits, each with a
mass of∼32 813 Da (Figure 2) and that it has an enhanced
specific activity relative to previously studied TSs.

MATERIALS AND METHODS

Materials. Plasmid pNHT-1 was a gift from R. Borriss
(Humboldt University, Germany) (10). This plasmid con-
tains a 3.6 kbBclI fragment fromBclI digested chromosomal
B. subtilis168 DNA that includes the open reading frame
of the thyA gene. Expression vector pTrc 99A was from
Pharmacia.E. coli strain DH5R was obtained from Gibco
BRL and the Thy- strainø2913 (∆thy A572) was provided
by R. Thompson (University of Glasgow, U.K.). Restriction
endonucleases and T4 DNA ligase were purchased from
NEB. Streptomycin sulfate was from Sigma; Q-Sepharose
(Fast Flow) and phenyl-Sepharose were from Pharmacia. All
other materials were obtained from commercial sources and
used without further purification.

Construction of the Expression Vector pTrc-thyA.Plasmid
pNHT-1 (10) was digested withBglI andXbaI to obtain the
1.6 kb fragment that contains thethyAgene. This fragment
was gel purified and further digested withBspHI, which
creates anNcoI-compatible cloning site at the start codon
of the thyA gene. The resultingBspHI-XbaI fragment was
ligated into theNcoI-XbaI sites of expression vector pTrc
99A. The ligation mixture was restriction purified by cutting
with NcoI to select against the parent plasmid (40) and
transformed into DH5R cells. The resulting plasmid, pTrc-
thyA, was verified by restriction analysis. For expression
of bsTS-A, plasmid pTrc-thyA was transformed into thymine
deficientø2913 cells.

Protein Purification. Cells were grown in LB medium,
supplemented with 100µg/mL ampicillin and 50µg/mL
thymine. Protein expression was induced at mid-log phase
of growth by addition of 1 mM IPTG. After 3 h, the cells
were harvested by centrifugation. Cell pellets from 6 L of
culture were resuspended in 30 mL of 20 mM Tris, pH 7.4,
and 0.1 mM EDTA (buffer A) containing 50 mM KCl and
lysed by two passes through a French Pressure cell. Cell
debris was removed by centrifugation at 27000g for 20 min.
High molecular weight nucleic acid was precipitated by
addition of 5% streptomycin sulfate (0.12 mL/mL of extract)
and removed by centrifugation. The supernatant was loaded
onto a Q-Sepharose column (60 mL bed volume, flow rate
1 mL/min), which was preequilibrated with buffer A
containing 50 mM KCl. After washing with 200 mL of the
same buffer, the protein was eluted with a 600 mL linear
gradient from 50 to 500 mM KCl in buffer A. bsTS-A
containing fractions were pooled and (NH4)2SO4 was added
to a final concentration of 1 M. This was loaded onto a
phenyl-Sepharose column (70 mL bed volume, flow rate 1.4
mL/min) that was previously equilibrated with buffer A
containing 1 M (NH4)2SO4. The column was washed with
70 mL of the same buffer, and then a 650 mL gradient from
1 M (NH4)2SO4 to 0.6 M (NH4)2SO4 in buffer A was applied
to elute bsTS-A. The enzyme-containing fractions were
pooled and stored at-70 °C.

Enzyme Assay.One unit of bsTS-A activity is the amount
of enzyme necessary to produce 1µmol of product in 1 min.
TS activity was measured spectrophotometrically (41). The
standard assay buffer contained 50 mM TES, pH 7.4, 25
mM MgCl2, 6.5 mM formaldehyde, 1 mM EDTA, and 75
mM â-mercaptoethanol. Both dUMP and (6R)-CH2H4folate
were present at a concentration of 100µM. Activity assays
indicate that bsTS-A has a significantly higher specific
activity (SA≈ 22 units/mg) than eitherE. coli TS (SA∼13.5
units/mg) orL. caseiTS (SA≈ 6 units/mg) when measured
using the identical materials and instruments.

Melting CurVes. Melting curves were obtained by circular
dichroism (CD) using protein at 6-10 mg/mL in 10 mM
KPO4, pH 7.2. Curves were measured between 20 and 90
°C, monitoring 222 nm. Temperature was incremented at
10 °C/h, allowing 3 min equilibration time between measure-
ments. Each of the TSs measured displayed cooperative
unfolding, and the melting temperature was determined as
the inflection point of the transition curve.

Crystallization. bsTS-A was concentrated to approxi-
mately 10 mg/mL during buffer exchange to a final
composition of 20 mM Tris, pH 7.4, 0.1 mM EDTA, and 1
mM DTT. The Crystal Screen I incomplete factorial screen

FIGURE 2: Overloaded SDS-PAGE of bsTS-A showing crude
lysate (Lane 1), Q-Sepharose purified material (lane 2), and pooled
TS-activity containing fractions from phenyl-Sepharose (lane 3).
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from Hampton Research (19) was used for preliminary
searching of crystallization conditions. Experiments were
conducted at 22°C by the hanging-drop method on silanized
cover slips. Fine grid screens of precipitation conditions
surrounding promising conditions were used to optimize
observed crystal size and morphology.

Data Collection. X-ray diffraction data were collected at
room temperature (∼20 °C) on an R-Axis IIc imaging plate
with a Rigaku RU-200 rotating anode generator operating
at 15 kW (50 mA and 300 kV) fitted with a CuKR anode (λ
) 1.5418 Å). The crystal-to-detector distance was 100 mm.
Exposures of 20 min/1° oscillation range were used through-
out the data collections, with the exception of bsTS-I which
was collected at 15 min/1° oscillation. The diffraction data
were indexed, integrated, scaled, and merged with the HKL
software package (42). A summary of the data processing
statistics is presented in Table 1.

RESULTS AND DISCUSSION

OVerexpression and Purification.bsTS-A was success-
fully overexpressed to high levels inE. coli, producing∼50
mg of bsTS-A/L of cell culture. A two-step purification
scheme involving ion-exchange chromatography, followed
by hydrophobic chromatography, was successfully employed
to purify the enzyme to homogeneity as visualized by
overloaded SDS-PAGE (Figure 2). Activity assays indicate
that bsTS-A has a significantly higher specific activity (SA
≈ 22 units/mg) than eitherE. coli TS (SA∼13.5 units/mg)
or L. caseiTS (SA≈ 6 units/mg) when measured using the
identical materials and instruments.

Crystallization and Characterization.bsTS-A was con-
centrated to 10 mg/mL during buffer exchange against 20
mM KPO4, pH 7.0. Small crystals of bsTS-A were observed
within 1 h in experiments at room temperature against an
incomplete factorial screening kit, Crystal Screen I (19, 20),
in condition numbers 6, 10, 14, 15, 18, 20, 22, 23, 28, and
32, with the most promising leads appearing in condition
numbers 14 and 15 (21). Both single-crystal size and
morphological quality were optimized by fine screening of

conditions 14 and 15 at 30 and 32% dilutions with water of
the initial precipitant concentrations, respectively.

Crystals from condition no. 15 were found to belong to
four distinct crystal forms, all of which could be found in
varying proportions in the same drops. Of these four crystal
forms, two belong to the monoclinic space groupP21 and
two to the orthorhombic space groupP212121. The respective
unit cell dimensions and asymmetric unit contents are
summarized in Table 1.

Form I of these crystals, referred to as bsTS-I, diffracts to
beyond 1.7 Å using an in-house rotating anode radiation
source, and has unit cell dimensions ofa ) 59.94 Å,b )
81.63 Å, c ) 64.79 Å, andâ ) 92.52°. The diffraction
maxima show intensity statistics consistent with the space
groupP21. Additional analysis of these data indicated that
the asymmetric unit contains a full dimer of bsTS-A, with
relatively strong noncrystallographic symmetry (75.5% of
the origin peak height on a self-rotation map) between the
two monomers (Φ ) 42.0°, Ψ ) 90.0°, κ ) 180 ( 0.1°;
self-rotation data not shown). The presence of this non-
crystallographic 2-fold is consistent with the calculated
protein density of 2.42 Å3/Da which indicates an approximate
solvent content of 49%, well within the usual range expected
for crystals of globular proteins (22).

Crystals of form II, referred to as bsTS-II, diffract to a
maximum resolution2 of 2.75 Å, and also belong to the
monoclinic space groupP21; however, the asymmetric unit
contains two complete dimers. This has been confirmed by
the presence of noncrystallographic symmetry elements
relating each of the four monomers (κ1,2 ) 179.7°, κ1,3 )
177.4°, κ1,4 ) 165.9°; self-rotation data not shown). The
unit cell constants area ) 99.36 Å,b ) 52.83 Å,c ) 129.39
Å, â ) 101.70°; corresponding to an approximate doubling
of the c axis relative to the bsTS-I crystal form.

Forms III and IV belong to the orthorhombic space group
P212121, and each contains one complete dimer in the
asymmetric unit, however, form IV is∼25 Å longer than
form III along thec-axis. This corresponds to an∼10%

2 Defined by applying anI/σ(I) g 3.0 cutoff.

Table 1: Crystallographic Statistics

bsTS-I bsTS-II bsTS-III bsTS-IV I-HgCl2 I-pCMB

a 59.94 99.36 57.22 58.99 59.94 59.94
b 81.63 52.83 97.44 96.03 81.63 81.63
c 64.79 129.39 118.02 143.87 64.79 64.79
â 92.52 101.70 92.52 92.52
space group P21 P21 P212121 P212121 P21 P21

monomers/au 2 4 2 2 2 2
Matthews coefficient 2.42 2.55 2.52 3.12 2.41 2.41
% solvent 48.8 51.3 50.8 60.3 48.8 48.8
resolution (Å) 1.7 2.75 2.2 2.2 2.2 2.1
no. of reflectionsg 0σ 208 765 80 025 131 066 82 603 42 241 68 589
no. of unique reflections 60 767 31 528 31 172 31 281 32 200 39 918
avg redundancy 3.4 2.5 4.2 2.6 2.2 2.5
Rsymm

b 0.086 0.091 0.095 0.084 0.103 0.094
(0.315) (0.366) (0.312) (0.287) (0.274) (0.326)

completeness (%)b 88.9 (56.5) 90.9 (81.8) 90.8 (88.8) 23.1 (19.4) 82.6 (72.8) 64.4 (58.2)
Rmerge

c 0.153 0.137
Rcullis

c 0.87 0.91
phasing powerd 0.72 0.68

a au, asymmetric unit.b The value in parentheses refers to the maximum resolution bin only.Rsymm ) ∑|IH - 〈IH〉|/∑IH, where〈IH〉 is the average
intensity of the different observations of the reflection,H. PCMB,p-chloromercury benzoate.c Rmerge) ∑|FPH - FP|/∑FP. d Rcullis ) [∑|FPH ( FP|
- FH(calc)]/(∑|FPH ( FP|) for centric reflections.e Phasing power) [∑FH(calc)

2/∑FPH(obs) - FPH(calc))2]1/2.

Thermostable Thymidylate Synthase Biochemistry, Vol. 37, No. 42, 199814739



increase in solvent content, and these crystals decay rapidly
in the X-ray beam. bsTS-III crystals, however, are quite
stable, and diffract well to high resolution. Interestingly,
forms I and II exhibit the same morphology (irregular plates)
and are visually indistinguishable, while forms III and IV
grow as rectangular parallelepipeds and needles, respectively.

Structure Solution. The three-dimensional structure of
bsTS-A in each of these crystal forms has been solved by a
combination of crystallographic techniques including multiple
isomorphous replacement (MIR), molecular replacement
(MR), and the electron density modification techniques of
noncrystallographic symmetry averaging (23, 24), solvent
flattening and histogram matching (25, 26) among the four
crystal forms of bsTS-A. A schematic of this process is
presented in Scheme 1. Each of the major steps in the
structure determination process has been numbered, and will
be briefly discussed in succession.

1. Following collection of the high-resolution bsTS-I data,
molecular replacement was immediately attempted using
models ofE. coli TS (ecTS), which although distant at 37.4%
sequence identity, is the most closely related TS whose three-
dimensional structure has been solved. Models which were
used as search probes included (1) a complete dimer of apo-
ecTS (PDB entry 1TJS) with all solvent and ligand atoms
removed, (2) a dimer of ecTS without solvent or ligands and
all side chains truncated to alanine (Gly intact), (3) a dimer
of ecTS without solvent or ligands and all side chains
truncated to serine (Gly intact), (4-6) monomers of models
1-3, (7-9) models 4-6 with loops removed, (10-12)
models 1-3 with loops removed, and (13) a homology model
built based on theE. coli TS crystal structure with loops
removed as in models 7-9, conserved side chains retained,
and point mutations modeled based on the greatest extent
of theE. coli side-chain rotomer or the most likely conformer

Scheme 1: Structure Solution Schematic Showing the Interplay of the Multiple Crystal Forms and Crystallographic Methods
Used in the Solution of the bsTS-A Crystal Structures
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based on local packing. To produce model 13, a complete
dimer was generated by applying a pure 2-fold rotation [as
crystallographically observed in apo-ecTS (1TJS) after the
modeling had been carried out on the monomer. All 13
models were used as molecular replacement probes in both
AMoRe (27) and X-PLOR (28). Only model 13 showed a
rotation search signal which was sufficiently above the noise
level to proceed with searching against the translation
function (or Patterson-correlation refinement in the case of
X-PLOR). Even with model 13, the solution could at best
be considered weak, with the top solution just 1.5σ above
the first noise peak. Electron density maps calculated using
this model were not readily interpretable. There was
reasonable density for the interiorâ-sheet region, but
additional density for the unmodeled portions of the structure
could not be obtained even with the density modification
techniques of NCS averaging (23), solvent flattening, and
histogram matching (25, 26).

2. Simultaneous with step 1, isomorphous heavy-atom
derivatives of bsTS-I were sought. Successful isomorphous
derivatives were obtained by soaking crystals of bsTS-I for
15-18 h in either 1 mM HgCl2 or 1 mM p-chloro mercury
benzoate (pCMB). Both derivatives were solved by the
difference Patterson technique, refined, and cross-phased.
Statistics for each are presented in Table 1. Both mercurials
shared a common sitescovalently attached to the active-
site cysteinesand the smaller mercurial (HgCl2) also fully
occupied a site approximately 7 Å away. The fully built
and refined structure shows this to be the location of an
additional buried cysteine without direct access to the active
site. Initial MIR phased maps were not readily interpretable;
however, NCS averaging (23) and solvent modulation (25,
26) improved the quality of the electron density considerably.
The region of space corresponding to the dimer interface,
which was also closest to the NCS operator, could be seen
to beâ-sheet. However, with increasing distance from this
operator, the quality of the density diminished rapidly, and
these phases were not adequate for model building.

3. While neither methods 1 or 2 were independently
successful, they each provided phase information regarding
the structure, so phase combination was used to maximize
the quality of the electron density maps. Indeed, these maps
retained the quality of the interiorâ-sheet density seen from
the molecular replacement solution, as well as additional
information regarding portions of the structure not included
in the molecular replacement model. These maps were
further improved through the application of NCS 2-fold
averaging, solvent flipping, and histogram matching (25).

4. Multiple rounds of manual model rebuilding were
interleaved with recomputation of the above-mentioned phase
combination and density modification procedures to extend
the portion of the structure which could be accounted for in
the model. Initial cycles showed obvious improvement in
the density for the portions of the structure modeled and
yielded additional stretches of new density; however, this
boot-strapping stalled after approximately 5 rounds of model
rebuilding (with approximately 60% of the mainchain
residues modeled, and 30% of these residues modeled only
as alanine) and no further information could be obtained from
the available model-based and experimental phases.

5. During heavy-atom derivative searching, a second
crystal form, morphologically identical to bsTS-I, was found

and native data were collected for bsTS-II. After the forward
progression of model building in bsTS-I stalled, molecular
replacement was attempted against bsTS-II using the current
bsTS-I model as well as the homology model (no. 13).
Neither of these MR attempts were successful, most likely
due to the inherent phase error of an incomplete, partially
incorrect search model as well as the reduced signal-to-noise
ratio since this crystal form contains 4 monomers/asymmetric
unit.

6. During heavy-atom screening of forms bsTS-I and
bsTS-II, a crystal of one of the other morphologies was
examined and found to diffract well. These crystals were
in fact yet another crystal form, and native data for bsTS-III
were collected and examined as another molecular replace-
ment target. The unit cell was found to belong to the
orthorhombic Bravais lattice, witha ) 57.22 Å,b ) 97.44
Å, c ) 118.02 Å. The space group wasP212121. It was
hoped that since these crystals were orthorhombic, with
equivalent symmetry elements in all three orthonormal
directions throughout the lattice, perhaps the structure factor
relationships would be sufficiently different from those in
bsTS-I and bsTS-II to assist in further solution of the bsTS
structure. This, in fact, turned out to be the case. Molecular
replacement using the current bsTS-I model gave two unique
solutions (10σ above the first noise peak) related by an NCS
2-fold.

7. Initial electron density maps of bsTS-III contained more
density in the missing regions of the model than had been
observed in bsTS-I; however, these sections were not easily
interpretable. Many cycles of manual building alternated
with positional refinement, and simulated annealing protocols
gave considerable improvement; however, certain portions
of the structure showed weak and broken density, while
several loops remained undefined. Application of torsion
angle refinement (29) greatly enhanced the accuracy of the
structural portions built in the previous step. This resulted
in small shifts of the main chain throughout the newly built
regions (<0.5 Å rms) but a substantial increase in the quality
of the local electron density, as well as in regions for as yet
unbuilt portions of the structuresparticularly in the remaining
unbuilt loop regions. This refinement protocol, in combina-
tion with a “complete composite simulated annealing omit
map” (30) calculated for the entire protein, allowed extensive
building of the remaining portions of the structure. However,
this procedure also stalled with several extensive loops
remaining undefined; in particular the region from 23 to 42
was not observed in either monomer with sufficient density
to allow an unambiguous tracing of the protein chain.

8. At this stage, since the model was substantially
advanced since step 1, molecular replacement was reper-
formed against the high-quality bsTS-I data using the current
bsTS-III model as a search probe. This search was unam-
biguously successful, yielding only one solution. At this
stage, final construction of the bsTS-I structure proceeded
quickly, with clear density visible for all of the remaining
unbuilt loops. Refinement and manual rebuilding then
proceeded to solidify side-chain rotomers and increase the
employed resolution to the 1.7 Å limit. Once the entire
bsTS-I structure was built prior to the modeling of any
solvent molecules, the entire chain trace and side-chain
orientations were confirmed with a complete omit map.
Waters were then built into difference density (Fo - Fc) that
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was at least 3.5σ, and displayed good stereochemical criteria
for at least one hydrogen bond to the protein or bridging
solvent molecules. A representative portion of the final,
refined electron density for the region surrounding the
catalytic cysteine is shown in Figure 3.

9 and 10. With a completed bsTS structure in hand, the
other crystal forms (bsTS-II and bsTS-IV) were subsequently
solved through straightforward molecular replacement. Each
form displayed some structural differences which were
quickly identified and rebuilt. These are discussed further
below. Due to the reduced resolution (bsTS-II) or complete-
ness (bsTS-IV) of these data sets relative to bsTS-I and bsTS-
III, strict NCS constraints were maintained throughout these
refinements.

Structure of TS-A from B. subtilis.TS-A from B. subtilis
is an obligate dimer of mixedR-â fold, similar to previously
studied TSs (12, 15-18). The centralâ-pleated sheet forms
the extensive dimer interface, burying 2,235 Å2 of surface
area (-21 Å2 vs. E. coli; -388 Å2 vs. L. casei). While the
rms deviations (Table 2) on the coordinates of conserved
structural components of TSs whose crystal structures have
been solved are relatively large (indicating a disparity of
structure), topologically, bsTS-A is very similar to other TSs.
As has been found with TSs from other species (13), while
the overall fold and arrangement of secondary structural

elements is retained, variation in amino acid composition
leads to plasticity of conformation. In other words, while
the sequential arrangement of secondary structural elements
retains the “TS-fold”, there are significant shifts found in
the relative orientations of these elements.

In addition to the conserved secondary structural elements
found within the canonical TS-fold, thymidylate synthase A
from B. subtilisshows several additional secondary structural
features. In particular, the insertion from 24 to 33 (B.
subtilis-A numbering) forms a modified strand-turn-strand
mini-â-sheet which is extended to the C-terminal residue
(V279). This interaction creates a three-dimensional local-
ization of the C-terminus deeper within the active-site cavity
than is generally seen in apo-TS structures. With the
exception of TS from T4-phage,3 unliganded structures of
TSs have previously shown the C-terminus to be in an open

3 TS from T4-phage also has an anomalously high specific activity
(31, 32).

FIGURE 3: Final, refined electron density (using coefficients 3Fo - 2Fc and phasesRcalc) for bsTS-I at 1.7 Å; Figures 3-7 were created
using Molscript (45) and Raster3D (46-48).

FIGURE 4: Superposition of bsTS-I with apo-E. coli TS (1TJS).E. coli TS is shown in white; bsTS-I is shown in gray for the core region
(those portions which deviate fromE. coli TS by <3.6 Å rmsd) and in black for those portions which are unique and/or deviate by>3.6
Å rmsd.

Table 2: Alignment Among Known TS Crystal Structures

no. of CR core atoms rmsd (Å) vs bsTS-I

E. coli 487 1.33
L. casei 483 1.55
T4 phage 441 1.52
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conformation, withdrawn from the active site and not
specifically interacting with any portion of the enzyme. The
strong interactions between the 20s loop of bsTS-A and the
mainchain of the C-terminal residue may well account for
the enhanced specific activity of this enzyme relative to
previously studied TSs.4 By localizing the C-terminus, it
becomes preordered through a reduction in local entropy and
a lower energy barrier must be surmounted in the transition
from the open form to the catalytically competent or closed
form, potentially leading to the observed enhancement in the
rate of enzymatic turnover.

Structure of bsTS-A among Four Crystal forms.Com-
parison of the structure of the bsTS-A polypeptide deter-
mined in four different crystal forms shows two specific
regions of significant difference in the main-chain conforma-
tions among these crystal forms (Figure 5). The loop from
115 to 125 (100-110 inE. coli) not only differs significantly
in conformation from the orientation found in previously
studied TS crystal structures, but also displays shifts of up
to 1 Å in main-chain coordinates between the four crystal
forms of bsTS-A. This is likely due to differing crystal-
packing forces which have selected for alternate side-chain
rotamers and interactions of this exposed loop with both
ordered and mobile solvent. For example, in polymorphs
bsTS-I and -III this loop forms extensive crystal contacts
with symmetry related molecules, while in polymorphs bsTS-
II and -IV, there are no crystal contacts to this exposed loop.
Perhaps not coincidentally, this trend also corresponds with
the percent solvent content of these crystal forms and the
inherent quality of the diffraction data. The region which
differs most significantly among the polymorphs of bsTS-A
involves the C-terminus and the insertion from residues 24
to 33. Among the four crystal forms studied, three very

different conformations for this region have been found. It
is interesting to note that while the structure of the 20s loop
and the C-terminus differs in each polymorph, the interaction
between the two short strands and the C-terminal residue is
maintained in all but bsTS-II. It is this polymorph which
contains a phosphate counterion in the nucleotide-binding
pocket of the active site. This is discussed in greater detail
below; however, it appears that there may be structural
evidence among these crystal structures for an equilibrium
between the open form of the enzyme (where the C-terminus
is held out of the active site by its interactions with the 20s
loop) and a ligand-bound conformation where a phosphate-
bearing substrate draws the C-terminus into the active site.

Phosphate Binding.All crystal structures of thymidylate
synthases previously studied have shown the presence of
either substrate, substrate analogues, or a phosphate/sulfate
ion in the active site. This ion, and the phosphate of
substrate-like ligands, is coordinated by four absolutely
conserved arginines, and efforts to produce empty active-
site crystal structures have not been previously successful.
bsTS-A is of interest since structure-based sequence align-
ments have suggested that one of these four conserved
arginines appears to be absent (1). The crystal structures of
bsTS-A in four crystal forms show that this region of the
active site in fact does contain four arginines; the loop
insertion from 24 to 33 contributes an arginine at position
28, which roughly approximates the spatial location of the
arginine in question from previous sequence alignments. It
also appears, however, that this arginine is not likely to play
as strong a role in the binding and localization of the
nucleotide phosphate as is the case in other TS structures.
The unique architecture of the 20s loop results in a notable
shift of this arginine out of the phosphate-binding pocket
by an average of 4.3 Å relative to theR-carbons of the
corresponding arginines in theE. coli, L. casei, and T4 phage

4 Specific activities for TS from several species: bsTS-A, 22 units/
mg; ecTS, 13.5 units/mg; lcTS, 6 units/mg.

FIGURE 5: Convergent stereoview of the superposition of monomers from each of the four crystal forms: bsTS-I, bsTS-II, bsTS-III, and
bsTS-IV. Every tenth residue is numbered, and the N- and C- terminii are labeled. While largely conserved, there are regions of notable
variations, particularly at the south end of the molecule. This region of bsTS involves the catalytically imperative C-terminus as well as the
loop insertion from residues 20-40 (see Figure 1).
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TS crystal structures. The result of this disruption of the
outer wall of the active site results in a reduced affinity for
the phosphate moiety, at least under crystallization condi-
tions.5 Of the 10 active sites observed in the four bsTS
crystal forms, only two contained a PO4

2- or SO4
2- ion,

despite all of the crystals having been grown under identical
conditions containing phosphate buffer and ammonium
sulfate. In the only crystal form which does contain a
counterion in the active sitesbsTS-IIsthe ion is somewhat
poorly ordered, indicating local mobility or reduced oc-
cupancy. Surprisingly, the other crystal forms (bsTS-I, -III,
-IV) contain no crystallographically detectable ligand binding
at this site; difference Fourier density maps do not indicate
any ordered solvent or counterions within 5 Å of the
phosphate-binding site. This reduced affinity for phosphate
binding in the active site of bsTS-A is directly related to the
reorganization of one wall of the active site in the region of
the unique loop insertion from E24 to S33 and may
contribute to the increased specific activity of this enzyme
through more facile product release.

Comparison of bsTS-A to Other TSs.Comparisons of
TS-A from B. subtilis to thymidylate synthase from other
species were made using bsTS-I, the crystal form which
diffracts to highest resolution. The dimers were superim-
posed using CRs of a nonvariant core defined by CRs which
deviate by less than 2.5 Å from an aligned partner atom (35,
36).

Superposition of the crystal structure of bsTS-I andE. coli
TS (Figure 4) gives a root-mean-square deviation of 1.33 Å
based on 487 common coreR-carbons. These two enzymes
are the most conserved, both spatially and in sequence
homology, among the TSs for which crystal structures have
been determined. The best-aligned coresindicated in gray
in Figure 4s lies in theâ-sheet and portions of the adjacent
R-helices.

Structural Basis for Thermal Stability.The structures of
a number of thermophilic macromolecular structures have
been determined and comparisons to mesophilic homologues
made (selective references: refs6 and 7). It is becoming
clear that thermostability is achieved by a variety of means,
including: (i) internal cores which are significantly more

hydrophobic in composition than their mesophilic counter-
parts (thus disfavoring unfolding events which would expose
the core to solvent), (ii ) sequences containing more hydrogen
bonds, salt bridges and disulfide bonds (anchoring the native
fold against the increased kinetic motions at elevated
temperatures), andsmost commonlys(iii ) some mixture of
these strategies. In the case of bsTS-A, which is unusual
among heat stable enzymes sinceB. subtilisis a mesophile,
this stabilization is accomplished through a dramatic ar-
rangement of a large number of internal salt bridges bracing
the dimer interface (Figure 6), described in detail in Table
4.

To address the question of the numbers of salt bridges
versus heat stabilization in various TSs, melting curves were
obtained for the TSs for which crystal structures have been

5 The R23I mutation inLactobacillus caseiTS results in a 25-fold
elevatedKd for the substrate, dUMP (33, 34).

Table 3: Refinement Statistics

bsTS-I bsTS-II bsTS-III bsTS-IV

resolution limits (Å) 48.3-1.7 30.0-2.75 8-2.5 60.0-2.20
no. of reflections (2σ) 60 736 31 528 19 881 8859a

refinedR-factor (%)b 15.1 21.4 18.1 19.5
FreeR-factor (%) 20.6 31.9 26.0 30.1
rmsd bond lengths (Å) 0.006 0.007 0.006 0.007
rmsd bond angles (deg) 1.3 1.3 1.3 1.2
rmsd improper angles (deg) 1.11 1.17 1.15 0.60
rmsd dihedral angles (deg) 24.2 24.4 24.6 27.6
est coord error (Luzzati) 0.16 0.33 0.24 0.27
est coord error (SIGMAA) 0.16 0.45 0.23 0.34
no. of protein atoms 4602 9204 4610 2,301
no. of water molecules 350 35 113 0
〈B〉 overall (Å2) 24.9 17.9 26.2 22.8
〈B〉 per monomer (Å2) 23.3; 24.2 16.1; 18.5; 19.2; 17.6 27.9; 24.0 NCS
〈B〉 solvent (Å2) 40.1 30.9 35.13
〈B〉 heterogens (Å2) 61.15

a g0σ. b R-factor ) ∑|Fobs - Fcalc|/ΣFobs.

Table 4: Salt Bridge Partners in bsTS-I

intermonomeric salt bridges
distance

(Å)
XX-X-Y a

(deg)
X-Y-YY a

(deg)

Lys 114 Nú Asp 451 Oδ2 2.71 109.2 113.4
Arg 117 Nη2 Asp 454 Oδ1 2.78 110.0 156.3
Arg 141 Nε Asp 520 Oδ2 3.18 138.4 123.1
Asp 151 Oδ2 Lys 414 Nú 2.82 106.9 120.5
Asp 154 Oδ1 Arg 417 Nε 3.12 108.0 103.8
Lys 170 Nú Asp 520 Oδ1 2.91 107.4 159.0
His 171 Nδ1 Glu 324 Oε2 3.29 115.4 97.8
Glu 177 Oε1 Arg 479 Nη2 2.88 106.3 142.3
Arg 179 Nη2 Glu 477 Oε1 2.89 141.1 107.7
Asp 220 Oδ2 Lys 470 Nú 2.91 146.2 111.9

intramonomeric salt bridges
(duplicated in second monomer)

Asp 14 Oδ2 Lys 46 Nú 2.82 108.8 88.6
Asp 22 Oδ1 His 39 Nδ1 3.13 122.0 151.4
Asp 34 Oδ1 Arg 226 Nη1 3.41 93.2 102.3
Asp 34 Oδ2 Arg 226 Nη2 2.71 121.5 115.7
Arg 49 Nε Glu 213 Oε2 2.84 118.2 111.7
Arg 49 Nη2 Glu 213 Oε1 3.07 119.0 100.9
Lys 79 Nú Asp 125 Oδ2 2.90 115.9 115.1
His 92 Nδ1 Asp 95 Oδ2 2.89 146.1 124.4
His 106 Nδ1 Glu 152 Oε2b 2.98 117.0 111.7
Lys 114 Nú

b Glu 152 Oε1b 2.85 130.2 99.5
Lys 115 Nú Asp 125 Oδ2 3.10 104.6 129.4

a X and Y are the directly interacting partners indicated in the table;
XX and YY are the first covalently bonded atom of the respective
partner in the direction of that residue’sR carbon.b Intramonomeric
salt bridge partners that are also directly involved in intermonomeric
salt bridges.
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determined and which were readily accessible. Thermal
denaturation was monitored by circular dichroism (CD) under
identical conditions for each of the TSs fromL. casei, E.
coli, andB. subtilis(A). A table of the melting temperature
(Tm) versus the numbers of salt bridges in each structure is
presented in Table 5. Here, a clear trend is seen, not only
for the total number of salt bridges present and thermal
stabilization, but in particular for the number of salt bridges
crossing the dimer interface. This is in contrast to the amount
of surface area buried by the dimer interface for each of these
TSs which remains largely invariant across all of the TS
structures determined to date (Table 5). A particular
exception to the maxim of stabilization via surface area
buried is the TS fromL. casei, which buries nearly 400 Å2

more surface area due to the large insertion from residues
85-132. Yet, this enzyme displays the lowest thermal
stability of the TSs that have been studied. It seems clear

that bsTS-A obtains its thermal stability from these internal
salt bridges which serve to stabilize the dimer interface. A
closer look at the salt bridges which do not cross the dimer
interface shows a remarkable arrangement whereby all but
two are, in fact, hydrogen-bonding partners with the salt
bridges which do cross the dimer interface. The role of these
“second tier” salt-bridges appears to be as buttressing partners
to the interfacial salt bridges, further stabilizing that interface.
Therefore, 18 out of 20 salt bridges are directly or indirectly
involved in stabilizing monomer/monomer contact, leaving
just two independent salt bridges involved in stabilizing the
geometry of external loops.

In addition to these sequence adaptations, several com-
pletely conserved residues which have been thought to play
key roles in the enzymatic mechanism of the TS reaction
are also modified. These residue modifications have previ-
ously been proposed on the basis of modeling studies to be
covariantly conserved through three-dimensional functional
accommodation (1). One of these, arginine 23 (L. casei
numbering), is structurally conserved, although it is found
in a loop insertion (Arg 28, bsTS-A numbering) unique to
the bsTS-A,L. lactis, and phageΦ3T TS sequences. The
presence of this component of the phosphate-binding site
on a sequentially divergent loop places the side chain of R28
considerably farther from the phosphate site than has been
observed in previous TS crystal structures. This relaxation
of the phosphate-binding site may account for the reduced

FIGURE 6: Salt bridges in bsTS. The majority involve partners from opposite monomers spanning the dimer interface; all but two of the
remainder are directly connected to the intermonomeric salt bridges by buttressing hydrogen bonds. The side chains involved are shown in
black ball-and-stick representation; the salt bridges and hydrogen bonds are depicted with dashed lines.

Table 5: Relationship between the Number of Salt Bridges in TS
and Melting Temperature

species

melting
temperature

(°C)

no. of
salt bridges

(dimer)

no. of
salt bridges
(interface)a

monomer
surface

buried (Å2)

L. casei 37.8 8 2 2623
E. coli 45.7 10 2 2256
B. subtilis(A) 68.9 20 11 2235

a Interfacial salt bridges are those which include one partner from
each monomer at the dimer interface.
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ordering of counterions in the four crystal structures studied
here. In three of the crystal forms, a phosphate ion cannot
be located in the active site, despite the high quality of most
of these structures and diffraction data. In the one crystal
form in which PO4

2- is clearly present, bsTS-III, the ion is
apparently not well anchored. This is reflected in thermal
parameters which are nearly twice those of the surrounding
protein residues, and most likely reflects a reduced binding
affinity for PO4

2- in this active site.
Another predominantly conserved residue which differs

in the bsTS-A structure is His199,6 found as a valine in bsTS-
A. This residue is immediately C-terminal to the catalytic
cysteine and plays a role in ordering the catalytic water
structure. Systematic mutagenesis of His199 has found
several mutants which retain activity, but in all cases, the
catalytic activity was reduced at least 10-fold (37-39).
Greene et al. (1) have proposed that Ser232 (Gln195 in bsTS-
A) takes over the function of the missing histidine in
coordinating the water structure which is thought to stabilize
an iminium ion formed in the course of the enzymatic
reaction. The crystal structure does not fully support this
proposal, however, as Q195 is located too far from the

position of the structural water which is coordinated by the
conserved histidine to exert any complementary effect
(Figure 7). Analysis of the structure of the bsTS-A active
site (Figure 7) indicates that it is more likely the presence
of an additional asparagine in the active site, located at N183
(Ser168 inE. coli; Ala220 in L. casei) which pushes N192
(N177, E. coli; N229, L. casei) into a conformation which
compensates for the missing histidine. This is merely a
proposal, however, and requires the determination of bsTS-A
in complex with substrates to fully resolve this question.
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