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Abstract

Methicillin-resistant Staphylococcus aureus (MRSA) poses a major threat to human health, particularly
throughhospital acquired infection. The spread ofMRSAmeans that novel targets are required to develop
potential inhibitors to combat infections caused by such drug-resistant bacteria. Thymidylate kinase
(TMK) is attractive as an antibacterial target as it is essential for providing components forDNAsynthesis.
Here, we report crystal structures of unliganded and thymidylate-bound forms of S. aureus thymidylate
kinase (SaTMK). His-tagged and untagged SaTMK crystallize with differing lattice packing and show
variations in conformational states for unliganded and thymidylate (TMP) bound forms. In addition to
open and closed forms ofSaTMK,an intermediate conformation inTMPbinding is observed, inwhich the
site is partially closed. Analysis of these structures indicates a sequence of events upon TMP binding, with
helix a3 shifting position initially, followed by movement of a2 to close the substrate site. In addition, we
observe significant conformational differences in the TMP-binding site in SaTMK as compared to
available TMK structures from other bacterial species, Escherichia coli and Mycobacterium tuberculosis
as well as human TMK. In SaTMK, Arg 48 is situated at the base of the TMP-binding site, close to the
thymine ring, whereas a cis-proline occupies the equivalent position in other TMKs. The observed TMK
structural differences mean that design of compounds highly specific for the S. aureus enzyme looks
possible; such inhibitors could minimize the transfer of drug resistance between different bacterial species.

Keywords: S. aureus; thymidylate kinase; X-ray crystallography; substrate-induced conformational
change; drug design

Staphylococcus aureus, a member of the Micrococcaceae
family, is a versatile pathogen of human and various
animal species. Humans are a natural reservoir of S.

aureus (Lowy 1998), which typically lives as a commensal
of the nose in 30%–70% of the population (Peacock et al.
2001). S. aureus is a common source of infection, causing
a wide variety of diseases in humans, ranging in severity
from minor skin conditions to life-threatening systemic
infections such as endocarditis and haemolytic pneumo-
nia. S. aureus can also cause toxin-mediated diseases such
as toxic shock syndrome (Lowy 1998) and in recent years
has become the most common cause of hospital-acquired
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infections, which are increasingly resistant to antibiotics
(Peacock et al. 2001). Between 40% and 60% of S. aureus
isolates from hospitals in several industrialized nations
are now resistant to methicillin (Fluit et al. 2001). Methi-
cillin-resistant S. aureus (MRSA) infections are currently
treated with vancomycin; however, the emergence of van-
comycin-resistant S. aureus (VRSA) has been reported
(Hiramatsu 2001; Menichetti 2005). Thus the search for
novel protein targets, against which to develop potential
anti-S. aureus drugs, has become a priority in antibac-
terial research. Development of narrow-spectrum rather
than broad-spectrum antibacterial agents may have some
advantages in reducing the transfer of drug resistance
between different bacterial species (Lee et al. 1999).

Nucleoside monophosphate (NMP) kinases are of spe-
cial interest in a number of areas of drug discovery as they
catalyze the production of vital precursors for the synthe-
sis of DNA and RNA. Thymidylate kinase (TMK) (E.C.
2.7.4.9) is a member of the NMP kinase family and
catalyzes the phosphoryl transfer from the preferred phos-
phoryl donor, ATP, to thymidine monophosphate (TMP),
yielding thymidine diphosphate (TDP). The TMK reac-
tion is positioned at the junction of the de novo and
salvage pathway of thymidine triphosphate (dTTP)
synthesis, with TMK being the last specific enzyme for
dTTP synthesis.

NMP kinases exhibit a protein fold featuring a cen-
tral five-stranded b-sheet surrounded by helices (Yan
and Tsai 1999). The protein can be divided into three
parts, namely, the CORE region, the NMP-binding
region, and the LID region. The CORE region is the
most conserved among NMP kinases, comprising
mainly b-sheets with surrounding a-helices, and con-
tains the P-loop, which is involved in the binding of
ATP. The NMP-binding domain is largely helical
among all NMP kinases except guanylate monophos-
phate kinases. The LID region is a flexible stretch of
residues covering part of the phosphate donor site.
Substrate-induced conformational changes have been
observed in various family members of NMP kinases
with large domain movements upon binding of one or
both substrates (Muller-Dieckmann and Schulz 1994,
1995; Scheffzek et al. 1996; Blaszczyk et al. 2001; Seku-
lic et al. 2002).

Lavie et al. (1998b) identified two classes of TMKs:
Class I enzymes are mainly from eukaryotes and have an
arginine residue in position x1 of the consensus sequence
Gxxx1xGKx of the P-loop, which interacts with ATP;
class II TMKs are of prokaryotic origin and can be
distinguished by the presence of a glycine residue instead
of an arginine in the x1 position of the consensus
sequence, along with additional basic residues (mostly
Arg) in the LID region that interact with ATP. Inhibi-
tors may thus potentially be designed to specifically

target prokaryotic TMKs without affecting the host
(human) enzyme, with the expectation that toxicity for
the host can be minimized.

While structural studies on the TMP-binding site have
been reported for Mycobacterium tuberculosis TMK
(MtTMK) (Li de la Sierra et al. 2001), this enzyme
belongs to neither of the common classes of TMKs;
rather, it appears to have a distinctive catalytic mecha-
nism (Li de la Sierra et al. 2001; Munier-Lehmann et al.
2001; Fioravanti et al. 2003; Haouz et al. 2003). We
therefore set out to study TMP binding to S. aureus
TMK (SaTMK), a class II TMK, by X-ray crystallogra-
phy. SaTMK exhibits typical characteristics of a class II
enzyme, containing a Gly at position x1 of the P-loop
and a series of basic residues (Arg 141, 147, and 151, and
Lys 144) in the LID region. This report describes the
crystal structures of SaTMK in its unliganded and
TMP-bound states, including a form with an intermedi-
ate conformation, allowing dissection of associated se-
quential conformational changes of the enzyme upon
TMP binding. Additionally, significant differences in
the TMP site of SaTMK compared to other bacterial
TMKs and human TMK have been identified. The
structures will thus potentially allow the design of
novel inhibitors specific to SaTMK, which have poten-
tial as new antimicrobial drugs to tackle the increasing
problem of drug-resistant bacteria, such as MRSA.

Results and Discussion

Overall comparison of differently liganded and tagged/
untagged SaTMK with other TMK structures

Although the his-tagged and untagged SaTMKs crystal-
lized under similar conditions and belong to the same
space group P21, the crystals have significantly different
cell dimensions and varying diffraction limits (Table 1).
Comparison of the structures revealed a difference in
molecular packing of the TMK in the two crystal
forms (data not shown). The N terminus of the untagged
SaTMK crystal form is close to a neighboring molecule,
and thus introduction of a his-tag is presumed to be
incompatible with such packing, thus producing a dif-
ferent form. The untagged SaTMK proved to be easier
to crystallize, without the need for microseeding, and the
resolution of the data is also better compared to that of
the tagged-form crystals. Also, differences in conforma-
tional states of TMP bound forms were observed be-
tween the his-tagged and untagged forms of the enzyme
(see Table 1). In all cases, the ATP analogs and Mg2+

were not bound.
As expected, the overall SaTMK structure has an a/b-

fold consisting of nine a-helices that surround a five-
stranded b-sheet core (Fig. 1A) similar to those of the
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previously determined bacterial TMK structures,
Escherichia coli TMK (EcTMK) (Lavie et al. 1998b)
and MtTMK (Li de la Sierra et al. 2001) (31.6% and
21.8% amino acid identity, respectively) (Fig. 1B). Over-
laying the EcTMK and MtTMK models in turn with
SaTMK resulted in an overlap of the b-sheet core with
an RMSD of 0.84 Å for 34 Cas (EcTMK) and 0.70 Å for
29 Cas (MtTMK). The nine helices show more divergent
positioning relative to the b-sheet (RMSD of 1.26 Å for
81 Cas [EcTMK] and 1.15 Å for 64 Cas [MtTMK]).
Overlaying the SaTMK structure with the human TMK

structure (19% amino acid identity) (Ostermann et al.
2000), which has a similar fold to the bacterial TMKs,
resulted in an overlap of the b-sheet core (RMSD of 0.47
Å for 23 Cas) and the helices (RMSD of 1.00 Å for 78
Cas).

In all the structures presented here, SaTMK crystal-
lizes with a dimer per asymmetric unit. The two subunits
of the dimer are related by noncrystallographic twofold
symmetry with helices a2, a3, and a6 stacking to their
antiparallel equivalents (Fig. 1C), similar to that seen in
EcTMK (Lavie et al. 1997, 1998b). The dimer interface,

Table 1. Data collection, refinement statistics, quality indicators, and description of SaTMK structures

Data set

1 2 3

Unliganded
Untagged

TMP bound
Untagged

TMP bound
His-tagged

Data collection

X-ray source In-house In-house ID 14.1, ESRF

Wavelength (Å) 1.5418 1.5418 0.934

Space group P21 P21 P21
Unit-cell dimensions:

a, b, c (Å) 46.3, 89.9, 50.1 45.7, 90.1, 50.3 54.5, 51.3, 72.9

a, b, g (�) 90, 99.9, 90 90, 100.5, 90 90, 103.6, 90

Molecules per asymmetric

unit 2 2 2

Resolution (Å) 30.0–2.20 (2.28–2.20)a 30.0–1.70 (1.76–1.70)a 30.0–2.30 (2.38–2.30)a

Completeness (%) 95.6 (78.0) 99.4 (99.4) 89.2 (49.0)

No. of reflections 66,444 207,799 54,083

No. of unique reflections 19,676 43,797 15,887

Average I/s(I) 50.1 (18.0) 43.9 (7.1) 25.1 (4.6)

Rmerge (%) 3.6 (8.8) 4.1 (20.9) 4.3 (24.5)

Refinement

Reflections (working/test) 18,714/955 41,590/2190 15,082/774

R factor (Rwork/Rfree) 0.197/0.255 0.182/0.221 0.201/0.246

No. of atoms (protein/water/others) 3084/217/9 3139/413/80 3218/101/42

Mean B factors (Å2) (protein/water/others) 45.8/51.9/54.5 24.6/37.7/25.3 63.1/59.8/51.6

RMSD bond lengths (Å) 0.006 0.006 0.007

RMSD bond angles (�) 1.18 1.26 1.31

Ramachandran plotb

% Residues most favored 92.7 93.2 89.6

% Additionally allowed 6.7 6.2 9.9

% Generously allowed 0 0 0

% Disallowed (residue no.) 0.6 (A92, B92) 0.6 (A92, B92) 0.6 (A92, B92)

Description

Conformation

(Molecule A) Open (unliganded) TMP site partially closed TMP site closed

(Molecule B) Open (unliganded) Open with TMP bound TMP site closed

TMP present

(Molecule A) No Yes (full occupancy) Yes (full occupancy)

(Molecule B) No Yes (two positions,

partial occupancy)

Yes (full occupancy)

Disordered regions A54–A55, A147–A150,

A172–A176, B55,

B146–B150, B172–B176

A147–A149, A173–A176,

B146–B149, B172–B175

B147–B151

aHighest resolution shell is shown in parentheses.
bAs defined by PROCHECK (Laskowski et al. 1993).
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Figure 1. Structure of SaTMK. (A) Ribbon diagram of SaTMK with secondary structure marked and showing bound TMP.

SaTMK is shown in rainbow colors from blue at the N terminus to red at the C terminus. TMP is shown in standard atom

colors, with the carbon atoms in cyan. (B) Sequence alignment of SaTMK, EcTMK, and MtTMK. The secondary structure

elements shown above the alignment are of SaTMK. The orange bar below the alignment indicates the conserved (E/F)P loop.

(C) Ribbon diagram of the SaTMK dimer. The helices of the two molecules are shown in magenta and cyan, while the sheets are

shown in yellow and orange. TMP is shown in standard atom colors, with the carbon atoms in gray.
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although largely hydrophobic, also contains two pairs of
hydrogen bonding interactions, Asp 58–Arg 71 and Arg
60–Asn 121, which are not observed in other TMK
structures. Arg 92 of the conserved DRx loop is the
only residue lying outside the allowed regions of the
Ramachandran plot. Pro 38 of the conserved sequence
(E/F)P is in a cis conformation, as in previously reported
TMK structures (Lavie et al. 1997, 1998a,b; Ostermann
et al. 2000, 2003; Li de la Sierra et al. 2001).

Comparing the three different SaTMK structures
determined here shows conformational differences in
the region of helices a2 and a3. Molecule A of the un-
liganded, untagged SaTMK superimposed on that of
TMP-bound his-tagged SaTMK (Table 2), with the
exception of the TMP-binding site and the LID region.
Displacement of a2 and a3 at the TMP-binding domain
was observed with unliganded SaTMK adopting a more
open conformation than TMP-bound his-tagged TMK
and the LID region being in the open conformation. We
therefore designate the unliganded/untagged and his-
tagged/TMP-bound SaTMK structures as the open and
TMP site closed conformations, respectively (Table 1),
and superposition of molecule A of the two SaTMK
structures indicates that a rotation of 17.8� of molecule
B has occurred. This rotation is a concerted movement of
the dimer resulting from the movement of a2 and a3 as
there are no significant changes in the interactions across
the dimer interface. Comparison of the TMP-bound
untagged SaTMK structure with the open and TMP site
closed conformations of SaTMK revealed that molecule
B has the open conformation while molecule A has an
intermediate conformation (Table 2), which we designate
as TMP site partially closed (Table 1). Such conforma-
tional changes are related to the presence or absence of
TMP as well as the presence or absence of the his-tag and
are discussed in more detail in the following sections.

Comparison of the TMP-binding site in different TMKs

No ligands were seen to be bound in the untagged
SaTMK structure despite the enzyme being crystallized

in the presence of substrates, while for the his-tagged
SaTMK structure, TMP was observed in both molecules
with full occupancy (Table 1). It did, however, prove
possible to bind TMP to untagged SaTMK by soaking
in high concentrations of TMP, where it is observed in
the expected site in molecule A with full occupancy. For
molecule B, TMP is found in two positions, both with
partial occupancy (Table 1), which appears to be in part
due to the crystal packing of the untagged SaTMK
molecules such that the substrate site in molecule B is
held more in the open conformation by contacts with a
neighboring molecule.

Analysis of TMP binding shows that, although some
features are in common with other TMKs, a significant
difference in one region of the binding site is apparent.
The TMP-binding site of SaTMK and the associated
network of hydrogen bonds are shown in Figure 2A.
The features in common for TMP binding among
different TMKs are (1) aromatic ring stacking interac-
tions of the pyrimidine ring and a phenylalanine side
chain (in this case Phe 66); (2) the positioning of Tyr
100, which allows selection of deoxynucleotides over
ribonucleotides; and (3) an H-bond between O4 of the
pyrimidine moiety of TMP and the side chain of Arg
70, which favors the selection of T/U over C. The
importance of the interaction of Arg 70 to O4 of the
thymine base of TMP is demonstrated in the equivalent
residues of varicella zoster virus thymidine kinase (Bird
et al. 2003) and Herpes simplex virus type 1 thymidine
kinase (Hinds et al. 2000; Vogt et al. 2000). Other
residues that are <3.9 Å away from TMP include Glu
11, Lys 15, Arg 36, Glu 37, Arg 92, Ser 97, and Gln 101.
The interaction of the P-loop carboxylic residue Glu 11
with the ribose 3¢-OH of TMP is conserved in all
TMKs, an essential interaction for locating the sugar
ring. O3 of the TMP phosphate group interacts with
NE of Arg 92; the latter is the only residue to have a
“disallowed” conformation in the enzyme structure.
Arg 92 has been shown to be important for the phos-
phoryl transfer from the donor to TMP (Haouz et al.
2003).

Table 2. Comparison of different SaTMK structures

Molecule 1 (conformation) Molecule 2 (conformation) RMSD (equivalenced Cas)

1Aa (Open [unliganded]) 1B (Open [unliganded]) 0.37 Å (189)

2A (TMP-site partially closed) 2B (Open with TMP bound) 0.53 Å (191)

3A (TMP-site closed) 3B (TMP site closed) 0.26 Å (194)

1A (Open [unliganded]) 3A (TMP site closed) 0.57 Å (181)

1A (Open [unliganded]) 2A (TMP site partially closed) 0.46 Å (190)

1A (Open [unliganded]) 2B (Open with TMP bound) 0.39 Å (193)

2A (TMP-site partially closed) 3A (TMP site closed) 0.46 Å (185)

aData set and molecule with reference to Table 1.
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Turning to the areas of significant difference in the
TMP-binding site of SaTMK when compared to those
in EcTMK, MtTMK, and human TMK: Besides the
conserved interaction with the thymine base of TMP
discussed above, Arg 70 of SaTMK also interacts with
OD1 of Asn 116 via atom NH1. A similar interaction is
observed in MtTMK and human TMK, where the
equivalent residue, Arg 74 (Arg 76 in human TMK),
forms an ion pair with Glu 124 (Asp 121 in human
TMK), while in EcTMK it is replaced by interactions
with Tyr 75 and Asp 102. Arg 70 NE and NH2 atoms
form salt bridge/H-bonds with the carboxylate group of
Glu 37, also observed in EcTMK; however, the interac-
tion cannot be present with the structurally equivalent
phenylalanine in bothMtTMK and human TMK.While

the thymidine N3 and O2 atoms H-bond with Gln 101 in
SaTMK and EcTMK, for MtTMK the O2 of the TMP
base does not form a contact with the protein and N3
interacts with an asparagine residue (Asn 100). In
human TMK, the thymidine N3 and O3 atoms do not
form direct contacts with the protein but interact with
Thr 105 via water molecules. Apart from the interaction
with Arg 70 discussed previously, the O4 of the TMP
pyrimidine ring also H-bonds with Ser 97; this interac-
tion is replaced by a threonine (Thr 105) in EcTMK and
an arginine (Arg 74) in MtTMK, while in human TMK,
this interaction is not observed since the equivalent resi-
due is a glycine (Gly 102). Besides interaction with Arg
92, the O3 of the TMP base in SaTMK also forms an H-
bond with the conserved Lys 15, an interaction not

Figure 2. TMP-binding site of SaTMK. (A) Simulated annealing omit map of bound TMP in his-tagged SaTMK structure.

Carbon atoms of TMP are drawn in cyan; those of residues interacting with TMP are drawn in gray. Potential hydrogen bonds

are indicated by dotted lines; those that directly involve atoms of the substrate are drawn in gray, others in cyan. (B) Simulated

annealing omit map of the (E/F)P loop and Arg 48 in his-tagged SaTMK structure. Carbon atoms of TMP are drawn in cyan;

those of residues of SaTMK are drawn in gray. (C) Stereo view of the superposition of the TMP-binding site of SaTMK,

EcTMK,MtTMK, and human TMK. The important residues defining the TMP-binding site and the positions of the conserved

cis-proline are shown. The residues of SaTMK and TMP are drawn in atom colors, while the residues of EcTMK,MtTMK, and

human TMK are drawn in green, yellow, and magenta, respectively. The residues of SaTMK are labeled in black, and the cis-

Pro 43 of human TMK is labeled in magenta. Interaction of Arg 48 with the main-chain N atom of Glu 37 via water molecules

and the interaction of Glu 37 with Arg 70 are indicated by cyan dotted lines. The interaction of Glu 40 with Arg 74 of EcTMK is

indicated by black dotted lines.
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observed in other reported TMK structures. For exam-
ple, in the EcTMK structure with the bisubstrate inhibi-
tor TP5A, Lys 16 H-bonds with the b- and g-phosphates
of the phosphoryl donor (Lavie et al. 1998b), while in
MtTMK, the equivalent lysine (Lys 13) interacts with
the b-phosphate (Fioravanti et al. 2003). This conserved
lysine is thought to have a catalytic role of stabilizing the
pentavalent transition state involving the phosphoryl
group to be transferred (Reinstein et al. 1990). The con-
served lysine also plays an important role in maintaining
the conformation of the P-loop, as suggested by site-
directed mutagenesis in shikimate kinase (Krell et al.
2001) and adenylate kinase (Reinstein et al. 1990; Tian
et al. 1990; Byeon et al. 1995). Arg 36 interacts with O1
of the TMP phosphate group, but this interaction is
replaced by Tyr 39 in MtTMK and Arg 51 in EcTMK
(equivalent of Arg 48 in SaTMK). Unlike Arg 51 of
EcTMK, Arg 48 does not interact with TMP; instead,
it takes the place of Pro 38 to form the bottom of the
TMP-binding cavity.

The most striking difference in the substrate-binding
site of SaTMK, compared with other TMKs, is at the
base of the TMP-binding cavity. In all other reported
TMK structures, the loop containing the conserved (E/
F)P sequence, which has proline in a cis conformation
and connects b2 to a2, forms the base of the TMP-
binding cavity (Lavie et al. 1997, 1998a,b; Ostermann
et al. 2000; Li de la Sierra et al. 2001). The main-chain N
atom of the cis-proline is positioned ,4 Å from the
pyrimidine group of TMP. In contrast, in SaTMK,
Arg 36 forms part of the turn containing the conserved
(E/F)P sequence (Fig. 2B) rather than being in at the end
of b2, as is the case for EcTMK, MtTMK, and human
TMK. Although the conserved Glu 37 of SaTMK still
interacts with Arg 70, as is also observed in EcTMK, the
cis-proline has turned away from the TMP-binding site
and is located ,7.6 Å from the bound TMP, creating a
space at the base of the TMP-binding site. The addi-
tional space is filled by the side chain of Arg 48 (Fig.
2C), which, in turn, is linked to the main-chain nitrogen
atom of Glu 37 of the (E/F)P loop via water molecules.

TMP-induced conformational changes

As described in a previous section, a range of conforma-
tions of SaTMK have been identified that are related to
TMP binding (Table 1). The structures appear to repre-
sent snapshots along the TMP-binding pathway of
SaTMK (Fig. 3A). Combining SHP and HINGEFIND
analyses from open and TMP site closed conformations
revealed an overall domain movement of helices a2 and
a3 (residues 43–75) toward the CORE region at the
TMP-binding site with a rotation of ,14� (Fig. 3A).
However, from analysis of torsion angle difference

(TAD) plots, no hinge points relating to the domain
movement were identified. In spite of this, the TAD
plot showed significant torsion angle differences at the
loop connecting a2 and a3 (residues 51–60) (Fig. 3B),
which is flexible as indicated by the high B-factors.

Movement of the LID region toward the CORE
region of the enzyme was also evident upon TMP bind-
ing, involving the rotation of the LID domain by 31�,
with hinge points at residue 142 and residue 158 (Fig.
3A,B). This change results in the enzyme adopting a
closed conformation with respect to the TMP site, as
observed in other NMP kinases upon the binding of the
non-ATP substrate (Vonrhein et al. 1995; Lavie et al.
1997; Briozzo et al. 1998; Fioravanti et al. 2003; Segura-
Pena et al. 2004).

Closer analysis of the differences at the TMP-binding
site from open to closed conformations revealed that the
changes involved sequential movements of a3 and a2
toward the TMP-binding site. Upon TMP binding, helix
a3 rotates by 4.3� toward the CORE region with little
movement of a2, as seen in the transition from the open
to TMP site partially closed conformation (Fig. 3A).
Helix a2 then rotates toward the CORE region by
16.5�, closing the TMP-binding site. The extent of move-
ment can also be expressed by the shift of the Ca posi-
tions of residues 53 and 58, which are located at the
beginning and the end of the loop connecting the helices
a2 and a3, respectively. The movement of the Ca of
residue 58 is 0.67 Å between open and TMP site par-
tially closed conformations and 0.92 Å between open
and TMP site closed conformations, while residue 53
moves 1.4 Å between open and TMP site partially closed
conformations and 4.7 Å between open and TMP site
closed conformations.

The superposition of the open, partially closed, and
closed conformations of the TMP-binding site of
SaTMK is illustrated in Figure 3C. In the open confor-
mation, a network of water molecules interacting with
residues Gln 101 and Arg 70 occupies the thymine por-
tion of the TMP site. Upon TMP binding, the rotation
of helix a3 allows the stacking of Phe 66 to the pyrimi-
dine ring of TMP, and although the site remains par-
tially open, the essential features of TMP binding are
established at this stage. The movement of a2 then
brings Arg 48 to assume its position at the bottom of
the TMP-binding cavity, thereby closing the TMP-bind-
ing site. Accompanying small induced-fit movements of
helix a3 along with residues 11 and 36 also occur.

Substrate-induced conformational changes at the NMP-
binding site have been observed in the other members of
the NMP kinase family, e.g., human UMP/CMP kinase
(Segura-Pena et al. 2004), yeast GMP kinase (Stehle and
Schulz 1990; Blaszczyk et al. 2001), adenylate kinases
(Vonrhein et al. 1995), and E. coli CMP kinase (Briozzo
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et al. 1998). However, the current report is the first descrip-
tion of substrate-induced conformational changes in TMK
upon TMP binding in a class I or II TMK, as prior to this

no unliganded structures had been solved. In MtTMK,
which is distinctive to class I or II, only a small induced-
fitmechanismat the level of thea-phosphate group and the

Figure 3. TMP-induced conformational change of SaTMK. (A) Stereo view of the alignment of Ca traces of unliganded SaTMK

(gray); TMP site partially closed SaTMK (yellow) and TMP site closed SaTMK (red). The N and C termini are indicated by green

and bymagenta spheres, respectively. The helices a2 and a3 are labeled inmagenta. Hinge points of the LID regions (labeled in blue)

as identified with TAD analysis are drawn as black spheres and labeled in red. Flexible loops with torsion angle differences identified

by TAD analysis are labeled in italics. (B) TAD plot of comparison of torsion angles between unliganded and TMP site closed

SaTMK. The significant TAD peaks are labeled in black and correspond to the loops in A. The LID region is labeled in blue. The

hinge points of the LID region are labeled as H1 andH2 in red. (C) Close-up stereo view of TMP-binding site. Residues are drawn in

gray for unliganded SaTMK, in yellow for the SaTMK with partially closed TMP site, and in red for TMP site closed SaTMK.
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ribose moiety upon TMP-binding has been reported (Fior-
avanti et al. 2003). This small difference can be explained,
as the (E/F)P loop of MtTMK is already in position to
form the base of the TMP-binding cavity. In this case, the
TMP-binding site is already pre-tuned to accommodate the
substrate, and therefore no major domain movement is
required to close the binding site. However, as the base of
the TMP-binding site is in a more open conformation than
that of MtTMK and other bacterial TMKs (Fig. 2C),
movement of helix a2 is required to bring Arg 48 into
position to close the TMP-binding site. The TMP-induced
conformational change observed in SaTMK therefore
appears to be related to the position of the (E/F)P loop.

Conclusion

SaTMKs with differing conformational states were ob-
served from crystal structure determination of his-tagged
anduntaggedSaTMKtogetherwiththepresenceorabsence
of TMP.Differences inmolecular packing between crystals
of tagged and untagged forms of SaTMK appear to con-
tribute to the observed range of conformational states. The
crystal contacts at the TMP-binding site of untagged
SaTMK crystal forms are more extensive than those of the
his-tagged form, resulting in a hindrance of domain move-
ment upon TMPbinding. Analysis of the structures reveals
sequential conformational changes from an open TMP-
binding site to a closed state.

Significant differences in the conformation of the TMP-
binding site in SaTMK compared to known bacterial and
human TMK structures were identified that mainly relate
to the positioning of the (E/F)P loop. Such differences are
surprising considering the level of sequence identity par-
ticularly between SaTMK and EcTMK (,32%), typical
class II TMKs, and the conserved role of substrate binding
central to the biological function of these enzymes. The
structural results appear unambiguous as the TMP site
conformation was observed in both crystal forms of
untagged and his-tagged SaTMK. It is clear that predic-
tion of the TMP-binding site of SaTMK from homology
modeling would be difficult, thus re-emphasising the need
for caution in using such approaches.

The availability of crystal structures of TMP binding
to SaTMK should stimulate the design of inhibitors that
may have potential as novel antibacterial drugs using
structure-based approaches. Two options to target the
TMP-binding site of the enzyme are possible. First, to
direct the design of inhibitors to regions of the TMP site
conserved between the various bacterial TMKs but with
structural differences to that of human TMK in order to
obtain broad spectrum antibacterial agents. A second,
more intriguing, option is to target the region with a
conformational difference in the TMP-binding site of
SaTMK with the aim of developing narrow-spectrum

inhibitors against MRSA. One possibility would be to
design inhibitors containing hydrogen-bonding groups
targeting Arg 48 at the base of the TMP-binding cavity
of SaTMK, an interaction not formed by other TMKs
containing proline in this position of the active site. Such
inhibitors would have the advantage of minimizing
the transfer of drug resistance between different bacte-
rial species as well as having the potential to minimize
binding to the host (human) enzyme, hence minimizing
toxicity.

Materials and methods

Cloning, protein expression, and purification

The gene for SaTMK was amplified by PCR from S. aureus
(strain SH1000) genomic DNA using primers incorporating
NdeI/BamHI restriction sites, and the product was ligated into
the expression plasmid pET15b (Novagen). The resulting plas-
mid, pMUT68 coding for N-terminal his-tagged SaTMK, was
transformed into the E. coli expression strain Codon+. For
untagged SaTMK, the PCR product was ligated into the expres-
sion plasmid pET3a (Novagen) via the NdeI and BamHI sites.
The resulting plasmid, pMUT111, was transformed into the
expression strain BL21(DE3). For both constructs, cells were
grown at 37�C in LB with ampicillin selection and induced with
IPTG for 5 h. Typically, 25 g of pelleted cells was sonicated in 500
mL of 50 mM K phosphate (pH 7.2), 1 mM DTT, and 1 mM
benzamidine, and the lysate was clarified by centrifugation.
His-tagged SaTMK was purified using two column chroma-

tography steps: (1) Zn2+-charged chelating Sepharose column
eluted with a 0.0–0.3 M imidazole gradient in 50 mM K phos-
phate (pH 7.2) and 1 mMDTT, and (2) hydroxyapatite column
eluted with a 50–400 mM gradient of K phosphate (pH 7.2)
and 1 mM DTT. At each step in the purification procedure,
fractions were analyzed by SDS-PAGE and appropriate frac-
tions were pooled, giving a final yield of ,500 mg of SaTMK.
Untagged SaTMK was purified in a six-step protocol as fol-

lows: (1) DEAE Sephacel chromatography eluted with a 0.0–1.0
M NaCl gradient in 50 mM K phosphate (pH 7.2) and 1 mM
DTT; (2) ammonium sulfate fractionation (35%–55% saturation);
(3) phenyl-Sepharose eluted with a 1.0–0.0 M ammonium sulfate
gradient in 50 mM K phosphate (pH 7.2) and 1 mM DTT; (4)
hydroxyapatite chromatography in which the protein eluted fol-
lowing washes of 50 mMK phosphate (pH 7.2) and 1 mMDTT;
(5) Mono Q FPLC eluted with a 0.0–1.0 M NaCl gradient in 50
mM K phosphate (pH 7.2) and 1 mM DTT; and (6) Sephacryl
S300 gel-filtration chromatography run in 150mMNaCl, 50mM
K phosphate (pH 7.2), and 1 mM DTT. At each step in the
purification procedure, fractions were analyzed by SDS-PAGE,
and appropriate fractions were pooled. The final yield was ,70
mg of purified untagged SaTMK. For both untagged and his-
tagged SaTMK, protein was concentrated and buffer exchanged
into 20 mM Tris-HCl (pH 7.4), 150 mM KCl using Vivaspin
centrifugal concentrators (Vivascience) prior to crystallization.

Crystallization

For his-tagged SaTMK, an initial crystallization screen was
performed using protein at 22 mg/mL complexed with 5 mM
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TMP, 5 mM ATPgS. Drops (100 nL) of protein solution were
mixed with 100 nL of screening solution in a sitting drop vapor
diffusion plate using a Cartesian robot (Walter et al. 2005).
Crystals were obtained at 291 K from Hampton Grid Screen
PEG/LiCl condition D4 (1 M LiCl, 0.1M HEPES at pH 7.0,
30% PEG 6000). Optimization of the condition gave crystals
from 1 M LiCl, 0.1 M Na Cacodylate (pH 6.2–6.8), and 16%–
22% PEG 6000; the best crystals were obtained by micro-seed-
ing. Screening conditions for the crystallization of untagged
SaTMK yielded crystals from 1 M LiCl, 0.1M HEPES (pH
6.8–7.2), and 16%–20% PEG 3350. For TMP bound untagged
SaTMK structure, crystals were soaked in mother liquor con-
taining 25 mM TMP, 25 mM AMPPcP, and 25 mM MgCl2 for
1 h prior to data collection.

Data collection and structure determination

Thehis-taggedanduntaggedSaTMKcrystalswere flash-cooled to
100 K after the addition of 10% MPD and 10% ethylene glycol to
the mother liquor. For the his-tagged SaTMK crystals, data were
collected on beamline ID 14.1 at the ESRF (Grenoble, France),
while data for the untagged crystals were collected in-house using
Cu Ka radiation from a Rigaku MicroMax 007 generator
equipped with a MAR345 image plate. Data were processed with
the HKL suite of programs (Otwinowski and Minor 1997). Crys-
tals all belonged to space groupP21 butwith twodistinct sets of cell
dimensions dependent on the presence or absence of the his-tag.
Data collection and processing statistics are shown in Table 1.
Molecular replacement used a combination of EcTMK (PDB
accession no. 4TMK) (Lavie et al. 1998b) andMtTMK structures
(PDB accession no. 1GSI) (Li de la Sierra et al. 2001). The two
TMKdimers were superimposed with the program SHP (Stuart et
al. 1979), and structure factorswere calculated fromtheoverlapped
models, which were used to solve the his-tagged SaTMK structure
bymolecular replacementwithCNS(Brünger et al. 1998).O (Jones
et al. 1991) was used for model building with EcTMK as the
starting model. The untagged SaTMK structures were solved by
molecular replacement with coordinates of the refined his-tagged
SaTMK model using CNS (Brünger et al. 1998). The structures
were refined in CNS using simulated annealing, positional, andB-
factor refinement to give the final statistics shown inTable 1.Owas
used for model rebuilding (Jones et al. 1991).

Structure and sequence alignments

For comparison of the SaTMK structure with MtTMK,
EcTMK, and human TMK (PDB accession no. 1E2F), SHP
was used to overlap pairs of protein structures (Stuart et al.
1979). Different TMK amino acid sequences were retrieved via
the ExPASy proteomics serverWeb site (http://www.expasy.org)
and aligned with ClustalW.

Model analysis and identification
of conformational changes

The SaTMK models were evaluated using PROCHECK (Las-
kowski et al. 1993). Different SaTMK structures were com-
pared by overlapping coordinates sets using SHP (Stuart et al.
1979). Residues of SaTMK <3.9 Å away from TMP were
determined by using the program CONTACT (Collaborative
Computational Project, Number 4 1994). Ca torsion angles for
each residue i, defined as the dihedral angle Ca(i – 1) –Ca(i) –

Ca(i+1) –Ca(i+2), were examined for each SaTMK struc-
ture according to methods described by Flocco and Mowbray
(1995). Torsion angle differences (TAD) between the structures
were plotted using EXCEL with the Y-axis as
TADh i=2 ·SDð Þ2, which allows significant TAD peaks to be

observed above noise (Nichols et al. 2004). The locations of
the hinges were found using the TCL script HINGEFIND
(Wriggers and Schulten 1997) (partition value=1.1 and max-
imum domains=10), run, and visualized with the graphics
package VMD (Humphrey et al. 1996).

Preparation of figures

The figures were prepared using BOBSCRIPT (Kraulis 1991;
Esnouf 1999) and rendered with RASTER3D (Merritt and
Bacon 1997).

Coordinates

The coordinates and structure factors have been deposited
in the Protein Data Bank (accession nos. 2CCK, 2CCJ, and
2CCG, for the unliganded untagged, TMP bound untagged,
and TMP bound his-tagged SaTMKs, respectively).
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