@ © 1997 Nature Publishing Group http://www.nature.com/nsmb

correspondence

Structure of thymidylate kinase reveals the cause
behind the limiting step in AZT activation

Structural comparison of thymidylate kinase complexed with either dTMP or with AZTMP suggests that the
low phosphorylation rate of AZTMP is due to an induced P-loop movement.

Thymidylate kinase (TmpK) is an essential
enzyme for cell replication. TmpK (E.C.
2.74.9; ATP:.dTMP phosphotransferase)
phosphorylates  thymidine mono-phos-
phate (dTMP) to the corresponding
diphosphate (dTDP) in the presence of
ATP and magnesium. dTDP is then further
activated by the non-base-specific nucleo-
side diphosphate kinase to thymidine
triphosphate (dTTP), which is the substrate
for DNA polymerases. The HIV prodrug
3'-azido-3'-deoxythymidine (AZT) is con-
verted by cellular enzymes of the salvage
pathway to its active form, azidothymidine
triphosphate (AZTTP), in an analogous
fashion to thymidine activation. The most
important antiviral effect of AZT is a conse-
quence of efficient AZTMP incorporation
into a growing DNA chain by HIV reverse
transcriptase (RT) but to a much lesser
extent by human DNA polymerases, result-
ing in viral DNA chain termination in HIV
infected cells2. A prerequisite for AZT to
be a potent drug is that all phosphorylation
steps to the triphosphate are catalyzed effi-
ciently by the cellular enzymes, TmpK
being one of them. However, azidothymi-
dine monophosphate (AZTMP), the sub-
strate of TmpK, accumulates in millimolar
concentrations>* in cells treated with AZT,
implicating TmpK to be the rate limiting
kinase in AZT activation®S.

To understand the reasons behind the
poor activation of AZTMP by TmpK, and
with the aim of finding solutions to this
bottleneck, we have set out to determine
the previously unknown three dimensional
structure of TmpK. We report the fully
refined structures of the binary complexes
TmpK-dTMP and TmpK-AZTMP, and
deduce a probable structural cause behind
the 200-fold reduction in the AZTMP
phosphorylation rate’.

Overall structure

Thymidylate kinase from Saccharomyces
cerevisige {cdc8 gene) has 216 amino acid
residues and a relative molecular mass of
25,000 (M, 25K). It has 44% amino acid
identity with the human enzyme, suggest-

ing a very similar three dimensional struc-
ture. TmpK is a globular protein built up
from eight o-helices surrounding a five-
stranded parallel B-sheet (Fig. 1), a very
similar topology to that of adenylate
kinase, although there is no apparent
amino acid sequence similarity. The most
striking difference is that adenylate kinase
is a monomer, while TmpK is a dimer (Fig.
la) as is the herpes simplex virus thymi-
dine kinase®?. A detailed structural com-
parison with the herpes simplex virus
thymidine kinase, which has also a
thymidylate kinase activity, is in progress
since the coordinates became available only
recently (accession code 1KIN).

Nucleoside monophosphate (NMP)
kinases undergo a number of conforma-
tional changes depending upon the state of
nucleotide binding'?, from an open unoc-
cupied enzyme, to a partially closed con-
formation induced by NMP or ATP
binding, and finally to a fully closed con-
formation when both substrates are pre-
sent. The structures that we present here
correspond to the partially-closed confor-
mation, with either dTMP or AZTMP
bound. It is only in the fully-closed confor-
mation that a so called ‘LID’ closes over the
phosphate donor, and in keeping with this,
the LID region (residues 135-144) is disor-
dered in our partially closed complexes.

The nucleotide’s base binding site is
located in a groove formed by Asp 93, Arg
94, and Tyr 95. These residues (the latter
two are the only ones occurring in disal-
lowed regions of the Ramachandran plot)
make up a conserved signature sequence in
all thymidylate kinases. The residues form
the connection between B-strand 3 and a-
helix 5 (see Fig. 1b) in what seems to be a
unique fold; the helix continues in the
same direction as the preceding strand,
with the DRY sequence forming a kink of
nearly 90°. Asp 93 is involved in ligating the
essential magnesium ion (preliminary data
from the TPsA-complex structure; TPsA is
a bisubstrate analog of ATP and dTMP).
The Ne of Arg 94 coordinates the phos-
phate of dTMP; the importance of the fol-
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lowing tyrosine, which is on the other side
of the kink, is unclear.

Substrate specificity

The basis of the specificity of TmpK for
dTMP is obvious upon examination of the
interactions between substrate and enzyme
(Fig. 2b,c). The cavity in which the base
binds is too small to accommodate purine
bases, thus reducing the specificity prob-
lem to the pyrimidines. O4 of the thymi-
dine base makes a hydrogen bond with a
conserved arginine (Arg 73), thus favoring
thymidine or uracil over cytosine. Perhaps
more important in the discrimination
against cytosine bases is the 3.1 A distance
between O4 to the Cot of the conserved Gly
99, which would cause a steric clash with
the amino group of cytosine at the C4
position. Further interactions of the thymi-
dine base are hydrogen bonds between N3
and O2 and water molecules, where the
water interacting with O2 also interacts
with the hydroxyl group of the conserved
Tyr 151. The methyl group at the C5 posi-
tion, however, which differentiates the base
between uridine and thymidine, does not
make any close interactions with the
enzyme. Thus, the discrimination against
UMP does not appear to be achieved at the
level of the base, but rather at the sugar by
the conserved Tyr 102, which is situated 3.7
A from Q2 of the ribose ring; a 2'-hydroxyl
group, present in UMP, would be located
too close. This implies that CMP, dCMP,
and UMP should not be accepted as sub-
strates, in contrast to dUMP. We con-
firmed this prediction by activity
measurements (data not shown).

The 3'-hydroxyl of the ribose makes a
bidentate 3 A interaction with the carboxy
group of Asp 14. The interaction of the
P-loop Asp 14 is almost unique to thymidy-
late kinases as most P-loop containing
kinases do not make any direct P-loop
sugar interactions with the monophos-
phate substrate. In most nucleotide
binding proteins with the P-loop motif
(GX 1 X5X3X4GKS/T), the two amino acids
at positions X, and X3 are either glycine or
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proline!! , however, in TmpK they are Asp
14 and Arg 15. While Asp 14 is observed to
interact with the 3’-hydroxy! group of the
deoxyribose, no clear electron density is
visible for the side chain of the succeed-
ing arginine in either the dTMP or
AZTMP-enzyme complex structures.

dTMP and AZTMP binding

Where one could have surmised a move-
ment of the nucleotide as a result of the
substitution of the 3'-hydroxyl of dTMP by
the 1.5 A longer azido group (-N3) of
AZTMBP, no displacement is observed. The
location of dTMP and AZTMP is almost
identical, with a nearly perfect overlay of all
common atoms. This crystallographic
result is in agreement with our kinetic data
which show a very similar Ky value for
dTMP and AZTMP7, The
enzyme—AZTMP interactions are identical
to those made with dTMP, including those
with the 3' substituent. The close proximity
of the azido group and the side chain of Asp
14 is surprising, since the carboxy group is
expected to be deprotonated, so that this
would form an unfavourable interaction
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Fig. 1 a, Stereo view Ca trace of a TmpK homodimer with every 20th residue numbered
and depicted as a small solid sphere. The ends of the disordered LID regions are depicted
as large spheres. The interface of the dimer, which consists of three antiparallel pairs of
helices, is very hydrophobic with four tryptophans and numerous leucine and isoleucine
residues, half being donated from each monomer. It is thus inconceivable that TmpK can
exist as a monomer in solution. The two active sites per dimer seem to be independent of
each other; no cooperativity was detected by our kinetic assay (communication between
the two active sites would be structurally plausible as Phe 69, which makes a base stack-
ing interaction with the base of the nucleotide, is located in the central dimer interface
helix (helix 3)). b, Ribbon diagram of a TmpK monomer. The five central parallel §-
strands are depicted as green arrows, and the eight o-helices are shown in red. A ball-
and-stick model of the bound nucleotide is also shown; the P-loop is highlighted in cyan,
the LID region (traceable only in monomer 1) as a blue and yellow coil. ¢, Topology dia-
gram. Helices are drawn as tubes, strands as arrows. The analogous plot for adenylate
kinase would be identical except for helices 2,3 and 6, which are additional in TmpK, and

form the dimer interface. This figure was repared with MOLSCRIPT28,

with the third nitrogen of the azido group,
which can be drawn as bearing a formal
negative charge. However, this constellation
could result in a significant change in the
pK, of the carboxy group, due to destabi-
lization of the deprotonated form of the
side chain, so that the interaction may be a
hydrogen bonding one between the proto-
nated form of the aspartate group and the
azido group. The identical TmpK-AZTMP
interactions are made possible by a rigid
body movement of the entire P-loop by
about 0.5 A away from the azido group
(Fig. 2¢). Even though the movement of the
P-loop is only slightly larger than our coor-
dinate error (0.3 A), it can be regarded as a
genuine movement, since it encompasses
numerous atoms. While this observation
must be evaluated with care since it could
be a result of the different data collection
temperatures used, it is clear that such a
movement is necessary for proper position-
ing of Asp 14 (situated at the tip of the P-
loop), which would otherwise be too close
(2.3 A) to the azido group.

The movement of Asp 14 results in the
concomitant move of its neighboring

residues, most importantly Arg 15. Prelimi-
nary results from our TPsA complex reveal
that Arg 15 plays an important part in ATP
binding (main chain) and presumably
catalysis as the side chain folds back to
interact with the y-phosphate group of ATP
(data not shown), the phosphoryl group to
be transferred. The assignment of a catalyt-
ic role for Arg 15 is corroborated by the
structural comparison of TmpK to adeny-
late kinase (PDB code 2aky), in which Arg
132, shown by mutational studies to have a
catalytic role!®13, occupies a similar posi-
tion in the three dimensional structure.

We attribute the 200-fold reduced
phosphorylation rate of AZTMP in com-
parison to dTMP to this P-loop move-
ment. As it is the P-loop which binds the
phosphoryl donor, its position determines
the relative orientation of the donor
(ATP) and acceptor (dTMP or AZTMP),
and the relative position of Arg 15. The
0.5 A shift of the P-loop does not affect
binding, as reflected in the unchanged Ky
values, but rather increases the activation
energy for the phosphoryl transfer step,
thus lowering the rate.
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Table 1 Data collection, phasing, and refinement statistics

Temperature (K)
Resolution (A)
Observed reflections
Unique reflections
Completeness (%, overall/last shell)
Rsym' (%, overall/last shell)
Space group
Unit-cell

a=(A)

b=(A)

c=(A)

B=()

molecules / asymmetric unit

Heavy atom:s sites
R(ulli52
Phasing power3

Rfactord/Rfree (%)
Resolution range (A)
Reflections with F>0c (working/test)
Number of protein/water/nucleotide atoms
R.m.s. deviations

bond lengths (A)

bond angles (A)

dihedral angles (°)

improper angles(°)
Average B-factor (A2)

main chain

side chain

waters

nucleotides

TMP1 TMP2  TMP UOAc; AZTMP
Data collection statistics
100 277 277 277
21 25 3.2 2.4
51803 45824 15654 43762
25398 14063 6633 17930
88.5/70.1 80.6/48.5 81.1/75.2 93.3/89.4
6.5/28.1 5.011.9 6.1/9.6 8.3/26.8
P24 P24 P24 P24
36.5 375 374 374
141.2 144.2 144.2 144.2
48.8 49.8 49.7 49.7
109.4 110.7 110.9 110.9
2 2 2 2
Phasing statistics
2
0.72
1.2
Refinement statistics
18.0/27.2 18.2/25.3
10-2.1 10.0-2.4
22386/1134 16820/850
3301/282/41 3306/166/46
0.01 0.008
1.52 1.84
231 219
1.68 1.28
22 26
24 28
31 33
17 19

1 R,ym =3I /j - </j>| / 2</,~>
2Reutiis = Zl Fpn x Fpl - Fyl / ZlFpy - Fol

3 Phasing power = Fy / Erms Fp, Fpu, and Fy are the protein, derivative, and heavy atom structure
factors respectively, and Epms is the residual lack of closure.
4 Riactor = Z(IFops! - IFcaicl) / ZIFopsl (5% randomly omitted reflections were used for Riree)

Implications for drug development

There is suggestive evidence that the poor
activation of AZT to AZTTP renders this
chain terminator only partially successful in
the treatment of HIV infected individuals’.
Moreover, the low phosphorylation rate of
AZT by TmpK does not only result in insuf-
ficient concentrations of the active AZTTP,
but also in the accumulation of the toxic
AZTMP* 16 To correct this situation,
there are two choices. One is to modify
AZT so that it becomes a better substrate
for TmpK (while keeping all the positive
properties of AZT), or to modify TmpK so
that it phosphorylates AZTMP more effec-
tively. The first approach translates into
finding a new chain terminating nucleoside
with better properties than AZT. A promis-
ing direction would be the incorporation of
non-ribose based nucleosides, such as those
found in the highly successful drugs acy-
clovir or ganciclovir aimed against the her-

pes simplex virus (HSV). The 3'-azido ana-
log of ganciclovir, but with the thymine
base, may still maintain the antiviral affect
of AZT, and with its added flexibility may
bind without shifting the position of the P-
loop. A second general approach is the
introduction of a modified TmpK, or a viral
kinase such as the HSV thymidine kinase,
into infected cells, a strategy that is becom-
ing more realistic with progress in the field
of gene delivery!”. The modified TmpK
must be able to phosphorylate AZTMP at
such a rate that it would not accumulate in
the cell; this would allow a lower dose of
AZT to achieve an increased antiviral effect
with diminished cellular toxicity. Our
TmpK structures form the basis for a struc-
ture based design of such TmpK mutants.
TmpK is no less important as an anti-
cancer target. Numerous successful
chemotherapeutic agents, such as
methotrexate and 5-fluorouracil, target the
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cellular nucleotide pools. Both of the above
drugs target the thymidine de-novo phos-
phorylation pathway; methotrexate inhibits
thymidylate synthase indirectly by inhibit-
ing dihydrofolate reductase, while 5-fluo-
rouracil does so directly by binding to
thymidylate synthase'8, In principle, TmpK
is a better target for inhibition, since it
functions at the junction of the salvage and
de novo pathways of thymidine activation,
the step following thymidylate synthase.
Moreover, since TmpK expression is cell
cycle controlled!?, some measure of speci-
ficity could be expected at this level, dis-
criminating between resting (normal) and
dividing {cancerous) cells. The structures
presented here provide a basis for develop-
ing tightly binding specific inhibitors for
use as chemotherapeutic agents.

Methods

S. cerevisiae thymidylate kinase was expressed
and purified as described’. dTMP-TmpK com-
plex crystals were grown by equilibrating a
1:1 mixture of 10 mg ml-! TmpK, 2 mM dTDP,
with 19% PEG 4000, 25 mM MgAc, and 100
mM HEPES buffer pH 7.5, using the hanging
drop method. Although the drops were set
up with dTDP, no electron density for the B-
phosphate was observed in the refined struc-
ture, consistent with the HPLC analysis of
dissolved crystals that showed the presence of
dTMP. The dTMP complex crystallizes in space
group P2y with a dimer in the asymmetric
unit. Of more than SO heavy atom reagents
screened only uranyl acetate resulted in an
isomorphous derivative. The positions and
occupancies of the two uranyls bound per
asymmetric  unit were refined using
MLPHARE?, and phases were calculated. The
resulting single isomorphous replacement
map clearly showed the molecular boundary
of each monomer. A mask was generated
around one monomer (using MAMA?Y), and
the matrix relating the two monomers was
refined (with RAVE?Y). The refined matrix and
the initial phases calculated by MLPHARE
were optimized with DM22 by solvent flatten-
ing, histogram matching, and most impor-
tantly, non-crystallographic symmetry
averaging. The phases were extended from
32 Ato 28 A, and the resulting averaged
electron density map was used for model
building with O23. Poly-alanine o-helices and
B-strands were fit as rigid bodies into the
electron density. The partially traced poly-ala-
nine model was refined with X-PLOR24 and
used for phase combination with SIGMAA,
This process was reiterated. The substrate
density (see Fig. 2a) was modelled after most
of the protein residues were visible. The data
set labelled TMP2 was used for the structure
determination and initial stages of refine-
ment until the higher resolution data set
TMP1 was collected, with which refinement
was continued (Table 1). All dTMP-TmpK
complex data sets were collected using a
Siemens/HI-STAR multi-wire area detector
mounted on a Mac Science rotating anode
operating at 45 kV, 100 mA, and were
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reduced with XD5? and scaled with XSCALE.
AZTMP complex crystals were grown

using the hanging drop method by equili-
brating equal volumes of a 10 mg ml-!
TmpK solution and 2 mM AZTMP with a
solution of 22% PEG 5000 monomethylether,
200 mM ammonium sulfate, and 100 mM
HEPES buffer pH 7.5. Data were collected
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