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ABSTRACT. Nucleoside analogue prodrugs are dependent on efficient intracellular stepwise phosphorylation
to their triphosphate form to become therapeutically active. In many cases it is this activation pathway
that largely determines the efficacy of the drug. To gain further understanding of the determinants for
efficient conversion by the enzyme thymidylate kinase (TMPK) of clinically important thymidine
monophosphate analogues to the corresponding diphosphates, we solved the crystal structures of the enzyme,
with either ADP or the ATP analogue AppNHp at the phosphoryl donor site, in complex with TMP,
AZTMP (previous work), NHTMP, d4TMP, ddTMP, and FLTMP (this work) at the phosphoryl acceptor

site. In conjunction with steady-state kinetic data, our structures shed light on the effesubis8tutions

in the nucleoside monophosphate (NMP) sugar moiety on the catalytic rate. We observe a direct correlation
between the rate of phosphorylation of an NMP and its ability to induce a closing of the enzyme’s
phosphate-binding loop (P-loop). Our results show the drastic effects that slight modifications of the
substrates exert on the enzyme’s conformation and, hence, activity and suggest the type of substitutions
that are compatible with efficient phosphorylation by TMPK.

Derivatives of natural nucleosides are widely used for 2',3-didehydro-2,3-dideoxythymidine (d4T; Stavudine), and
antiviral chemotherapy (for a recent review seeljefThese 3'-fluoro-3-deoxythymidine (FLT; Alovudine) is identical
nucleoside analogues are prodrugs that have to be metaboto the salvage pathway for thymidine triphosphate synthesis.
lized to their active triphosphorylated form after entering The first step, the phosphorylation of the respective nucleo-
cells. As triphosphates they exert their antiviral effect by side to the corresponding nucleoside monophosphate (NMP),
targeting viral polymerases in two different ways: by is catalyzed by thymidine kinase (TK), the second phospho-
competitively inhibiting the incorporation of natural nucle- rylation step to the diphosphate (NDP) is catalyzed by
otides into a growing viral DNA strand or by incorporating thymidylate kinase (TMPK), and the last step, the phospho-
into a growing DNA strand and acting as chain terminators rylation to the active triphosphate (NTP), can be ac-
at the 3 end since most of these compounds are modified at complished by the base-unspecific nucleoside diphosphate
the 3-position of the ribose moiety2J. However, for kinase (NDPK). The efficiency of activation of the different
therapeutic efficacy, such nucleoside analogues must firstagents varies and is dependent upon the nature of the drug.
be substrates for the kinases that catalyze their activation toFor d4T, the first activation step has been shown to be rate
the triphosphate form before they become substrates of theirlimiting (3). As a means to bypass the TK-dependent
target polymerases. The activation pathway for the thymidine activation, masked nucleoside monophosphates (pronucle-
analogues '3azido-3-deoxythymidine (AZT! Zidovudine), otides) have been developed that after cell entry undergo
s db < trom the National Inetitutos of Health [ROL spontaneous hydrolysis to release nucleoside monophos-
u ) — :

s peed by grants from ihe Natonal instiutes o Healt [R01. phates 4-6). This strategy seerns to be useful for a broad
and the Max Planck Society (C.M. and M.K.). spectrum (_)f nucleo_tlde_ analogues, potentially ma_kmg the
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diphosphate metabolites to the active triphosphates, is usuallyprodrugs are modified at the ribose moiety, a detailed
not problematic since the NDPK is not base specific. In understanding of the function of thé-8ubstituent for the
addition, NDPK is a very fast kinase so that even bad catalytic function of TMPK is required for the development
substrates are relatively efficiently phosphorylated. In con- of novel drugs that are better metabolized to the active
trast, the second phosphorylation step, catalyzed by TMPK, species. The steric hindrance caused by the azido group of
is crucial for the activation of a series of prodrugs, and it AZTMP is absent in the isosteric TMP analoguésfino-

has been shown that this step is rate limiting in the activation 3'-deoxythymidine monophosphate (MFMP) and 3-fluoro-
pathway of AZT and FLT 7—9). In the case of AZT, this  3'-deoxythymidine monophosphate (FLTMP) or in those that
bottleneck in the activation pathway results in an accumula- completely lack a 3substituent such as,2-didehydro-23'-

tion of the partially activated and toxiclQ—12) AZT dideoxythymidine monophosphate (d4TMP) and dideox-
monophosphate (AZTMP) metabolite in millimolar concen- ythymidine monophosphate (ddTMP). Therefore, we deter-
trations and in very low concentrations of the active mined the phosphorylation rate of these medicinally important
triphosphorylated AZT (AZTTP)X3, 14). To compound the  nucleotide analogues (NHMP, d4TMP, ddTMP, and
problem caused by the inefficient activation of AZT, this FLTMP) by the human TMPK. In addition, we crystallized
prodrug in its unphosphorylated and partially phosphorylated the ternary complexes of human TMPK with these antiviral
forms can undergo a side reaction to yieldagino-3- metabolites at the phosphoryl acceptor binding site with
deoxythymidine 15). The triphosphorylated form,-&mino- either ADP or the ATP analogue adenosjfg-imido-5-
3'-deoxythymidine triphosphate, has been shown to be atriphosphate (AppNHp) at the phosphoryl donor binding site
substrate for the human DNA polymeraseande and thus (NH,TMP was crystallized only in complex with AppNHp).
presents a possible cause for some of the toxic side effectsThese structures serve to explain the different kinetic
seen during AZT therapylg, 17). Due to the importantrole  properties of the respective substrates and, most importantly,
of TMPK in the activation of a number of prodrugs, we have provide a rationale for the design of new analogues that can
initiated a structural examination of this enzyme, with the be efficiently phosphorylated by human TMPK.

aim of understanding the determinants for efficient phos-

phorylation. EXPERIMENTAL PROCEDURES

The physiological role of TMPK, a homodimeric enzyme,

is to phosphorylate TMP to TDP using ATRg as its as described23). Nucleotides of the highest purity grade

preferred phosphoryl donor. Like other nucleoside mono- k i
phosphate kinases (NMPKs), TMPK binds both substrates o' purchased_ from_ Pharma Waldhof_(Germa_ny) or Boe
hringer Mannheim. Since the commercially available ATP

simultaneously. When both substrates are bound, the enzyme ) L
o . : . analogue AppNHp contains significant amounts of ADP and
is in a closed conformationl®). Interestingly, in contrast

i e . . o
to other NMPKs, TMPK makes further conformational ADP-NH, (~10%), this nucleotide was further purified on

changes within the closed conformation that are dependenta reversed-phase C18 column. Subsequent HPLC analysis

upon the nature of the bound substrate8)(The structure showed>999% of the triphosphorylated form.
of TMPK in complex with TMP and ADP revealed an open ~ d4TMP was prepared from cycloSal-d4TMP pronucle-
P-loop conformation, whereas in the complex of TMP and °tides 6, 24) by chemical hydrolysis in water containing
AppNHp the P-loop adopts a partially closed conformation. 2% trlethylar_nm_e at 40_C_over_n|ght. Purification was done;
The complex of TMPK with TDP and ADP revealed an after neutrallzatlor_l _(aC|_d|c acid) and ethyl acetate extraction
additional P-loop conformation that we called the fully closed followed by lyophilization of the aqueous phase by chro-
state. Note that all of the above P-loop conformations are Matography on RP-18 columns. This procedure gave pure
within the “globally closed” enzyme conformation. The 94TMP as judged by NMR in 73% yield. FLTMP was
different states observed for the P-loop correlate with the SYnthesized from d4TMP. .
phosphorylation activity, with “P-loop open” being the NH,TMP and ddTMP were purchased as the triphosphate
inactive state 18). from USB and Boehringer Mannhejm, respegtively. Forma—
To understand the reasons behind the poor phosphorylatiorfion of the monophosphate, achieved by incubating the
rate of AZTMP by TMPK, we solved analogous structures triphosphate with 5 units of phosphodiesterase fed3 h
to those mentioned above but where AZTMP is present &t room temperature, was monitored by HPLC. To separate
instead of TMP. The conclusions from these studies were the products from the phosphodiesterase, a centrifugal filter
that the AZT azido group prevents TMPK from adopting (Vivaspin) with a 5 kDa cutoff was used.
the partially closed or closed conformatioris8(20—22). Steady-state kinetic assays were performed at@5n
This is due to steric hindrance between the@&do group 50 mM Tris-HCI, pH 7.5, 100 mM KCI, and 5 mM Mggl
of AZTMP and the P-loop’s Asp15 that would ensue if the using a colorimetric NADH-dependent spectroscopic assay
P-loop undergoes the conformational change from the P-loop(25) with 100-250 nM TMPK. To determinéa: and Ky
open to the “P-loop partially closed” conformation, assuming values for ATP, TMP, AZTMP, d4TMP, and FLTMP, rates
that the side chain of Asp15 adopts a similar position as seenwere measured by sets of six substrate concentrations ranging
in the presence of TMP. Thus, in the presence of AZTMP, from 2 to about 200uM. Due to limiting amounts of
the P-loop remains in the inactive P-loop open conformation, nucleotide available for N)TMP and ddTMP, theirKy
and this results in the diminished rate of AZTMP phospho- values could not be determined, and their rates were
rylation by TMPK. measured at only one, apparently saturating, concentration
Since the possible sites for modifying nucleosides while of 200 and 25Q:M, respectively.
maintaining biological function are limited, and since many  All of the human TMPK structures reported herein contain
of the most selective and potent antiviral nucleoside-basedthe R200A mutation engineered to abolish the interaction

Purification and crystallization of human TMPK were done
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Table 1: Data Collection and Refinement Statistics

ddT™MP ddTMP d4TMP d4TDP FLTMP FLTMP NH,TMP
ADP AppNHp ADP AppNHp ADP AppNHp AppNHp
data collection statistiés
X-ray source ESRF ID2 rot. anode DESY X11 DESY X11 DESY X11 DESY X11 rot. anode
wavelength (A) 0.9887 Cui 0.9076 0.9076 0.9076 0.9076 CuwK
unit cell (A)
a=bh 100.535 101.426 101.000 101.100 101.510 101.260 101.301
[ 49.963 49.322 49.840 49.800 50.01 49.780 49.513
resolution (A) 1.55 1.9 1.55 15 1.7 1.6 1.75
observed reflections 119378 127182 165795 182998 137414 169968 142253
unique reflections 35723 20663 37349 41213 28602 34069 25995
completeness (%), 94.7/96.4 99.1/99.8 98.4/96.8 98.4/99.8 97.5/99.3 98.1/98.9 97.1/97.2
overall/last shell
Reyn? (%0), 7.3/36.4 4.9/30.5 4.2/32.2 5.0/31.1 8.0/28.3 5.0/26.4 4.5/35.2
overall/last shell
refinement statistics
resolution range (A) 70.71.6 71.7+1.9 35.71.55 35.5-1.5 32.+1.7 35.8-1.6 71.6-1.75
reflections withF > 0o
working 29245 18558 33602 37062 25759 30665 23213
test 3235 2103 3748 4146 2842 3400 2615
Reryst/Riree? (%) 21.1/26.5 17.8/24.1 18.5/22.5 19.2/21.5 18.3/22.8 17.5/22.0 18.6/24.3
no. of protein atonfs 1642 1708 1771 1611 1651 1642 1645
no. of nucleotide atonds 47 51 47 51 48 100 52
no. of water atoms 305 281 317 297 323 353 282
no. of magnesium ionhs 2 2 2 2 2 2 2
rms deviations
bond length (A) 0.014 0.013 0.010 0.009 0.013 0.010 0.012
bond angles (deg) 1.7 1.9 15 1.6 1.4 15 1.8
averageB (A?)
main chain 24.94 23.97 14.61 16.17 20.25 16.09 22.80
side chain 28.48 28.33 19.71 19.55 23.42 18.71 26.66
water molecules 41.81 39.77 32.96 33.34 36.05 33.90 39.07
nucleotides 24.45 24.84 15.16 16.58 18.74 14.00 21.93
magnesium ions 25.69 26.37 15.38 16.78 19.65 14.86 22.51

a All data were collected at 100 K using a MAR345 Image Plate detector. In all cases the space dpdgfadswith one molecule in the
asymmetric unit® Rym= Y |lo — OOV I € Reryst = ¥ |Fo — Fel/Y Fo. ¢ Riee = Rarysy Calculated for 10% randomly selected reflections not included
in the refinement® Number includes residues modeled in double conformations and residues modeled as alanine if no electron density for the side
chain is observed; for details, see PDB heatlénly one of the metal ions is bound to ADP/ATP.

of this surface arginine with the active site of a neighboring differences we observe in the conformation of active site

molecule in the crystal. This mutation does not affect the residues (e.g., P-loop open, partially closed, and fully closed)
structure or the kinetics of the enzynid). Cocrystallization  can be directly attributed to the nature of the nucleotide at
of TMPK with the different nucleotides involved adding to the donor site (either ADP or AppNHp) and to the different

the purified protein the phosphoryl acceptor to a final substituents at the ribose of the acceptor nucleotide. Data
concentration of 2 mM (NETMP, FLTMP, d4TMP, ddT-  collection and refinement statistics for these seven structures
MP) in combination with 2 mM ADP or 20 mM AppNHp.  are presented in Table 1. In four of these seven structures
Using the hanging-drop method, crystals grew in a few days \ye interpret the electron density to represent a mixture of
at rsopm temperature to a typical size of 380800 x 100 two different states that differ in P-loop conformation and/

um® in space groufP4;2,2. Diffraction data collected at . nhogphate conformation of the nucleotide acceptor. We

cryogenic temperatures were processed with XDS andh ; ; ;
- ; -~ , ave observed this phenomenon of multiple states during
XSCALE. (26). To ellmln_ate model bla§, rigid body refine our previous work on TMPK. This fact, the high resolution
ment using a model without nucleotides and waters was . .
. . . . - of our data sets, and the internal correlation between the
subjected to a simulated annealing step as implemented in

X-PLOR (27). Inspection of the resulting electron density occupancies of the dif_ferent states within each structure allow
and manual rebuilding was accomplished using the graphicsus to make such an interpretation with confidence.
program O 28). Subsequent refinement was done using In the following sections the enzyme and nucleotide
REFMAC (29), and water molecules were added automati- conformations in the different complexes are presented.
cally using ARP 29). Models and structure factors are While we focus on the different P-loop conformations (open,
deposited in the Protein Data Bank (accession numberspartially closed, and closed), we note that these conforma-
INMX, INMY, INMZ, INNO, INN1, INN3, and INN5).  tions are accompanied by concomitant conformational changes
in the LID region (residues 133157) and the adenine-

RESULTS binding loop (residues 180184). In addition, as seen in

All previous structures and those we report here of the previously solved structures of TMPK, the phosphate group
human TMPK are characterized by both nucleotide-binding of the acceptor nucleotide (i.e., TMP and its analogues),
sites being occupied (donor and acceptor sites) and anlocated between Arg45 and Arg97, can be observed in three
enzyme in the globally closed conformatiob8( 19). The different positions (Figure 1).
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Ficure 1: The NMP phosphate can occupy three different positions in human TMPK. Stereoview of the overlay of nine TMPK complex
structures [the seven reported here plus the complexes of TMP with ADP or AppMNBpshowing the nucleoside acceptor phosphate

group sandwiched between Arg45 and Arg97. The three arrows point to the three different positions we observe for the acceptor nucleotide
phosphate group: one, close to Arg97, enabling a bidentate interaction involeingdNNH2 with two of the phosphate’s oxygens [this
conformation was first observed in the TMRDP complex (i.e., in the absence ofyaphosphate of the phosphoryl donof]9}; two,

rotated away from Arg97 to allow only an interaction with Arg45, a conformation seen in the presence of TMP and AppNHp; three, a
position that occurs midway between the two arginines, maintaining an interaction with each but having the third phosphate oxygen free.
This was observed in the transition state mimic structure that included TMP, ADP, and aluminum fluoride. The distance between the
phosphate positions is 1.6, 1.1, and 1.9 A for the d4TMP, ddTMP, and FLTMP structures, respectively. The different NMP phosphate
position correlates with the propensity of each TMP analogue to induce P-loop closure. It is in turn the resulting P-loop conformation that

to a large extent determines the phosphorylation efficiency of the NMP. All structural figures were generated using B8isenmat (
raster3D 82).

Table 2: Apparent Kinetic Constants for TMPK-Catalyzed
Phosphorylation
Argd7
Ku for NMP Kw for ATP
nucleotide Keat (S71) (uM) (M) Lys19
TMP 0.70 5 5
AZTMP 0.01 12 69 A ®
NH,TMP 0.14 N> ND el
d4TMP 0.09 12 33 P f
FLTMP 0.03 8 27 '
ddTMP 0.03 ND ND

aND, not determined.

TMPK in Complex with NETMP. Steady-state kinetic

analysis revealed that TMPK phosphorylates,NMP 14- NHZTME Aspls g @ AppNEP
fold faster than AZT-MP (Table 2). To understand the

reasons that confer this considerably higher activity, we { Arglé

solved the crystal structure of TMPK in complex with dH

TMP and the ATP analogue AppNHp. Since NIVIP shows }b

higher turnover than AZTMP for TMPK, we anticipated the ) ] ]
P-loop not to be open in the NAIMP—AppNHp complex. Ficure 2: AppNHp—TMPK interaction. Shown is the NHIMP

. L - . : + AppNHp complex. The phosphates of AppNHp are positioned
This prediction was correct with a slight caveat since the ,,9h many interactions between the oxygen atoms and the P-loop
P-loop was observed in the fully closed conformation (and main chain amides and the catalytically essential magnesium ion

not the partially closed as expected). Both nucleotides areas described previousiy19). The magnesium ion interacts with
observed with 100% occupancy. In this conformation, the oxygen atoms of both thg-phosphate and the-phosphate of
main chain amide of Arg16 of the P-loop makes-aB.0 A AppNHp and thereby contributes to charge distribution during the
- . . . phosphoryl transfer reaction. The side chain of the highly conserved
(~3.4 A'in the P-loop open conformation) interaction to the P-loop Lys19 interacts with oxygen atoms of fhe(3.0 A) andy-
NH group between thg- and y-phosphates of AppNHp. (2.6 E) phosphates of AppNHp and the carbony! group of Vall4
This interaction is very important for terming this P-loop (2.8 A; not shown for clarity). The same oxygen atom of the
conformation as an active conformation since the negative %'%Tgsgﬂaéﬁntggé 'tgteNr ﬁ%tso f"‘t’gg ﬁ?ehlp'é%?‘g;ﬁg(‘jeA'rS g‘Y ?gdsltlll?)n
charge that arises at this ATP oxygen du_rlng the phosphoryl A)t/thegsame time, Arg97 interacts wgi]th)gn oxygen atorr?of the-NH
transfer reaction has to be stabilized (Figure 2). TMP phosphate via N(2.8 A). Thus, Arg97 stabilizes negative
As a result of the presence ofyaphosphate in the donor  charges from both the phosphoryl donor and acceptor, and it acts
site and the fully closed P-loop conformation, the phosphate as a cla_lmp to bring _both nucleotides close to_each other. Similar
of NH,TMP rotates away from Arg97, maintaining the interactions occur with the other NMP’s examined.
interaction via N to Arg97 but breaking the interaction via
NH2. The phosphate group of NHMP is now at an H-bond  NH,TMP phosphate group is not hydrogen bonded to any

distance to Arg45 (3.3 A). The third oxygen atom of the protein residues and is at a 3.9 A distance to the phosphorus
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atom of they-phosphoryl group of AppNHp. The P-loop also serve to destabilize the open P-loop conformation since
carboxylic acid is in a position to make a bidentate interaction this hydroxyl group in TMP interacts with a water molecule
to the 3-amino group of NHTMP (3.4 A distance of both  that plays a role in the stabilization of the water structure of
oxygen atoms). In addition, atom OD1 of Asp15 is 2.3 A the open conformation. Together, these factors seem to be
apart from NH2 of Arg97 (Figure 3a). sufficient to make the P-loop open and the P-loop partially
TMPK in Complex with d4TMPd4T is an anti-AIDS closed conformations energetically similar, resulting in our
prodrug licensed for clinical use. It lacks &<ibstituent, observation of the P-loop in both conformations with 50%
and in contrast to AZT and FLT the partially activated occupancy.
monophosphate metabolite of d4T does not accumulate in  The ternary complex of human TMPK with d4TMP and
cells treated with this prodrug. A steady-state kinetic analysis AppNHp shows the P-loop in a single, partially closed
of the phosphorylation rate of d4TMP in comparison to conformation and with 100% occupancy for both nucleotides
FLTMP by human TMPK shows that d4TMP is a 3-fold (Figure 3c). The triphosphate analogue is at the same position
faster substrate than FLTMP (Table 2). Remarkably, 3 to that seen in the analogous complex with TMP. The
substitutions appear to affect primarily the raitg ) but not y-phosphate of AppNHp repels the phosphate group of
the apparent affinitylu). The structures of human TMPK  d4TMP toward Arg45 so that the interaction between the
in complex with d4TMP at the monophosphate-binding site d4TMP phosphate group and NH2 of Arg97 is broken.
and ADP or AppNHp at the phosphoryl donor binding site  An important difference between the d4TMP complex
give an explanation for these kinetic data. The ternary structure with AppNHp to that with ADP is that the d4TMP
structure with ADP-Mg at the phosphoryl donor site shows phosphate group, in the presence of ADP, is in a position
the P-loop in two conformations, both modeled with 50% midway between Arg97 and Arg45, while with AppNHp it
occupancy (Figure 3b). The first conformation is the P-loop completely breaks its interactions with Arg97 and is only
open (and inactive) conformation that we usually observe interacting with Arg45. In the case of the physiological
with any monophosphate at the phosphoryl acceptor bindingsubstrate TMP, the presence of ADP still maintains the
site and ADP at the phosphoryl donor binding site. The bidentate interaction between the phosphate group of TMP
second conformation is the P-loop partially closed conforma- and Arg97. As the phosphate group breaks the interaction
tion with the Aspl5 rotated toward the monophosphate, with the NH2 group of Arg97, it frees this atom to interact
making interactions to both Arg97 and GIn157 (2.9 A to with the carboxylic moiety of Asp15. Since this interaction
NH2 and 3.1 A to NE2, respectively). Observing the P-loop (Asp15-Arg97) cannot take place in the open P-loop
in the partially closed conformation in the presence of ADP, conformation, relative stabilization of the closed P-loop
albeit in 50% occupancy, is unique for the substrate d4TMP. conformation over the open state results. This propensity of
For all other ternary complexes of TMPK with TMP, d4T to induce closure of the P-loop is interpreted as a main
AZTMP, FLTMP, or ddTMP at the acceptor binding site reason for the rather good phosphorylation kinetics observed
and ADP at the donor site, we observe the P-loop 100% in with this TMP analogue.
the open conformation. Modeling and estimation of relative ~ TMPK in Complex with ddTMPTo further explore the
occupancy of the different P-loop (and nucleotide) confor- hypothesis that the positioning of the phosphate group, due
mations are made possible by our high-resolution data. Theto the restraint of the sugar pucker in d4TMP, contributes
methodology we used to determine the occupancy of atomsto the P-loop closure and is not a result of the lack of a
in multiple conformations is shown in Figure 4, with the 3'-hydroxyl group, we determined the structures of TMPK
d4TMP—ADP complex as an illustrative example. in complex with ddTMP, both with ADP and with AppNHp.
The thymine moiety of d4TMP, just as in all other TMP  Steady-state kinetics reveals a low rate of ddTMP phospho-
analogues tested, is bound at the same position with a nearlyylation by the human TMPK, similar to that observed with
perfect overlay of the thymine part among the different FLTMP and 3-fold slower than d4TMP (Table 2). The
complexes. However, differences in position of the sugar structure of human TMPK in complex with ddTMP and ADP
and phosphate moieties are observed among these structureshows that the P-loop is in the open and inactive conforma-
In the case of d4TMP, the ribose atoms' 22, C3, and tion. The ribose of ddTMP is in the’-@ndo conformation,
C4 are in plane due to the double bond between atonis C2 and the phosphate group makes two hydrogen bonds to
and C3. This is in contrast to the'a&ndo conformation of ~ Arg97, very similar to the structure with TMP (Figure 3d).
the ribose moiety we observed with all other thymidine In the structure of TMPK in complex with ddTMP and
analogues. As a result of this conformational restraint of the AppNHp, both nucleotides are bound with 100% occupancy
d4TMP ribose, the phosphate group of d4TMP is not in the and are observed in a single conformation. In comparison
regular position observed in complexes with TMP, AZTMP, to the complex with ADP, the presence of AppNHp results
FLTMP, and ddTMP. In the latter, the phosphate group in a displacement of the phosphate group of ddTMP, away
makes two interactions with Arg97 (toeNand NH2) via from Arg97 toward Arg45. However, while in the case of
two of its phosphate oxygens. But in the case of d4TMP, TMP AppNHp causes both bonds between Arg97 and the
the phosphate group shifts away from Arg97, breaking the phosphate group to break, in the presence of ddTMP the
interaction with the NH2 atom, and moves within 3.1 A to phosphate group maintains its interaction to Arg97 via the
Arg45 (Figures 1 and 3b). It maintains a single interaction Ne atom. As an additional difference to the case when TMP
to Arg97 via Ne (2.6 A). The Arg97 NH2 atom that is bound, in the presence of ddTMP, despite having 100%
previously made an interaction with the phosphate group is occupancy of AppNHp the P-loop is observed in two
within H-bond distance (2.9 A) to the P-loop carboxylic acid conformations, open and partially closed, both with 50%
Aspl5, thus stabilizing the partially closed conformation. In occupancy (Figure 3e). In other words, the presence of
addition, the lack of a'shydroxyl group in d4TMP could  AppNHp was not sufficient to totally shift the P-loop
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Ficure 3: Schematic drawing of the interactions between human TMPK and (af MNP + AppNHp, (b) d4TMP+ ADP, (c) d4TMP

+ AppNHp, (d) ddTMP+ ADP, (e) ddTMP+ AppNHp, (f) FLTMP + ADP, and (g) FLTMP+ AppNHp. The three possible positions

for the NMP phosphate are depicted as gray circles. The different P-loop conformations (open, partially closed, and fully closed) are shown
as black arcs, where the conformation(s) observed for the particular complex is (are) in bold; the others shown for reference are depicted
as dashed lines. In complexes with AppNHp that showed the presence of ADP (i.e., a mixture of AppNHp and ADP was observed), the

ADP state is not shown. The open P-loop conformation is that furthest away from the NMP, the closed conformation the closest, and the

partially closed in between.
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Ficure 4: Use of difference maps guided the determination of the different conformations and occupancies of enzyme loops and nucleotides.
For example, in the case presented for the complex of TMPK with d4TMP and ADP, which was solved at 1.55 A resolution, P-loop
residues 1216 and d4TMP are depicted in a ball-and-stick representation. The final refined model is shown overlaid with the sigma A
weighted electron density mapsmg, — DF. [gray, contoured at 1®for (A) and (B) and 0.8 for (C)] and amk, — DF. (yellow,

contoured at 2.&) for differing occupancies of the open and partially closed conformation. In (A), 100% occupancy of the open conformation
was modeled. In thenF, — DF, difference map, the density for the not modeled partially closed conformation is clearly visible. In (B),
100% occupancy of the P-loop partially closed conformation was modeled, resulting in difference density for the open conformation. In
(C), 50% occupancy for both the P-loop open and P-loop partially closed is refined, resulting in no noticeable electron density in the
difference map.

conformation from the open, and inactive, to the partially P-loop closed and active conformation. The poor activation
closed, and active, state. We take this fact to rationalize the of FLTMP (Table 2) by human TMPK cannot be caused by
very low turnover rate with ddTMP in comparison to the steric hindrance since thé-fBuoro atom is even smaller than
rate with the physiological substrate TMP. the hydroxyl group in TMP. What then makes FLTMP a
TMPK in Complex with FLTMPFLTMP, in which the much poorer substrate than TMP?

3'-hydroxyl group of TMP is replaced by a fluoro atom, is A comparison of the structure of human TMPK in complex
the first phosphorylated intermediate of the anti-AIDS with FLTMP and ADP with the previously reported structure
prodrug FLT [development of FLT was suspended after of human TMPK in complex with TMP and ADP shows
phase Il trials due to hemotoxicity3Q)]. The activation that both structures (protein residues as well as the nucle-
pathway of FLT is identical to that described for AZT. For otides) are nearly identical (Figure 3f). In both structures
both drugs, the monophosphate form accumulates in cells.we observe a very similar water structure between the P-loop
For AZT we attribute the reasons for the poor activation to and the respective monophosphate, including the water
the bulkier azido group. For steric reasons, theubstituent molecule 510 being in a hydrogen-bonding distance to the
of AZTMP prevents human TMPK from occupying the 3'-substituent, contributing to the stabilization of the open
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Table 3: Conformations and Occupancy of Observed Structures

P-loop TMP phosphate occupancy
cocrystallized with nucleotides observed conformation interacts with (%)
TMP and ADP TMP and ADP open Arg97 100
TMP and AppNHp TMP and ADP open Arg97 33

TMP and AppNHp partially closed Arg45 67
TMP + ADP + AlF3g TMP + ADP + AlF3 partially closed Arg97-Arg45 100
TMP + ATP2 TDP + ADP fully closed product 100
AZTMP and ADP AZTMP and ADP open Arg97 100
AZTMP and AppNHp AZTMP and ADP open Arg97 33
AZTMP and AppNHp open Arg97-Arg45 67
NH,TMP and AppNH}j NH,TMP and AppNHp fully closed Arg97-Arg45 100
d4TMP and ADP d4TMP and ADP open Arg97-Arg45 50
d4TMP and ADP partially closed Arg45 50
d4TMP and AppNHp d4TMP and AppNHp partially closed Arg45 100
ddTMP and ADP ddTMP and ADP open Arg97 100
ddTMP and AppNHp ddTMP and AppNHp open Arg97-Arg45 50
ddTMP and AppNHp partially closed Arg97-Arg45 50
FLTMP and ADP FLTMP and ADP open Arg97 100
FLTMP and AppNHp FLTMP and ADP open Arg97 50
FLTMP and AppNHp partially closed Arg45 50

aThese complex structures are presented irl8?P This work. ¢ We observe in many of the structures two conformations of both protein and
nucleotide atoms that are interpreted as representing two distinct states. The partial occupancy of AppNHp can be attributed to contaminating
amounts of ADP present despite HPLC purification of the ATP analogue, to the enzyme preparation not being nucleoti@@%eaf TMP and
ADP), or to a breakdown of AppNHp during the time required for crystallization. The high resolution of our data sets allows us to approximate the

relative occupancy with good confiden¢elhe phosphates of the product TDP are largely displaced in comparison to the substrate TMP due to
a conformational change in the position of Arg97.

conformation. The observed slight displacement of LID closed conformation and thus result in the reduced rate of
region residues 144149 can be an artifact caused by poor FLTMP phosphorylation.

electron density for these residues especially in the FLTMP

structure, as indicated by the3-fold higherB-factors in DISCUSSION

comparison to the average values for the complete structures Correlation between kinetic and structural data, presented
for this region. here and in previous work, has established a strong connec-
The electron density of the human TMPK structure in tion between the conformation of the P-loop and the rate of
complex with FLTMP and AppNHp is interpreted to be phosphorylation. The open P-loop conformation is interpreted
composed of a mixture of the bound nucleotides and two to represent an inactive state, whereas the partially closed
P-loop conformations (Figure 3g). By comparing the electron and fully closed conformations are interpreted to represent
density that we observe for thg-phosphoryl group for active states. A good example for the importance of the
AppNHp in comparison to thex- and g-phosphate, we  partially closed P-loop conformation for catalysis comes from
modeled AppNHp with an occupancy of 50% and ADP with our work with the F105Y TMPK mutantl@). This single
an occupancy of 50%. Consistent with this interpretation are substitution, by interfering with the water structure that
two conformations of the phosphate group of FLTMP and stabilizes the open conformation, promotes P-loop closure
two P-loop conformations: one conformation modeled with (i.e., the open state is destabilized by the F105Y mutation).
50% occupancy that corresponds to ADP bound at the Noteworthy, the F105Y mutant is20-fold faster at AZTMP
phosphoryl donor binding site, being identical to that seen phosphorylation than wild-type TMPK, a fact we attributed
in the complex of TMPK with FLTMP and ADP, and the to this mutant's preference for the closed (i.e., active)
second displaced conformation also modeled with 50% conformation.
occupancy that corresponds to AppNHp bound at the donor Considering the substrates, the nature of both nucleotide
site. The conformation of TMPK with FLTMP and AppNHp  donor and acceptor plays a role in determining the P-loop
is identical to that seen of TMPK with the physiological conformation (Table 3). The consequence gfphosphate
substrate TMP and AppNHp. in the nucleotide bound at the donor site was observed upon
Thus, we interpret the lack of any obvious differences comparing structures with AppNHp to those with ADP. For
between structures of TMPK in complex with TMP or with example, in combination with the physiological substrate
FLTMP, with either ADP or AppNHp, to suggest that the TMP at the acceptor side, the presence gfphosphate at
reasons that make FLTMP a poorer substrate than TMPthe donor site causes the P-loop to adopt the partially closed
reside in a step of the reaction coordinate other to that we conformation. The shift in P-loop conformation is a result
have visualized. The most likely one is the P-loop shift from of the displacement of two waters, important for the
the partially closed to the fully closed conformation, a protein stabilization of the open state, by thephosphoryl group of
isomerization step that follows the chemical step but is prior AppNHp. This weakens the stabilization of the open state
to product releasel@). The partial negative charge of the and hence promotes P-loop closure. However, if TMP is
fluorine atom would destabilize the close contact with the replaced by the HIV prodrug AZTMP, the presence of a
side chain of Asp15, as is observed in the fully closed P-loop y-phosphate is not sufficient to promote P-loop closure. The
conformation. It is this destabilization that could slow the presence of the bulky azido group at thep8sition of
transition of the P-loop from the partially closed to the fully AZTMP was given as the cause behind this observation. If
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the 3-position is occupied by an amine group, as inANH  The double bond between atoms'@2d C3 of the d4TMP
TMP, the presence of g-phosphate is not only sufficient ribose forces a planar arrangement of the atom's C2,

to promote P-loop closure (Figure 3a) but in fact results in C3, and C4. As a result, the phosphoryl group cannot
the fully closed P-loop conformation and not the partially occupy the position that makes two hydrogen bonds to
closed one as seen with TMP and AppNHDp. In this case, it Arg97. This leaves the NH2 atom of Arg97 free to interact
seems that the ability of the amine moiety to interact with with the carboxylate group of Asp15 in the P-loop partially
the P-loop Asp15 plays a crucial role in stabilizing the fully closed conformation. Thus, in the case of d4TMP, its
closed P-loop conformation. The close proximity of the side phosphate group is hindered from making the bidentate
chain of Asp15 to the amine group is stabilized by hydrogen interaction with Arg97. This explains why even in the
bond interactions or by ionic interactions if assuming the d4TMP—ADP complex, which should not induce P-loop
protonated state of NFIMP. Since P-loop closure is required  closure, we observe 50% occupancy for the partially closed

for TMPK activity, and NHTMP is even better than TMP
at promoting P-loop closure, why is the rate of NIMP
phosphorylation~3-fold slower than the TMP phosphory-

P-loop conformation, whereas the TMRDP complex is
100% in the open conformation. In the presence of AppNHp,
the complex with d4TMP is very similar to the complex with

lation rate? Here we can only speculate that, by too strongly TMP, with the phosphate group of d4TMP only interacting
stabilizing the closed P-loop conformation, other steps in the with Arg45 (Figure 3c). In contrast, in the case of ddTMP
reaction that might require an open P-loop, such as product(an unrestrained ribose) and AppNHp, the phosphate group
release, are slowed, thus resulting in a slightly reduced of ddTMP remains at the intermediate position between
steady-state rate. If this hypothesis were correct, it would Arg97 and Arg45 (Figure 3e). As a result, despite the
serve as another example to demonstrate the importance opresence of AppNHp, the P-loop is only 50% in the partially
enzyme dynamics for catalysis. closed conformation, and 50% remains in the open state.
While an H-bond donor such as an amine group at the Hence, ddTMP is a poorer substrate than d4TMP due to its
3'-position is favorable for catalysis, a partially negatively inferior ability to promote P-loop closure.
charged fluorine atom, an H-bond acceptor, at that position
is detrimental for activity (Table 2). We attribute the low CONCLUSION

activity _o_f FLTMP phosphorylatlon by TMPK to the The activity of nucleoside analogue prodrugs is to a large
destabilizing interaction between théfburine atom and  gysant determined by the ability of enzymes to convert the
the side chain of Asp15 that would take place in the fully o5 qtive prodrug to the active drug. This conversion, in the
closed P-loop conformatlon: In the presence of TMP, the ;356 of most nucleoside analogues, means the serial phos-
fu_IIy closed P-loop confqrmatlon [as observe_d in the cpmplex phorylation of the prodrug from the'Sinphosphorylated
with TDP and ADP {9)] is a part of the reaction coordinate, 1, ,qjeoside to the'Griphosphorylated form. In this work we
being adopted after the phosphoryl transfer step. To test ourg, |54 the effects of sugar modifications in four thymidine

hypothesis concerning FLTMP, we require an additional analogues: NHTMP, d4TMP, ddTMP, and FLTMP. The
structure in which products are present (i.e., FLT d'phOSphaterelative phosphorylation rates of these analogues and of TMP
and. ADP). . can be correlated with the propensity of the P-loop to form
Since a hydrogen bond donor at thepdsition of the 5 ¢josed conformation in their presence. Factors directly
acceptor nucleotide is beneflc!al for TMPK activity, whereas (q|ated to the nature of the analogue that play a role in P-loop
a hyc!foqe” bond acceptor is detr[menta!, we asked the qnformation, and hence the phosphorylation rate, are (a)
question: W_hat is the e_ffect of_no -Substltuen_t on the e hydrogen bond capability of d-8ubstituent, where a
p_hosphorylatlon rate? This question takes spec_lal relevanceyonor (or positive charge) promotes P-loop closure and an
since the approved HIV drug d4T lacks asBibstituent, as 1y hond acceptor (or negative charge) hinders full P-loop
does ddT, but d4TMP is phosphorylated three times faStercIosure, and (b) the position of the analogues’ phosphate
than ddTMP. The strup'gures with d4TMP and ddTMP reveal group, which can be influenced by the sugar moiety and its
the effect of the position of the phosphate group of the nonensity to interact with Arg97, where the break of
acceptor nucleotide on the P-loop conformation. This phos- jyteraction between Arg97 and the phosphate group promotes
phate can occupy three distinct positions: making two p_j50p closure. The structuractivity relationships presented
hydrogen bonds to Arg97, making only an interaction 10 nerein, together with the previously reported structures of
Arg45, or havmg an intermediate position that .lnteracts human TMPK in complex with the natural substrate TMP
concomitantly with both Arg97 and Arg45 (see Figure 1). 4nq the AZT metabolite AZTMP, have important implication
The conformation in which the phosphate makes tWo fyr the further development of novel and selective antiviral
hydrogen bonds to Arg97 is not conducive for P-loop closure 1y ,¢jeoside analogues that can be more efficiently phospho-

for thg following reasons. One, in that conformation, rylated by human TMPK and thus may finally show a higher
repulsion between the NMP phosphate andytfphosphate therapeutic index.

of ATP will take place. Two, by the phosphate oxygen atom
interacting with the NH2 atom of the arginine side chain, ACKNOWLEDGMENT
this atom is not free to interact with Asp15. Both of these

facts will destabilize the active closed P-loop conformation.  We thank the staff of EMBL, Hamburg, Germany, and of
In other words, closure of the P-loop requires the rotation the ESRF beamline ID12, Grenoble, France, for help in data

of the acceptor nucleotide phosphate group away from Arg97 collection.
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