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ABSTRACT: The structure of thymidylate kinase from
Candida albicans, determined by X-ray crystallography, is
reported to a resolution of 2.45 Å with a final Rfree of 0.223.
Thymidylate kinase from C. albicans possesses a unique 15-
residue loop that is not seen in thymidylate kinases from other
genera. The structure reported here reveals that the
conformation of this loop is constrained by both intra- and
intersubunit hydrogen bonding, and a number of key residues
in this loop are conserved among different Candida species
that are medically important. The substrate specificity of the enzyme was determined using a novel nuclear magnetic resonance-
based assay as well as a traditional coupled assay. The enzyme is active against 3′-azido-3′-deoxythymidine monophosphate and
moderately active with dGMP. The distinct functional and structural differences between the C. albicans enzyme and the human
enzyme suggest that thymidylate kinase is an appropriate target for the development of new antifungal agents.

Thymidylate kinases (TMPKs, EC 2.7.4.9) use ATP to
phosphorylate TMP to TDP in the presence of a divalent

cation, typically Mg2+.1 TMPKs from different species show
significant structural homology despite a low degree of
sequence similarity. For example, although the degree of
sequence similarity between the human and Plasmodium
falciparum TMPK is only 52%, their structures align with a
root-mean-square deviation (RMSD) of 0.96 Å for the main-
chain atoms. All TMPKs appear to be homodimers, and each
monomer consists of a five-stranded β-sheet surrounded by 7−
11 α-helices (Figure 1). The active site of TMPKs can be
divided into two important regions that are required for
catalysis: the ligand-induced degradation (LID) region and the
P-loop. The LID is a flexible region of the protein that closes on
the active site and allows the transfer of the phosphate group
from ATP to TMP. The P-loop is involved in binding and
positioning the α- and β-phosphoryl groups of ATP. This
region of the protein shifts from a relatively open form in the
presence of ADP and TMP to a closed form when the product
analogue Ap5T is bound. In particular, residue Asp 15 within
the P-loop swings into the active site in the closed form and
forms a hydrogen bond with the 3′-OH of TMP.2

Type I TMPKs, which include the TMPKs from human
(hTMPK) and Saccharomyces cerevisiae (yTMPK), possess
conserved Arg and Asp residues in the P-loop that are critical
for catalysis. On the other hand, type II TMPKs, such as that
from Escherichia coli, do not have a conserved basic residue in
the P-loop but instead have one or more basic residues in the
LID region that aid in catalysis (see Figure 2 for representative
sequences for type I TMPKs).
Because TMPK lies at the intersection of the de novo

(mediated by thymidylate synthase) and salvage (mediated by
thymidine kinase) pathways for thymidine synthesis,1 it is an

essential enzyme for the production of thymidine triphosphate.
The expression of TMPKs is regulated by the cell cycle to
provide the high levels of thymidine that are required for DNA
replication.6,7 TMPK is also required for DNA repair processes
in tumor cells, and the inhibition of TMPK levels in
combination with doxorubicin, which induces DNA repair, is
lethal to colon cancer cells.8 In the case of LKB1-based lung
cancers, direct inhibition of thymidylate kinase activity has been
shown to be lethal.9 Consequently, inhibitors of human TMPK
are potential anticancer agents.
Human TMPK is involved in the activation of thymidine

analogue prodrugs such as 3′-azido-3′-deoxythymidine (AZT or
Zidovudine), which is a potent retroviral drug used in the
treatment of HIV infection.10 The active form of AZT is the
triphosphate (AZTTP), which is an alternate substrate to TTP
for HIV reverse transcriptase, leading to chain termination
because of the missing 3′-OH group in AZT. Because TMPK is
responsible for the addition of the second phosphate group to
AZT, it is an essential component of the AZT activation
pathway. The inefficient conversion of AZTMP to AZTDP by
the human enzyme11 is the principal reason for the toxicity of
AZT,12 limiting its current use mainly to perinatal treatment to
protect newborns delivered from HIV-infected mothers
(http://aidsinfo.nih.gov/guidelines). The toxicity of AZT has
been exploited as a suicide enzyme in gene therapy.13 In this
case, human TMPK has been engineered for high catalytic
activity against AZTMP11 and the gene for the catalytically
enhanced enzyme has been inserted into vectors for gene
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therapy. In addition to activation of AZT by the human
enzyme, a number of other antiviral prodrugs are activated by
viral thymidylate kinases.14

The crucial role of thymidine in DNA replication has made
TMPKs attractive drug targets for the development of
antibiotics for the treatment of infectious diseases. Several
inhibitors have been developed against TMPKs from many
pathogenic bacterial and protozoan species, including Myco-
bacterium tuberculosis and P. falciparum.15−19 Selective inhib-
ition of TMPK is possible because of significant sequence
differences between human and pathogen forms of TMPK, as

illustrated by a phylogenetic analysis (Figure 3A). Sequence
differences also translate to differences in biochemical proper-
ties. For example, the enzyme from P. falciparum is capable of
using either TMP or dGMP as a substrate at similar rates,20 and
this enzyme, along with the enzyme from E. coli,21 is also
proficient at phosphorylating AZTMP. In contrast, as discussed
above, the human enzyme is not proficient at using AZTMP as
a substrate22 and does not bind dGMP.23,24

Efforts thus far have been focused on developing TMPK
inhibitors for the treatment of bacterial and protozoal
infections; inhibitors with antifungal properties have not been
actively pursued. The fungal pathogen C. albicans is responsible
for the majority of medically related fungal infections because
of its ability to form biofilms on catheter lines and other
implants.25 Additional Candida species, such as Candida
dubliniensis, cause fungal infections in immunocompromised
individuals,26 and Candida tropicalis is a common fungal
pathogen in tropical areas.27 Candida infections are especially
dangerous in patients with impaired immunity, such as those
suffering from AIDS or undergoing cancer therapy. Fluconazole
is the first line of treatment for localized and systemic C.
albicans infections.28 However, long-term use of fluconazole in
immunocompromised patients results in the emergence of drug
resistant strains, some of which are resistant to wider spectrum
antifungals.29 There is thus a need to identify new drug targets
to combat Candida infections.
An important first step toward the development of TMPK-

based antifungal agents is to determine the differences in the
biochemical and structural properties of TMPK from C.
albicans (CaTMPK) versus the human enzyme. The aligned
amino acid sequences of CaTMPK, yTMPK, and hTMPK are
shown in Figure 2. Although the P-loop (GXXXXGK) at the
N-terminus, the LID region at residue 160, and the dimer
interface (helix α3) are well-conserved, a unique aspect of the
CaTMPK sequence is the presence of 15 additional residues
between helices α4 and α5 (termed the Ca-loop). This
interhelical loop in the human and S. cerevisiae enzymes is much
smaller (6−8 residues long). These additional residues appear
to be unique to Candida species except for Candida glabrata,

Figure 1. Structure of human TMPK and the location of the Ca-loop
in Candida albicans TMPK. The complete structure of a single
monomer of dimeric human TMPK is shown (PDB entry 1E2D2),
along with the additional loop found in the C. albicans enzyme (Ca-
loop), which was determined in this study. The additional loop in the
C. albicans enzyme is colored slate blue, with adjacent regions colored
green. The corresponding loop in the human enzyme is colored
orange. The remainder of the human enzyme is colored dark salmon,
except for the P-loop region (magenta), the LID region (red), and the
ADP binding region (cyan). The location of Asp15 in the P-loop is
indicated (D15). Bound ADP and TMP are rendered as sticks, with
carbons colored cyan. The helices are labeled (numbering as in Figure
2); the arrow indicates the direction of the helix (N → C). Note that
helix 3 is labeled at both its N- and C-terminal ends. Figure generated
using Pymol.3

Figure 2. Alignment of sequences for TMPKs from C. albicans (Ca), S. cerevisiae (Sc), and human (Hu). Sequence alignment obtained using
MUSCLE4 and displayed using ESPript 3.0.5 The additional 15 residues in the loop between α4 and α5 that are unique to the C. albicans enzyme are
highlighted in yellow. This segment is termed the Ca-loop. The secondary structure is based on the C. albicans enzyme structure reported here. The
long third helix in the C. albicans enzyme is usually considered to be broken into two separate helices in the human enzyme. UniProt codes are
C4YCM5, P00572, and P23919 for the C. albicans, S. cerevisiae, and human enzymes, respectively.
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which is distant from other Candida species and more similar to
Kluyveromyces lactis and S. cerevisiae (see Figure 3A). Sequence
alignment of TMPKs from various species closely related to C.
albicans shows that this loop, or a longer variant, is common
and contains a number of conserved residues (Figure 3B,C).
The additional residues that are found in these Candida species
may confer unique structural and functional features that could
be exploited for drug development. Other organisms, such as
Ehrlichia chaf feensis and Sulfolobus tokodaii, have insertions
elsewhere in the enzyme (see Figure S7), and the role of these
insertions is currently unknown.
Because the additional residues in the C. albicans TMPK are

absent in TMPKs of known structure, it is difficult to predict if
this region is structured and could serve as potential drug
binding sites that would be unique to C. albicans. Here we
report the first structure of TMPK from C. albicans and show
that the additional residues do not alter the overall structure of
the enzyme; however, the loop formed by the inserted residues
is well structured by several intra- and intersubunit interactions.
We also introduce a new simple one-step nuclear magnetic

resonance (NMR) assay to measure the addition of a
phosphate group to TMP, dGMP, or AZTMP by kinases.
The assay allows for the near-continuous monitoring of the
reaction and is useful in screening for inhibitors because it does
not suffer some of the complications associated with other
methods, such as interference of the coupling enzymes by
compounds in a library of potential inhibitors.31 The structural
and biochemical differences between human and C. albicans
TMPK reported here suggest that it should be possible to
develop specific TMPK inhibitors against this fungal pathogen,
as well as other pathogenic Candida species.

■ METHODS

Protein Expression and Purification. The thymidylate
kinase encoded by the CDC8 gene of C. albicans has not been
purified or characterized previously. A synthetic gene codon-
optimized for expression in E. coli was obtained from DNA 2.0
and cloned into the pet22b(+) vector using the NdeI and XhoI
sites on the plasmid. The N-terminus of the expressed protein
has the sequence MHHHHHHENLYFQGSTSARG, consisting
of a (His)6 tag followed by a TEV protease site (ENLYFQG).
After cleavage with TEV protease, the amino-terminal sequence
is GSTSARG. The sequence of the native protein begins with
MARG. To maintain consistency with the numbering of
residues in the native protein, the residues in our TEV-treated

protein are numbered as G(−2)S(−1)T(0)S(1)A(2)R(3)G(4),
etc. Gly(−2) and Ser(−1) are not observed in the electron
density map. The protein was expressed in C3013 T7 Express
lysY/Iq E. coli cells from New England Biolabs.
The cells were grown in Luria-Bertani (LB) medium

containing 100 mg/mL ampicillin at 30 °C to an A600 of 0.8
and induced with 1 mM isopropyl β-D-thiogalactoside (IPTG)
for 4 h. After being harvested, the cells were stored at −80 °C.
The cell pellets were resuspended in buffer A [50 mM sodium
phosphate, 300 mM sodium chloride, 10 mM imidazole, and 50
μM TMP (pH 7.4)] and lysed by sonication. The lysate was
centrifuged at 20000g for 40 min at 4 °C. An appropriate
amount of HisPur Cobalt Resin (Thermo Scientific) was then
added to the supernatant and mixed on an end-over-end rotator
for 1 h. This supernatant/resin mix was then poured into a
gravity chromatography column to separate the resin from the
flow-through. The resin was then washed with 3 column
volumes of buffer A. The protein was then eluted with buffer B
[50 mM sodium phosphate, 300 mM sodium chloride, and 150
mM imidazole (pH 7.4)] and then dialyzed against the TEV
cleavage buffer [50 mM Tris-HCl, 0.5 mM EDTA, and 1 mM
DTT (pH 8.0)]. TEV protease was then added to the protein
and incubated at 4 °C to allow for overnight digestion. The
reaction mix was then dialyzed against buffer A (without TMP)
to remove DTT and EDTA. The digested sample was then
allowed to flow through a HisPur Cobalt Resin gravity column
and washed with buffer A. The flow through containing the
CaTMPK with the His tag cleaved was collected and dialyzed
against buffer C [50 mM potassium phosphate, 50 mM NaCl, 1
mM EDTA, and 1 mM DTT (pH 8.0)]. The sample was then
loaded on a Q-Sepharose Fast Flow (GE Healthcare) column
equilibrated with buffer C. The protein was eluted using a salt
gradient (buffer C, from 0.05 to 1.5 M NaCl), concentrated,
and passed through a gel filtration column [Sephadex G-75; 20
mM HEPES, 50 mM NaCl, 1 mM EDTA, and 1 mM DTT
(pH 7.5)]. The purified protein was concentrated to 10 mg/mL
and stored at 4 °C. Typically, the yield was 70 mg of protein
from 1 L of bacterial culture.

Crystallization and Data Collection. The complex of
CaTMPK with 1 mM ADP, 1 mM TMP, and 10 mM Mg2+ was
used to set up crystal trials. Initial screens were performed using
precipitants that also acted as cryo-protective agents (see ref
32). Diffraction quality crystals were obtained by mixing 3 μL
of the CaTMPK−ADP−TMP−Mg2+ complex with 3 μL of the
reservoir solution [0.1 M HEPES and 1.1 N sodium citrate (pH

Figure 3. Phylogenetic tree of TMPK sequences and alignment of the loop region in C. albicans with related species. Panel A shows a phylogenetic
tree generated using Phylogeny.fr30 for selected TMPKs. TMPK from C. albicans is distantly related to human TMPK but closely related to those of
other Candida species. Panels B and C show the Ca-loop region of caTMPK (Ca-loop is highlighted in yellow) aligned with TMPKs from species
related to C. albicans. Panel B shows that the length of the loop and key residues I112, S113, and L121 are highly conserved in C. albicans, C.
dubliniensis, C. tropicalis, and Candida orthopsilosis. K118 is also conserved in these four TMPKs, except shifted by a residue in C. tropicalis, becoming
K119. Panel C shows that the Ca-loop is elongated by four residues in Candida parapsilois and Lodderomyces elongisporus, with a lower degree of
sequence conservation.
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7.5)] in a sitting drop tray with 500 μL of the reservoir solution.
Crystals were observed after being incubated for 3 days at 12
°C and harvested after growing for 4 weeks. Sodium citrate
itself is a cryoprotectant, and hence, there was no need for any
additional cryoprotectant.32 Diffraction data were acquired on
frozen crystals (100 K) using a Rigaku FR-E generator with a
Cu rotating anode and a Saturn 944 CCD detector. Although
we could readily form crystals in the presence of ADP with
dGMP or AZTMP, these crystals diffracted poorly and were
not pursued further.
Structure Determination, Model Building, and Refine-

ment. The CCP4 software package33 was used to perform the
different steps involved in arriving at the final structure.
Indexing and integration of the reflections were performed
using iMosflm 7.2.0.34 Scaling and truncation of the data were
performed using Aimless.35 The sequence of CaTMPK is 52%
identical to that of the thymidylate kinase from S. cerevisiae,
which has several known structures deposited in the PDB.
CHAINSAW36 was used to generate an initial search model
based on the sequence alignment with S. cerevisiae TMPK
complexed with the bisubstrate inhibitor Ap5T (PDB entry
3TMK37). This model was used as a search model to perform
molecular replacement using Phaser.38 The top rotation
function score was 27.84 (Z = 6.46), and the top translation
function score was 132.32 (Z = 11.04). The R values after 20
cycles of refinement of the initial molecular replacement
solution with REFMAC539 were 0.199 and 0.263 for Rfactor and
Rfree, respectively. Model building was performed using Coot,40

and structures were refined using REFMAC539 after each
manual adjustment of the model. At the end of model building,
the model was analyzed by PDB-REDO41 for suggestions about
the modification of rotamers, Asn/Gln flips, and removal of
water molecules. One rotamer change was justified by the
density; eight Asn/Gln residues were flipped, and one water
molecule was removed. The final model has an Rfactor of 0.168
and an Rfree of 0.223. The statistics of the data and final model
are given in Table S1.
Activity Assay Using Proton NMR. One-dimensional

proton (1H) NMR was used to monitor the activity of
CaTMPK. The assay depends on the change in the chemical
shift of the H6 proton (TMP and AZTMP) or the H8 proton
(dGMP) of the nucleobases upon the addition of the second
phosphate group. The assay reaction included 1 mM ATP as
the phosphate donor, phosphate acceptor, TMP (1 mM), or
AZTMP (1 mM), or dGMP (5 mM), 10 mM MgCl2, 1 mM
potassium acetate, and 10% D2O. A 1H spectrum of the
reaction mix was acquired before addition of CaTMPK to the
reaction mix. A series of NMR spectra were acquired every 3.3
min for up to 164 min. The area of the proton line
corresponding to the monophosphate forms of the acceptor
molecule was plotted against time to calculate the initial rates of
catalysis for each of the three substrates, assuming an
exponential fit. The catalytic rate constant, kCAT, was obtained
by dividing the rate by the enzyme concentration. Reactions
with TMP as the phosphate acceptor were performed with 0.01
μM enzyme. The lower activity toward AZTMP and dGMP
required the use of a higher enzyme concentration for these
substrates, 0.1 μM for AZTMP and 10 μM for dGMP, to allow
the production of significant amounts of product during the
assay.
Activity Assay Using Coupled Reactions. The NADH

coupled enzyme activity assay31 was used to measure the
activity of CaTMPK with the different phosphate acceptors

(TMP, AZTMP, and dGMP). The reaction mixture consisted
of 50 mM Tris-HCl (pH 7.4), 50 mM KCl, 10 mM MgCl2, 0.5
mM phosphoenolpyruvate, 0.15 mM NADH, 5 units/mL
pyruvate kinase, and 5 units/mL lactate dehydrogenase. The
reaction was initiated by adding the enzyme, and the reaction
rate was measured by monitoring the decrease in the NADH
concentration at 340 nm. The KM values for TMP, AZTMP,
and dGMP were obtained by varying the concentration of these
substrates using 1 mM ATP. This concentration of ATP is
commonly used when characterizing the activity of TMPKs
toward different substrates (see refs 22 and 42). The KM for
ATP was obtained under saturating TMP conditions (200 μM
≈ 33KM). The KM values for different substrates were obtained
by direct fitting to the Michaels−Menten velocity equation: v =
[ETOT]kCAT[S]/(KM

APP + [S]). The kCAT values reported here
have not been corrected for effects of nonsaturating levels of
ATP; these kCAT values should be increased by 1 + KM

ATP/
[ATP], or in this case by a factor of 1.26, to give the equivalent
kCAT at a saturating level of ATP.

Binding of dGMP to CaTMPK As Determined by NMR
Chemical Shift Perturbation. Perdeuterated, ILV-methyl-
labeled samples of CaTMPK were prepared by growth in D2O
minimal medium43 with ketovalerate and ketobutyrate methyl
1H- and 13C-labeled precursors (Cambridge Isotopes),
essentially as described by Goto and Kay44 with modifications
described in ref 45. 1H−13C HMQC spectra were acquired at
600 MHz (1H) on a 200 μM sample of CaTMPK, in the
presence of 1 mM ADP and 10 mM Mg2+ and increasing
concentrations of dGMP from 0 to 4 mM. The chemical shift
changes in the methyl resonances that were induced by dGMP
were fit to the standard single-site binding equation: Y =
[dGMP]/(KD + [dGMP]).

Modeling the Binding of AZTMP and dGMP in the
Active Site. The model for AZTMP bound at the CaTMPK
active site in the presence of ADP was generated by replacing
the TMP with AZTMP in the crystal structure. The coordinates
of dGMP bound to the monomer were modeled on the basis of
the dGMP coordinates in the P. falciparum TMPK−dGMP
complex22 (PDB entry 2WWG). The C. albicans dimer
containing dGMP was generated using crystallographic
symmetry and energy-minimized using NAMD.46 Briefly, the
psf file was generated using the top_all27 topology file, and the
parameters were obtained from the par_all27 file. The molecule
was solvated and charge-neutralized using VMD and subjected
to 1000 minimization steps. A similar process was used to
model dGMP bound to the human enzyme, beginning with the
structure of the TMP−ADP complex (PDB entry 1E2D2).

■ RESULTS AND DISCUSSION
Substrate Specificity of CaTMPK. The activity of

CaTMPK toward TMP, AZTMP, and dGMP was measured
using a traditional coupled assay and the new NMR-based assay
described here. The NMR assay was used to initially test the
ability of CaTMPK to catalyze the addition of a second
phosphate group to TMP, AZTMP, and dGMP. The results
show that the enzyme can use all three monophosphates as
substrates (see Figure 4). To obtain accurate values for kCAT
from the NMR-based assay, it was necessary to add sufficient
enzyme to sustain a rate of reaction similar to that shown in
Figure 4 for TMP. Consequently, an approximately 10-fold
higher enzyme concentration was used for data acquired with
AZTMP, and a 1000-fold higher value was used when dGMP
was the substrate. The maximum reaction rates that were
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obtained with the NMR-based assay were significantly higher
for TMP and AZTMP than for the coupled assay (see Table 1),
while the rates were essentially the same for both assays when
dGMP was the phosphate acceptor. This suggests that TMP
and AZTMP may slightly interfere with the enzymes that
couple ADP production to NADH reduction. Although the
NMR-based assay was used here to measure kCAT for different
substrates, it could be adapted to library screening in which a
mixture of 20−50 compounds are screened in a single sample.
Resonance lines from the compounds that overlap with the
TMP H6 resonance can be easily removed by difference
spectroscopy.
Although the NMR-based assay provides a convenient

method for obtaining kCAT, it is not ideal for KM determinations
because of the necessity to acquire velocity data with different
substrate concentrations. Consequently, the KM values were
obtained with the coupled assay (see Table 1). The KM for
ATP, in the presence of a saturating level of (200 μM) TMP,
was 260 ± 20 μM, as determined from the coupled assay. This
is similar to the values for TMPK from S. cerevisiae, which was
found to be 190 μM with TMP as the substrate and 300 μM
with AZTMP as the substrate,10 but higher than the reported

value for vaccinia TMPK of 130 μM,42 or human TMPK, which
range from 5 to 69 μM, depending on the substrate.47 The KM
values for TMP, AZTMP, and dGMP for CaTMPK are listed in
Table 1, along with kinetic data from other eukaryotic and viral
thymidylate kinases.
CaTMPK is very effective at using TMP as a substrate,

showing a kCAT that is surpassed only by the enzyme from S.
cerevisiae and a small KM, similar to that found for the human
enzyme. Although the CaTMPK enzyme is 3-fold less effective
toward AZTMP than the enzyme from P. falciparum (0.5 s−1 vs
1.8 s−1), CaTMPK is 30-fold more effective at phosphorylating
AZTMP than the human enzyme, showing an only 20-fold
decrease in rate with respect to TMP, in contrast to the 70-fold
difference associated with the human enzyme.11

CaTMPK shows demonstrable activity toward dGMP, based
on both the direct NMR assay and the coupled assay. The KM
for dGMP was considerably higher than the values found for
PfTMPK. Consequently, we independently verified the high KM
for dGMP by measuring binding to the ADP−Mg2+ complex
using NMR chemical shift perturbations and obtained a value of
2.7 mM for KD under these conditions (see Figure S1). The
low activity of the CaTMPK toward dGMP is in contrast with
that of the enzyme from P. falciparum that can utilize dGMP
almost as effectively as TMP. Consequently, it is unlikely that
CaTMPK plays a significant role in converting dGMP to dGDP
in vivo.

Structure of CaTMPK. The structure of CaTMPK in
complex with ADP and TMP was determined by molecular
replacement to a resolution of 2.45 Å. The data and refinement
statistics are listed in Table S1. The quality of the data and final
phases was sufficiently high to identify the location of the single
cysteine based on anomalous scattering from the sulfur (see
Figure S2). There is one residue (Tyr93) in the unfavorable
region of the Ramachandran plot and one residue, Arg92, in an
allowed region that does not contain a favored region (see
Figure S3). The electron density covering these two residues
clearly shows the orientation of the CO groups on both
residues, suggesting that the unfavorable ϕ and ψ values have
been modeled correctly. The distortion of the backbone
conformation for these two residues appears to be due to
hydrogen bonds between Arg92 and Gly97 and between Tyr93
and Ile9 (see Figure S3).
The overall structure of the C. albicans enzyme contains a

five-stranded β-sheet at the core surrounded by α-helices. The
dimer interface mainly consists of a part of helix α3
(DQAAHLLFSANRW) with the hydrophobic side chains of
W, L, and A oriented toward the interface. The enzyme is
structurally homologous to TMPKs from other organisms, with

Figure 4. Activity of CaTMPK determined by 1H NMR spectroscopy.
The indicated substrate, dGMP at 5 mM, AZTMP at 1 mM, or TMP
at 1 mM, was mixed with ATP (1 mM), Mg2+ (10 mM), and
CaTMPK, and proton NMR spectra were recorded every 3.3 min. The
spectra show the resonance from H8 on dGMP or H6 on AZTMP or
TMP. These protons show a change in chemical shift upon the
addition of a phosphate. The black trace corresponds to t = 3.3 and the
cyan trace to the data point at t = 164 min (dGMP) or t = 33 min
(AZTMP and TMP). The inset shows a plot of the normalized
substrate intensity vs time for TMP (◆) with the best fit to an
exponential function [I(t) = e−kt] shown as the red line.

Table 1. Summary of Enzyme Kinetic Parameters for Thymidylate Kinasesa

TMP AZTMP dGMP

enzyme kCAT (s−1) KM (μM) kCAT (s−1) KM (μM) kCAT
TMP/kCAT

AZTMP kCAT (s−1) KM

hTMPK 0.7 5 0.01 12 70 NRb NRb

yTMPK 35 9 0.175 6 200 NRb NRb

PfTMPK 4.9 10.7 1.80 9.1 2.7 4.7 12.6 μM
VaccTMPK 2.2 20 0.11 85 20 0.58 240 μM
CaTMPK (NADH coupled assay) 6.9 ± 0.1 6.2 ± 1.4 0.3 ± 0.03 4.5 ± 1.6 22 0.008 ± 0.0005 1.07 ± 0.1 mM
CaTMPK (NMR assay) 8.7 ± 0.3 NDc 0.5 ± 0.03 NDc 17.4 0.006 ± 0.0008 NDc

aValues for TMPK from human (hTMPK) are from ref 47, S. cerevisiae (yTMP) from ref 10, P. falciparum (PfTMKP) from ref 22, and vaccinia virus
(VaccTMPK) from ref 42. The standard errors for the values reported for CaTMPK were based on triplicate measurements. bNot reported. cNot
determined.
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RMSD values that vary from 0.6 Å for S. cerevisiae to 3.88 Å for
TMPK from Brukholderia thailandensis (Table S2), mirroring
the level of sequence similarity (see Figures S6 and S7).
The P-loop of the C. albicans enzyme, like the human, yeast,

and Plasmodium TMPKs, possesses the catalytically crucial Arg
and Asp residues. Figure 5 compares the active site of the
CaTMPK (ADP and TMP complex) with the hTMPK bound
to either ADP/TMP or the bisubstrate analogue Ap5T. In the
human enzyme, the active site of the TMP/ADP-bound
complex is only partially closed and achieves a closed and
fully active configuration only upon binding of Ap5T. The
positioning of the P-loop and the orientation of the catalytically
important Asp15 residue in the P-loop, as well as the helix
adjacent to the LID region (α6), are different between the two
complexes of hTMPK. Both the P-loop and helix α6 of the
CaTMPK ADP/TMP complex are shifted with respect to the
hTMPK−ADP/TMP structure and more closely resemble the
closed active site configuration of the hTMPK−Ap5T complex.
In contrast to the P-loop and LID region, most of the other

secondary structural elements in human TMPK are not
significantly altered by the presence of different ligands in the
active site. These elements include helices α5 and α8 and
strand β5 just before helix α8 (Figure 6). These secondary
structures are shifted in the CaTMPK structure relative to that
of hTMPK; the largest differences in Cα positions are 2.08 Å
(α5), 3.02 Å (β5), and 4.64 Å (α8). The difference in the
position of helix α5 in CaTMPK is likely due to the increased
length of the segment leading to α5; this segment contains the
additional 15 residues not found in the human enzyme. Strand
β5 and helix α8 are below the ATP binding site, and their shift
is due to numerous sequence differences in this region of the
protein.
Sequence alignment of the CaTMPK against the human

enzyme shows the presence of 15 extra residues in the loop
between helices α4 and α5 (Ca-loop). In the CaTMPK
enzyme, this loop is above the active site and contacts the LID
region, while in the human enzyme, it is too distant from the
LID region to form any contacts (see Figure 1). Although the
tip of this loop has relatively high B factors [∼70 Å2 (Figure
S4)], it is well-structured. The structuring of the Ca-loop
appears to be due to a network of inter- and intrasubunit
hydrogen bonding interactions (Figure 7) and not lattice

packing effects (see Figure S5). The Nε atom on the side chain
of Lys118 forms hydrogen bonds with the side chain of Ser113
(2.82 Å, N−O) and the carbonyl oxygen of Phe107 (2.84 Å,
N−O) and weaker interactions with the main-chain CO
groups from Lys104 (3.5 Å) and Gly115 (3.8 Å) (not shown in
Figure 7). In addition to the partial negative charges that are
contributed by residues 104, 107, 113, and 115, there is also a
formal negative charge from Asp60; its Oδ2 atom is 4.88 Å
from the Nε atom of Lys118. The negative electrostatic
potential at the position of the Nε atom of Lys118 stabilizes the
insertion of the lysine side chain into this pocket and provides
stability for the entire Ca-loop. The interaction with Lys118
appears to be completely conserved in TMPK from C. albicans,
C. dubliniensis, and C. orthopsilosis.
There are three residues in the Ca-loop that are conserved

among all Candida species that contain the same loop size (see
Figure 3B), Ile112, Ser113, and Leu121. Ile112 and Leu121
stabilize the Ca-loop by forming a small hydrophobic core. As
described above, Ser113 forms hydrogen bonding interactions
with Lys118 in the C. albicans enzyme and likely does the same
in the enzymes from C. dubliniensis and C. orthopsilosis. In C.

Figure 5. Comparison of the active site region in CaTMPK and hTMPK. This crossed-stereo diagram shows the active site of CaTMPK (ADP/
TMP, green) and hTMPK with either ADP/TMP (PDB entry 1E2D,2 dark salmon) or Ap5T (PDB entry 1E2Q,2 brown). In the human enzyme, the
active site in the ADP/TMP complex is partially closed. Complete closure is seen when Ap5T is bound, as indicated by a shift of helix α6 above ADP
and the movement of Asp15 to become adjacent to the 3′-OH of TMP (gray arrows). The C. albicans ADP/TMP complex is more similar to the
human Ap5T structure, in the position of both the helix and the Asp15 residue, indicating almost complete closure in the presence of ADP and TMP.
A difference between the human and C. albicans TMPK is the replacement of Phe105 on the human enzyme with Tyr100 in the C. albicans enzyme.
The Tyr100 side chain occupies the same position as Phe105 and is in the same position as the Phe105Tyr substitution in the human enzyme that
confers enhanced reactivity to AZTMP.

Figure 6. Differences between conserved structural elements in
CaTMPK and hTMPK. The location of helix α5 (left) and strand β5
and helix α8 (right) are unaffected by changes in the bound ligand in
hTMPK structures; the structures of these elements in TMP/ADP
(PDB entry 1E2D, dark salmon) or Ap5T (PDB entry 1E2Q, brown)
are superimposable. These structural elements in CaTMPK (green)
are displaced from their positions found in hTMPK. The bound ADP
is rendered as sticks and colored CPK with the carbon atoms colored
yellow. The Ca-loop indicates the 15 additional residues not found in
the human TMPK sequence and is colored slate blue.
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tropicalis, a lysine at the next position of the chain may form the
same interactions. In addition to these intrasubunit hydrogen
bonding and electrostatic interactions, Gln119 on the Ca-loop
also participates in hydrogen bonding interactions with Gln79
of the other subunit. This interaction appears to be conserved
in C. dubliniensis and could also occur in C. tropicalis with a
displacement of Gln120 to the position occupied by Gln119 in
the other enzymes. In conclusion, the Ca-loop appears to be
stabilized by a combination of hydrophobic, hydrogen bonding,
and electrostatic interactions that are conserved in a number of
Candida species.
Although the Ca-loop is not directly involved in binding of

substrates, it interacts with the LID region of the enzyme (see
Figure 8). Ile112 has close contacts with Arg160, Leu163, and
Phe166. In addition, Thr111 in the Ca-loop hydrogen bonds
with Arg160, which is conserved in TMPKs (see Figure 2).
This suggests that the structure of the Ca-loop is positioned
such that it could affect the mechanism of the enzyme because
of the presumptive movement of the LID during the catalytic
cycle.
Catalytic Activity toward AZTMP and dGMP. CaTMPK

is highly active against AZTMP and also shows activity toward
dGMP (see Table 1 and Figure 4). Consequently, both of these
substrates must be able to bind in the active site. The crystal
structure of the TMP bound to CaTMPK shows a water
molecule (Figure 9A) that participates in a hydrogen bonding
interaction with the 3′-OH of the TMP. The bulky azido group
on AZTMP can easily be accommodated in place of TMP by
the displacement of the water by the 3′-azido group (Figure
9B), allowing AZTMP to bind with an affinity similar to that of
TMP. The high catalytic activity toward AZTMP by CaTMPK
and PfTMPK, relative to hTMPK, may be due to the
substitution of Phe108 in the human enzyme with Tyr100 in

CaTMPK or Tyr107 in PfTMPK. This Tyr residue can form
two main-chain hydrogen bonds with the P-loop that contains a
critical Asp residue, enhancing the stability of the closed form
of the enzyme (see Figure 5). This hypothesis is supported by
the fact that changing the equivalent Phe to Tyr in the human
enzyme greatly enhances the catalytic efficiency toward
AZTMP, presumably facilitating the closure of the P-loop
when AZTMP is the substrate.11,48

Although dGMP is substantially larger than TMP, it is
possible to accommodate the bulker purine ring in the TMP

Figure 7. Overlay of CaTMPK with hTMPK and electron density of the Ca-loop. Panels A (side view) and B (top view) show the CaTMPK dimer
with the Ca-loop colored slate blue and highlighted in blue, the LID colored red, and the P-loop colored cyan for the right monomer. The left
monomer is colored dark green, except for the Gln residue (position 79) that is responsible for stabilizing the Ca-loop by intersubunit interactions,
which is colored yellow. Bound nucleotides (ADP and TMP) are shown with their carbons colored yellow. One monomer of the human enzyme is
shown aligned with the right monomer of CaTMPK, colored dark salmon. The region of the human enzyme that corresponds to the Ca-loop is
colored orange. Panel C shows the electron density from the 2Fo − Fc map for the Ca-loop after final refinement. The hydrogen bonding interactions
that stabilize the structure of the Ca-loop are illustrated with magenta dotted lines. Residues 108−122 (colored slate blue) from one subunit are
ordered with clearly interpretable electron density for the main chain and most of the side-chain atoms (contoured at 1.2σ). Stabilization occurs due
to hydrogen bonding between Gln119 on one subunit and Gln79 on the other subunit, with distances of 2.94 and 3.27 Å. Hydrogen bonding within
the Ca-loop and between the side chain of Lys118 and the side chain of Ser113 (2.87 Å) and the main chain of Phe107 (2.81 Å) also stabilize the Ca-
loop.

Figure 8. Interactions of the Ca-loop with the LID region. Thr111 and
Ile112 in the Ca-loop (slate blue) interact with the LID region (red).
The CO group of Thr111 forms a hydrogen bond with Arg160
(2.76 Å), and Ile112 forms hydrophobic and/or van der Waals
interactions with Arg160, Leu163, and Phe166.
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site by rotation around the N-glycosidic linkage. The NAMD-
generated models of dGMP bound at the active site of hTMPK
and CaTMPK are shown in panels A and B of Figure 10,
respectively. The structure of the dGMP−PfTMPK complex, as
determined by X-ray diffraction (PDB entry 2WWG), is shown
in Figure 10C.22 Four residues in the active site of PfTMPK,
His71, Arg78, Ser108, and Tyr 153, form H-bond interactions
with the bound dGMP. These interactions are strikingly similar
in both hTMKP and the CaTMPK enzymes, where a His
residue (position 69 or 64), an Arg residue (position 76 or 71),
a Thr residue (position 106 or 101), and a Tyr residue
(position 151 or 161) appear to be able to form a similar
network of hydrogen bonds with the bound dGMP substrate.
Although the interactions of the bound dGMP appear to be
similar in each of these TMPKs, their ability to phosphorylate
dGMP is quite different. The human TMPK is reported not to
bind dGMP;23,24 CaTMPK shows a very slow rate of dGMP
phosphorylation, while PfTMPK can readily phosphorylate
dGMP (see Table 1). Replacing the Ser residue at position 108
in PfTMPK with a bulker Thr residue in the human and C.
albicans enzymes may impede subtle rearrangements in the
active site that are required for high-affinity binding of dGMP
and its subsequent catalysis. However, altering Ser108 to Thr in
PfTMPK has a negligible effect on kCAT toward dGMP and
increases the KM for dGMP from 30 ± 7.2 μM to only 38 ± 7.8
μM,49 suggesting that local conformational restrictions due to a
Thr residue at this position (position 106 in hTMPK and
position 101 in CaTMPK) may not be the major determinant
of poor activity toward dGMP. Thermodynamic measure-

ments49 for the binding of TMP and dGMP to PfTMPK
suggest that the P. falciparium enzyme can utilize dGMP as a
substrate because of enhanced flexibility during the catalytic
cycle. Although both TMP and dGMP bind with near equal
affinity to PfTMPK (ΔG° = −6.4 kcal/mol), the binding of
TMP involves a change in enthalpy (−42.0 kcal/mol) much
larger than that of dGMP (−14.1 kcal/mol). Consequently,
dGMP binding leads to a smaller decrease in entropy (TΔS°
values of −7.6 and −35 kcal/mol for TMP), suggesting that the
dGMP−enzyme complex has retained additional conforma-
tional flexibility after dGMP has bound and this flexibility is
required for high activity.
The TMPK from vaccinia virus can also readily phosphor-

ylate dGMP; its kCAT toward dGMP is only 4-fold lower than
the kCAT for TMP. The structure of PfTMPK is sufficiently
similar to that of VaccTMPK (RMSD for alignment of 0.56 Å)
that it is possible to directly compare their active site regions to
develop an understanding of why VaccTMPK is also active
against dGMP. Figure 11 shows a superposition of the dGMP-

Figure 9. Binding of TMP and AZTMP to CaTMPK. Panel A shows
ADP (top left) and TMP (bottom right) bound on the surface of the
enzyme. A water molecule (red sphere) forms a hydrogen bond to the
3′-OH of TMP. Panel B shows AZTMP replacing TMP. The 3′-azido
group in the AZTMP complex displaces the water molecule.

Figure 10. dGMP in the TMP binding site. dGMP bound in the TMP binding site of (A) the human enzyme, (B) the C. albicans enzyme, and (C)
the enzyme from P. falciparum. The structure of the human and C. albicans enzyme was generated by modeling, and the structure of the P. falciparum
enzyme was obtained from PDB entry 2WWG.22

Figure 11. dGMP binding in PfTMPK and VaccTMPK. PfTMPK is
colored green (C), blue (N), and red (O) with the bound dGMP
colored yellow (C), blue (N), and red (O) (image generated from
PDB entry 2WWG).22 The structure of VaccTMPK complexed with
TMP (PDB entry 2V5450) was aligned with 2WWG using Pymol and
is colored salmon (C), blue (N), and red (O). If the residues are
equivalent, the first number refers to the location in PfTMPK and the
second to that in VaccTMPK; e.g., the Tyr residue is at position 153 in
PfTMPK and position 144 in VaccTMPK.
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interacting residues in PfTMPK with spatially equivalent
residues found in VaccTMPK. The interactions between
dGMP and a Tyr and Arg residue in the dGMP binding site
appear to be identical in both enzymes. In contrast, His71 and
Ser108 in PfTMPK are replaced with Asn65 and Ala102 in
VaccTMPK. These substitutions cause the loss of two hydrogen
bonds to dGMP in VaccTMPK, one to the His and one to the
Ser. However, the replacement of Ser108 with Ala appears to
allow the side chain of Asn65 to swing closer to the bound
dGMP, such that the two missing hydrogen bonds in PfTMPK
are replaced by a single hydrogen bond to Asn65 in
VaccTMPK. The change in the number of hydrogen bonds is
consistent with the change in KM, where PfTMPK shows a KM

that is lower than that of VaccTMPK. Unfortunately, there are
no thermodynamic data on the binding of TMP and dGMP to
VaccTMPK to determine whether entropy is also contributing
to its high activity toward dGMP.
In summary, the results presented here show that the TMPK

from C. albicans possesses a number of unique structural and
functional features that distinguish it from its human counter-
part. In terms of substrate specificity, the TMPK from C.
albicans is more proficient at phosphorylating AZTMP than the
human enzyme is. The enhanced activity toward AZTMP may
be due to the presence of Tyr100 in CaTMPK instead of the
Phe residue in the human enzyme. Although CaTMPK is active
toward dGMP, while the human enzyme is not, the activity of
CaTMPK is much lower than those of PfTMPK and
VaccTMPK enzymes. The low activity of CaTMPK and the
lack of activity in the human enzyme may be due to the
presence of a bulkier Thr residue in these kinases, which is
replaced by a smaller Ser residue in the enzyme from P.
falciparum. Differences in the intrinsic dynamics of these
enzymes may also affect their ability to utilize dGMP as a
substrate.
A significant structural difference between the CaTMPK and

thymidylate kinases from unrelated species is the length of the
loop connecting helices α5 and α6. This 15-residue “Ca-loop”
is highly structured because of several conserved inter- and
intrasubunit interactions, and a number of these interactions
appear to be conserved among different Candida species.
Although the Ca-loop is not directly involved in the binding of
substrates, it interacts with the LID region through a conserved
Ile residue (I112), as well as main-chain hydrogen bonds,
indicating that the structure of the Ca-loop is positioned such
that it could affect the catalytic mechanism of the enzyme.
CaTMPK is a potential drug target for antifungal drug

discovery for a number of reasons. First, it shows several
structural differences compared to its human counterpart.
These include the Ca-loop, as well as significant shifts in the
location of helices and strands. These structural differences
could form potential binding sites for allosteric inhibitors.
Second, the fact the CaTMPK can utilize dGMP as a substrate
suggests that competitive inhibitors that resemble purine
nucleosides may preferentially bind to CaTMPK versus the
human enzyme.
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