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ABSTRACT: Kinetic and crystallographic analyses of wild-typterpes simplewirus type 1 thymidine
kinase (Tkisva) and its Y101F-mutant [TKsva(Y101F)] acting on the potent antiviral drud-@xc
methanocarba-thymidine (MCT) have been performed. The kinetic study reveals a Xfoldrease

for thymidine processed with Y101F as compared to the wild-typgsiKFurthermore, MCT is a substrate

for both wild-type and mutant Tksva. Its binding affinity for TKusv: and TKysvi(Y101F), expressed as

Ki, is 11uM and 51uM, respectively, whereas th§ for human cytosolic thymidine kinase is as high as

1.6 mM, rendering TKsv1 a selectivity filter for antiviral activity. Moreover, Tksvi(Y101F) shows a
decrease in the quotient of the catalytic efficienky/m) of dT over MCT corresponding to an increased
specificity for MCT when compared to the wild-type enzyme. Crystal structures of wild-type and mutant
TKusvi in complex with MCT have been determined to resolutions of 1.7 and 2.4 A, respectively. The
thymine moiety of MCT binds like the base of dT while the conformationally restricted bicyclo[3.1.0]-
hexane, mimicking the sugar moiety, assumesex@envelope conformation that is flatter than the one
observed for the free compound. The hydrogen bond pattern around the sugar-like moiety differs from
that of thymidine, revealing the importance of the rigid conformation of MCT with respect to hydrogen
bonds. These findings make MCT a lead compound in the design of resistance-repellent drugs for antiviral
therapy, and mutant Y101F, in combination with MCT, opens new possibilities for gene therapy.

Herpes simplexirus type 1 (HSV1) is a well-characterized Thymidine kinase (TK, EC 2.7.1.21) is the key enzyme
widespread infectious agent in human populatiohsZ. in the pyrimidine salvage pathway catalyzing the phospho-
HSV1 infections are associated with oral-facial and skin rylation of thymidine (dT) to thymidine monophosphate
lesions. Especially in immunocompromised hosts, HSV1 (dTMP) in the presence of Mg and ATP @). TKusv1
infections can cause severe conditions, namely, blindness anciccepts a broad range of substrates, in contrast to cellular
central nervous system damag@. Ouring the past decade, TK (5—8). The antiviral compounds are selectively activated
potent agents against herpes virus infections have been foundthrough phosphorylation by Ty, to finally act in their
The mode of action of these drugs is based on the differenttriphosphorylated form as DNA polymerase inhibitor as well
substrate preference between viral and human thymidineas DNA chain terminatorss( 6, 9, 10. The broad clinical
kinase. use of aciclovir has led to the emergence of drug-resistance,

mainly linked to TKysy; mutations {1).
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A B Protein EngineeringThe active site mutant Y101F was

0 o constructed using the polymerase chain reaction based on
" the three-primer metho4{, 42. The mutagenic primer
)\ | ;N\ | (Y101F: B-GCG AAC ATC TTCACC ACA CAA C-3)

“em o and the M13 universal primer'(&CT ATG ACC ATG TTA
f(O)d(gv) e ” CG-3) were from Microsynth (Balgach, CH). The DNA
b) (@) o Ja fragment containing the desired mutation was cloned into
Ho—dl, oM Ho—2 “on the expression vector pGEX-2T-TK by digestion with the
FIGURE 1: valent structure of MCT (A) and dT (B). Th restriction enzymeBarrH| andKpnl. This resulted in pGEX-
m?r?]bering f(c:J? I\?Ilthiss;ggctJl#d?ngto tt?e nEJc)Iegsic(iiednorgwe)nclatire 2T-TK(Y101F) encoding for the thrombin-cleavable fusion
used for dT in 23), and the cyclopropane ring of the conforma- protein of glutathiones-transferase with TKsya(Y101F).
tionally restricted bicyclo[3.1.0]hexane is shown using a dashed  Sequence Verificatiol©ompetenE. coli DH5a. cells were
line. transfected with pGEX-2T-TK(Y101F). After DNA isolation

, , from several clones, the entire gene of the mutant was
drugs led to Tksvi-circumventing monophosphate ana- gequenced using the dye terminator method (ABI PRISM
logues @0—22) such as adefovir and cidofovir, which are - 310y tg exclude additional mutations or frameshifts.

active against a broad spectrum of DNA viruses, including  protein Expression and PurificationWild-type TKusvi

Herpes simplexirus (types 1 and 2)20). _ was produced using the expression vector pGEX-6P-2-TK
A novel series of drugs is composed of conformationally coding for a PreScission protease-cleavable glutathne-
rigid compounds that differ as little as possible from the .onsferase fusion protein. Mutant &:(Y101F) and hu-
natural substrate?@—26). Several of them were synthesized .5, cytosolic TK1 were expressed using vector pGEX-2T-
(23, 27-29) and tested for ar_1tivira| activity against 'HSV1, TK(Y101F) and pGEX-6P-2-hTK1, respectively. All three
HSV2, human cytomegalovirus, and EpsteBarr virus. proteins were expressedHh coli strain BL21 as glutathione-
Very potent activity against HSV1 and HSV2 was discovered g iransferase fusion proteins using a modified version of the
for MCT [2"-exomethanocarba-thymidine; the Rosition previously published protoco#t®). For purification, we only
is defined according to the nucleoside numbering28) ( ;seq glutathione affinity chromatography. The crude extract
and corresponds to df2of Figure 1]. _ derived fran 1 L of bacterial culture was applied 5 times to
The enzymeprodrug gene therapy using Tk as the glutathione Sepharose column and then washed in three
suicide gene 30—32) resembles the classical antiviral steps with buffer A (1 M NaCl in 50 mM Tris, pH 7.5, 10%
therapy. In this approach, the T, gene is introduced into glycerol, 1 mM DTT, 0.1% Triton X-100), buffer B (250
tumor cells by retroviral or adenoviral vectors. Thus, dividing v KH,POJ/NaHPQ,, 150 mM NaCl, 0.1% Triton X-100,
cells that express Tiv1 are capable of converting nontoxic pH 7.0), and buffer C (250 mM KHPOy/NaHPQy, 150 mM
nucleoside analogues such as ganciclovir into their nucleosideNaCL 0.1% Triton X-100, 10 mM MgATP, pH 7.4). Buffer
triphosphates which inhibit cellular polymerases leading t0 ¢ yemoved the 70 kDa protein Dnak4). The column was
cell death and consequently tumor ablati8&<37). Clinical  {hep equilibrated with the protease-specific cleavage buffer.
trials with ganciclovir were hampered by unfavorable side- Thrombin cleavage of TKsvi(Y101F) was carried out at
effects such as immu_no_suppression caus_ed_by the larg&oom temperature during 2 h. For wild-type . and
dosages required. Designing A&, mutants withimproved 1K1 the cleavage with PreScission protease was performed
specificity toward the prodrug is therefore a useful endeavor overnight at 4°C. The eluted proteins were monitored by
(38—40). Here we present a Tisv: mutant designed for gene  sps-pAGE using both Coomassie and silver staining and
therapy, characterize its properties in complex with the ghowed a purity higher than 98% measured by densitometry.
prodrug MCT, and relate these data to the interaction of MCT  Agsessment of Phosphorylation PattePhosphorylation
with the wild-type enzyme. of dT and MCT was monitored by high-performance liquid
MATERIALS AND METHODS chromatography u§ing a previously published protocol based
on reverse-phase ion-pair chromatograpg).(Blank reac-
Materials [methyt1’,2'-3H]Thymidine (3 TBg/mmol) was  tions without enzyme or without substrate were run concur-
obtained from Amersham. Nucleotides and AmpliTag Gold rently to account for background ATP hydrolysis. The
polymerase were from Perkin-Elmer. Restriction endonu- detection limit for phosphorylated substrates lies at 20 nmol
cleases, T4 DNA ligase, and thrombin were from Promega. (45). The reactions were performed during 30 min with 70
Reagents for enzyme assays were obtained from Sigmaug/mL TKusvi, TKusva(Y101F), or hTK1 in the presence
Strain DH% (Clontech) was used for the cloning steps of of 2 mM substrate, 5 mM ATP, and 5 mM of Mg
the mutant. Strain BL21 (Pharmacia) served as expression Kinetics Kinetic studies measuring the conversion of
host. The plasmids pGEX-2T, pGEX-6P-2, and the PreScis- *H-labeled dT to dTMP in the presence of various concentra-
sion protease were purchased from Pharmacia. The plasmidions of MCT were performed using the DEAE-cellulose
pBR322-TK containing the TK gene of HSV1 strain F was method 46, 47). Reactions were carried out in a0 of 50
a gift from S. McKnight. The plasmid pGEM-hTK containing mM Tris-HCI, pH 7.2, 5 mM ATP, 5 mM MgCl 1.5 mg/
the gene of the human cytosolic TK1 from lymphoctes was mL BSA. The appropriate amount of enzyme and concentra-
a gift from R. Hofbauer. Linbro plates and cover slides were tions of PHJthymidine were chosen for MichaetidMenten
purchased from Hampton Research; the sitting drop bridgesconditions for initial velocity measurements. The concentra-
were from DROP. All other reagents including the compo- tion of the compound was varied according to their affinity
nents of the protease-specific cleavage buffer were purchasedoward thymidine kinase. Th&; values of MCT were
from Fluka. determined by a nonlinear fit of the raw data to the

a(s'
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Ficure 2: Histogram of the ADP/ATP ratios measured in MCT
phosphorylation with wild-type TKsvi, TKusvi(Y101F), and hTK1.
The control experiments show the ATP hydrolysis without MCT
(Blank 1) and without enzyme (Blank 2). The standard deviations
are given as vertical bars. The experiments were performed in
triplicate using 2 mM MCT. All reaction assays started with 5 mM
ATP and 5 mM Mg@* and no ADP.

Blank 1

equation:V = Vo {dT)/{ Ku(1 + [compound]K;) + [dT]}

for competitive inhibition 48) using the Systat 5.02 software
(Systat Inc., Evanston, IL). Thi§y and Vmax values of dT
have been determined by nonlinear fit of the raw data to the
Michaelis-Menten equation using the Microcal Origin
software k.1 values for dT were determined by dividiNgax

by the enzyme concentration. The calculated values were
based on at least three independent experiments.

Crystallization Both TKysy: and TKasvi(Y10F) were
concentrated to 25 mg/mL by ultrafiltration using Centricon
30 concentrators. Tisvi(Y101F) was cocrystallized with
MCT at a final concentration of 1 mM. Crystallization
screenings were carried out at 28 by mixing equal
volumes of reservoir and protein solution to obtain sitting
and hanging drops. The best crystals grew from-0.2 M
Li,SO,, 1 mM DTT, and 0.1 M HEPES at pH 8.0. They
reached maximal sizes of 500400 x 100xm?. Complex
TKusv/MCT was produced by soaking crystals in 5 mM
MCT for 30 min.

Complex Tkysvo/MCT diffracted X-rays isotropically to
beyond 1.7 A resolution at a synchrotron source wherea
TKusvi(Y101F)/MCT diffracted to 2.4 A using X-rays from
a rotating anode (Table 2). Both crystals belong to space
groupC222 and contained two subunits &, 40 972 and
37 169 for TK-|5V]_/MCT and TK—qs\/l(Ylo:l.F)/MCT, respec-
tively.

Data Collection Crystals were transferred into crystal-
lization buffer supplemented by 30% (v/v) glycerol and then
flash-frozen to 100 K. Data were collected using a MAR300
image plate with a 0.3 mm diameter collimator and Gu K
radiation from a rotating anode generator (Rigaku, model
RU2HC) at 45 kV and 120 mA. Further data collection was
performed at 100 K on EMBL beamline BW7B at DESY
(Hamburg) with a MAR345 image plate. All diffraction data
were processed using the programs MOSFLM, SCALA, and
TRUNCATE (49).

RefinementAs starting model we used the polypeptide
of complex TKysy//dTMP/ADP (17). After positioning the

S
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initial steps included noncrystallographic restraints within
the dimer. Later on, individuaB-factors were applied, and
water molecules were added automatically using program
ARPP @9). Sulfate ions and substrate molecules were
introduced manually. In the last refinement cycles, the
noncrystallographic restraints were completely removed. The
B-values assigned for individual atoms of {d&:/MCT
ranged form 15 to 70 (maximum 120) and from 20 to 67
(maximum 92) for the protein and solvent, respectively. The
B-values for TKysyi(Y101F)/MCT are comparable to those
of TKusv/MCT. The maximaB-values have been assigned
to amino acids in the proximity of the protein parts that are
highly mobile and have not been inserted in to the model
(see below). Modeling was done using the progran®@).(
The programs MOLSCRIPTB() and RASTER3D%2) were
used for figure production.

RESULTS

Protein EngineeringTKysvi(Y101F) was constructed by
oligonucleotide-directed polymerase chain reaction mutagen-
esis. The mutated gene was entirely sequenced, confirming
that only the designed mutation was present. Wild-type
TKusvi, mutant TKisva(Y101F), and human TK1 were
expressed inE. coli as glutathionestransferase fusion
proteins and purified to homogeneity and high purity by a
one-step affinity chromatography as described. The thrombin
and PreScission protease cleavage products were directly
used for crystallization and enzyme kinetics.

MCT Phosphorylation PatterriThe phosphorylation was
determined by monitoring the decrease of ATP, the increase
of ADP, the formation of MCT-monophosphate, and the
disappearance of MCT. The ADP/ATP ratios summarized
in Figure 2 show ADP formation for wild-type and mutant
TKusvi that is clearly above the background ATP hydrolysis.
The ADP/ATP ratio for human cytosolic thymidine kinase
with MCT was less significant, compared to the negative
controls. The ADP/ATP ratios demonstrate that MCT is
phosphorylated quite efficiently by wild-type T&v: and
by mutant Y101F, but at a much smaller rate by the human
cytosolic thymidine kinase.

Kinetics Competition studies were performed with wild-
type TKysvi, TKusvi(Y101F), and hTK1 usingH-labeled
thymidine and MCT as competitive “inhibitor”. Initial
velocities {/;) were determined by monitoring the increase
of ®H-labeled dTMP at various MCT concentrations. The
results are summarized in Table 1. Jd showed & value
of 11.4 uM for MCT. For mutant TK;sv1(Y101F) and for
hTK1, theK; values were 51.5 and 16Q0M, respectively.
These data indicate the same trend as the phosphorylation
pattern (Figure 2). Furthermore, TK/1(Y101F) showed a
12-fold increase irKy for dT (Ky = 2.5uM) compared to
the wild-type enzymeKu(dT) = 0.2 uM].

Using the phosphorylation data of Figure 2 and equating
the K; with Ky for MCT, we derived the specificity5@) of
these three enzymes taking into account that, within a cell,
endogenous dT would compete with MCT for the active site.

model as a rigid-body, atom positions and temperature factorsBy this calculation, a decrease of the value corresponds to

were refined, alternating with modeling sessions. All refine-
ment and electron density map calculations were performed
with program REFMAC 49) using the same protocol for
both structures TKsv//MCT and TKysyvi(Y101F)/MCT. The

an increase of specificity for MCT (Table 1). It turned out
that wild-type TKysv1 has a 3 times higher value than the
mutant TKysva(Y101F), indicating that the mutant is 3 times
more specific for MCT than the wild-type enzyme when
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Table 1: Enzyme Kinetics for dT and MCT

dT? MCT
enzyme K (uM) Keat (S71) rate® (%) Ki (uM) ratef (%) specificity!
TKusvi 0.20+ 0.05 0.35+ 0.02 100 11.4-1.6 100 57
TKusva(Y101F) 2.5+ 0.5 0.19+ 0.05 54 51.5-5.1 53 20
hTK1 0.49+ 0.08 0.71+ 0.18 203 157G 20¢° 9 72000

aData at [MCT]= 0.  Relative phosphorylation rate calculated from the determiggd Relative phosphorylation rates derived from the data

of Figure 2 accounting for background ATP hydrolysighe specificity i

s defined as the quotient of the catalytic efficierieyKw) of dT over

MCT with keo: expressed as the relative phosphorylation rate: [ratefgh{iiT)]/[rate(MCT)Ki(MCT)]. For MCT, we equated; to Ky (60). ¢ The

data could only be fitted by LineweaveBurk.

Table 2: Data Collection and Refinement Statistics
data set TKHsvg[/MCT TKHSVl(YlolF)/MCT
diffraction data

X-ray source BW7B Cuk

unit cell (A) a=114.0 a=114.0
b=117.7 b=118.3
c=108.2 c=108.6

resolution range (A) 201.7 20-2.4

completeness (%) 929 97

multiplicity 4.1 3.4

unique reflections 79549 27908

Reyn? (last shell) (%) 5.0 (58) 8.4 (50)

1/o (last shell) 10.1 (2.1) 11.3(3.1)

refinement and final model

R-factor Ried) (%) 20.9 (25.2) 21.1(27.9)

averageB-factor (A?) 33 38

protein atoms 4761 4686

substrate atoms 36 36

water molecules 364 151

sulfate ions 2 2

aCrystals were of space group222. All data were collected at
100 K.° Rym = ZnZiln — OnI=nZilw whereh stands for the unique
reflections and counts through symmetry-related reflections.

competition for the active site is considered. The value for
the specificity of hTK1 is more than 1000 times higher than
wild-type TKusyi, which means that the human enzyme
prefers dT against MCT much more stringently. Together,

hydroxyl group of Tyrl72 forms hydrogen bonds to His58
and Arg163, which in turn makes a water-mediated hydrogen
bond to the sulfate ion bound in tHeloop at the same
position as thgg-phosphate of ADP in the Tky./dT/ADP
structure solved using crystals grown under different crystal-
lization conditions 17).

The well-defined electron density reveals clearly the ring
pucker conformation of the sugar-mimicking moiety of MCT.
The pucker is less pronounced in subunit A4 = 9°),
corresponding to a deviation of 0.35 A of the carbon atom
d(2) (Figure 1) compared to the enzyme-free struct&ig (
58). In subunit B, the pseudosugar is slightly more puckered
with avmax Of 13° and a deviation of 0.25 A. These deviations
are clearly above the coordinate error. The valueB afe,
respectively, 21.9 and 351.9, clearly in the northern
hemisphere of the pseudorotational cyck®)( Therefore,
the cyclopentane ring of the bicyclo[3.1.0]lhexane system
resembles a “planar pseudoboat”. The pucker of MCT differs
from the natural substrate dT in complex with Jd¢; (Figure
4) (17, 18. The c(3)-OH group of the pseudosugar moiety
(Figure 1), the analogue of thé-@H of the deoxyribose of
dT, is positioned at a distance of 3.7 A to Glu225 and 4.1 A
to Tyr101-OH (4.0 A in subunit B), indicating that, unlike
dT, no direct hydrogen bonds are present for this moiety of
the molecule. The direct hydrogen bond between Glu225 and

we suggest that the mutant could constitute an improvementth® 3-OH of dT reported in the structures of Tk in

for gene therapy.
High-Resolution Structure of T&w/MCT. Complex
TKusvi/MCT crystallized in space grou@222 with two

subunits per crystallographic asymmetric unit. The structure

has been refined to 1.7 A resolution (Table 2). This is the
highest resolution yet reported for TK1. The finalR-factor
was 20.9% Riee = 25.2%). Only residue Argl63 is in a

disallowed region of the Ramachandran diagram in both

subunits $4). This is known from other analyses and may
be due to a participation of this residue in cataly4ig{19,

complex with dT (7, 1§ is partially compensated by a
water-mediated hydrogen bond between thé)e31 group
of MCT and Glu225 (Figures 1, 3, and 4). These structural
observations are in agreement with the kinetic data and
explain the difference in affinity between dT and MCT
(Table 1). The a(3-OH group of MCT is fixed by a direct
hydrogen bond to Glu83 (3.1 A in subunit A; 3.5 A in subunit
B) and two water-mediated hydrogen bonds with Glu83 and
Argl63 (Figure 3).

Structure of Ti{sv(Y101F)/MCT The complex of MCT

55, 56 Some protein parts had no electron density' most with the active site mutant Y101F was refined to 2.4 A

likely they are highly mobile. These are residuesAb, 72—

75, 149-152, 266-278, and 375376 of subunit A, and
residues 145, 148-150, 221-224, 268-273, and 375
376 of subunit B. Each subunit contained a MCT molecule
that was clearly defined in its electron density. The overall
of fold of the enzyme is conserved compared to the
previously solved TKsy: structures 17, 18.

Like dT the thymine ring of MCT is stacked between
Met128 and Tyr172 (Figure 3) and fixed by a hydrogen bond
network. The strong hydrogen bonds of N3 andoQaiith
the GIn125 side chain resemble those of complex gl
dT (17, 18. The two water-mediated hydrogen bonds from
O20. of the thymine ring to Argl76 are also present. The

resolution, yielding arR-factor of 21.1% Ryee = 27.9%)
(Table 2). The F, — F;) map confirmed the successful
mutation Y101F. Neither the polypeptide chain nor MCT
showed significant changes in position or mobility compared
to the wild-type complex.

The superposition of TKsy//MCT with TKysya(Y101F)/
MCT shows a 1.0 A shift of His58 away from residue 101.
The two hydrogen bonds involving the hydroxyl group of
Tyrl01 and residue His58, on the one hand, and the water
molecule ligated with the Q2 of MCT, on the other hand,
are lost by mutating this residue to Phe (Figure 3). This
agrees with the kinetic data (Table 1). In the structures of
TKusv2/dT/ADP and TKisv/dT (17, 18, the 3-OH group



Thymidine Kinase and Substrate Analogue Biochemistry, Vol. 39, No. 31, 200®601

‘
!

FIGURE 3: Stereoview of MCT binding at Tisy: and TKusva(Y101F). Only the mutation-dependent shift of 1.0 A of residue His58 away
from the mutated residue 101 is shown for J&(Y101F). All other residues of the mutant which take the same conformation as in the
wild-type complex were omitted for clarity reason. The conformation of the compound is well-defined byFthe ) electron density
contoured at a contour level of 18 TKpsy: and TKysva(Y101F) are shown in dark and light gray, respectively. Hydrogen bonds are
depicted as dashed lines, water molecules as gray balls.

binding into the active site, one particular conformation is
fixed, causing an unfavorable entropy contribution. The
bound conformation can be mimicked in solution by
introduction of a conformationally restricted sugar moiety
reducing the unfavorable entropy contribution. For this
purpose, a variety of nucleobases with a bicyclo[3.1.0]-
hexanecarbocyclic analogue were synthesized in the 2&st (
27—29), and their antiviral activity was tested against several
types of DNA viruses, such as HSV1 and HSV2, human
CMV, and Epstein-Barr virus. Among them, MCT showed
a high and reproducible antiviral activity against HSV1 and
HSV2 as measured by plaque reduction assays. Its potency
surpassed that of aciclovi2®§).

The interaction of MCT with TKsy1, the prodrug activat-

b ing enzyme in classical antiviral therapy, was studied. The
Ficure 4: Superposition of TKsy/MCT and TKysy1/dT structures. phosphorylation of MCT could be demonstrated, indicating
The structure of Tiksv/MCT is shown as continuous lines, T/ that the antiviral activity is probably linked to the thymidine

dT in the same space gro@®22 (18)is shown in narrow dotted salvage pathway in analogy to aciclovir. Knowing the

lines, and the structure of T&y/dT/ADP in space groupd; (17) truct fructed th fi it tant
is depicted in wide dotted lines. Hydrogen bonds are depicted as€NZyMe structure, we consfructed the active site mutan
dashed lines, the water molecule as a black circle. For the sake of Y 101F with increased acceptance of MCT and concomitant

clarity, the dT hydrogen bonds are only depicted for th@©Bl  decreased dT utilization. Tkv(Y101F) was indeed able

and 3-OH groups. The hydrogen pattern for the thymine moiety is to phosphorylate MCT to an extent comparable to the wild-

ch_e san;e for all complexes and corresponds to that reported 'ntype enzyme while dT utilization was clearly decreased.
gure . Furthermore, TlKsyv1(Y101F) showed the role of the fixed

of the sugar moiety forms a hydrogen bond to Tyr101; SUdar fing pucker during the enzyme reaction.

therefore, its mutation to Phe weakens the binding of dT.  Kinetic studies with MCT were performed with wild-type
The complex with MCT is not affected by this mutation as TKhsvy, TKusva(Y101F), and hTK1. On one hand, the
this substrate does not form any hydrogen bond to the binding behavior of the three enzymes toward dT was

hydroxy! group of Tyr101 (Figure 4). characterized by the Michaelis constat. On the other
hand, the affinity of MCT was determined by means of an
DISCUSSION inhibition study K;) because radiolabeled MCT was not

readily available. We equated the measukedalue with
In solution, the sugar ring of nucleosides and nucleotides Ky because it has been previously demonstrated that both
equilibrates between two extreme forms, 'ae2d3'-endo Kwm andK; of substrates of TKsy1, such as dT and aciclovir,
conformation and a’'zZndd3'-exo conformation $9). On correspond to the dissociation constas)( The difference
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in K; for MCT between the viral and human enzymes
indicates the selectivity of the compound for the viral protein
and explains the low toxicity detected for in vitro cell systems
(23).

The binding mode of the MCT to Ti&y; is analogous to
that of dT. The difference in binding affinity between the
two substrates is clearly related to the loss of direct hydrogen
bonds between the sugar moiety of the substrate to Tyr101
and Glu225. The binding affinity of the mutant for MCT is
only 4.5 times lower than that of the wild-type, which
contrasts with the corresponding dT affinities showing a 12-
fold difference.

Because of the specificity shift, T§1(Y101F) can be
considered a tailor-made enzyme for MCT. Together they
constitute a new lead for enzymerodrug gene therapy
approaches for which the bystander effect, that is reduced
by pyrimidine-based prodrugs1), is not necessary for
increasing the therapeutic efficacy. An example of such an
approach is the TK-controlled graft-versus-host disease in
allogeneic bone marrow transplantati@)

The crystal structures confirmed the kinetic measurements,
showing that the conformationally restricted sugar ring
pucker stabilizes MCT in a substrate-like position without
using additional hydrogen bonds. The loss of two hydrogen
bonds compared to the natural substrate thymidine is partly
compensated by the entropy gain on ribose ring fixation. This
entropic effect also explains the low susceptibility of MCT
toward changes at position 101 that strongly influence
binding of the natural substrate, thymidine. Although the
pseudosugar ring conformation is known from ab initio
calculations and from the crystal structure to be almost a
perfect 2-exo envelope P = 343.3 with a maximum
puckering amplitude of 39 (57, 59, conformational changes
on binding to the enzyme have to be expected. The 1.7 A
resolution structure of the complex now showed the ring
pucker is smaller than that of the unligated compound.

Concluding, the biochemical characterization and the
structures of MCT in complex with Tkey:s and mutant
TKusvi(Y101F) demonstrate the advantage of a fixed ribose
ring. MCT is certainly a novel lead in the search for
resistance-repellent drugs in antiviral therapy. Moreover, in
the context of improving enzymeprodrug-mediated gene
therapy, the results of this study show that it is possible to
create tailor-made enzymes for conformationally rigidified
prodrugs exploiting entropy.
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