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Abstract: Herpes simplex virus type 1 thymidine kinase (HSV1-TK) has become increasingly important as a
target in medicinal chemistry because of its links to therapy of viral infection, gene therapy of cancer and
allogeneic transplantation. These applications are based on the differences in binding properties between the
human and the viral enzyme. Several problems have been encountered in the clinic, e.g. the increase of
resistance for antiviral drugs and the immunosuppressive effects of the dosages needed for tumor regression.
Thus intensive efforts have been directed towards understanding substrate diversity to overcome the clinical
limitations. In this context, kinetic and thermodynamic studies revealed that substrates bind in compulsory
order and that the binding event is enthalpy driven. The structural evaluation of aciclovir resistant HSV strains
shows that loss of electrostatic interactions, change in steric accessibility and modification of the 3D
conformation of HSV1-TK are responsible for the encountered resistance. Further crystallography studies
revealed the role of water in substrate binding, the advantage of a fixed ribose ring and that substrate
acceptance of HSV1-TK is extended to all five nucleobases. The reviewed results give new rationale for the
design of novel prodrugs and engineered HSV1-TK for antiviral and gene therapy.
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1. Introduction

Herpes simplex virus type 1 (HSV1) is a
well-characterized widespread infectious
agent in human populations [1][2]. HSV1
infections are associated with oral-facial
and skin lesions. Especially in immuno-
compromised hosts, HSV1 infections can
cause severe pathologies namely blind-
ness and central nervous system damage
[3]. During the past decade, potent agents
against herpes virus infections have been
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found. The mode of action of these drugs
is based on the different substrate prefer-
ence between viral and human thymidine
kinase.

Thymidine kinase (TK, EC 2.7.1.21)
is the key enzyme in the pyrimidine sal-
vage pathway catalyzing the phosphor-
ylation of thymidine (dT) to thymidine
monophosphate (dTMP) in the presence
of Mg?+and ATP [4]). HSV1-TK accepts
a broad range of substrates in contrast to
cellular TK [5-7]. The antiviral com-
pounds are selectively activated through
phosphorylation by HSV1-TK to finally
act in their triphosphorylated form as
DNA polymerase inhibitor as well as
DNA chain terminators [5][6](8]. The
broad clinical use of aciclovir has led to
the emergence of drug-resistance, mainly
linked to HSV1-TK mutations [9].

The rising resistance poses increasing
problems for immunocompromised pa-
tients [10][11]. Several new prodrugs

have been developed and documented in
large clinical trials [10][12](13]. All of
them are aciclovir analogs with improved
oral bioavailability, however, showing
cross-resistance because they are chemi-
cally similar and bind similarly to HSV -
TK [14-16]. Further searches for resist-
ance repellent drugs led to HSV1-TK-cir-
cumventing monophosphate analogs {17]
such as adefovir and cidofovir, which are
active against a broad spectrum of DNA
viruses, including herpes simplex virus
(types 1 and 2). A novel series of drugs is
composed by conformationally rigid
compounds that differ as little as possible
from the natural substrate [18-21]. Sev-
eral of them were synthesized, tested and
showed antiviral activity against HSV1,
HSV2, human cytomegalovirus and Ep-
stein-Barr virus [18][19][21].

The enzyme-prodrug gene therapy us-
ing HSV1-TK as suicide gene [22-24]
mimics the classical antiviral therapy. In
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NMPbmd domain

Fig. 1. Ribbon diagram of the symmetric HSV1-TK dimer with bound ADP and dTMP. (PDP entry

1VTK, [14]) The domains defined as for other NMP-kinases are indicated. The five stranded
parallel B-sheet is depicted with arrows and the surrounding helices are displayed. Substrate and
co-substrate are depicted as stick models. The picture was generated with the program
MOLSCRIPT [52].

P

Fig. 2. The binding motif of the substrate and cosubstrate in wild type HSV1-TK (PDB entry 1 VTK,
{14]. dTMP as representative of the substrates and ADP are shown as stick models. The hydrogen
bond network is displayed with dotted lines. Water moleculesare represented as spheres. The
glycine rich loop (P-loop), the LID domain and the residues involved in binding are labelled.
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this approach, the HSV1-TK gene is in-
troduced into tumor cells by retroviral or
adenoviral vectors. Thus, dividing cells
that express HSV1-TK are capable of
converting non-toxic nucleoside analogs
such as ganciclovir into their nucleoside
triphosphates which inhibit cellular
polymerases leading to cell death and
consequently tumor ablation [25-27].
Clinical trials with ganciclovir were ham-
pered by unfavorable side-effects such as
immunosuppression caused by the large
dosages required. Clinical results with
HSV1-TK used as control system of
graft-versus-host disease in the context of
allo-BMT [24] revealed some intrinsic
limitations related to the HSV1-TK sui-
cide gene [28]. The first one is immuno-
genicity of the HSV1-TK. Some patients
treated late after transplant at a time of
immunocompetence, developed an im-
mune response against the genetically-
modified cells. The second limitation is
that ganciclovir (GCV) was required in
the management of cytomegalovirus dis-
ease and resulted in the unwanted elimi-
nation of genetically modified cells. The
question we address in this paper is
whether an increased knowledge of sub-
strate acceptance is a new chance for
overcoming the limitation in gene and
antiviral therapy allowing the enzyme
[29] as well as the prodrugs to be im-
proved.

2. The Structure

HSVI1-TK appears in the crystal
structure as a homodimer with 376 amino
acids per subunits with a typical o, fold
with a central five-stranded parallel -
sheet surrounded by twelve helices [14—
16][30] (Fig. 1). HSVI-TK is a member
of the family of NMP-kinases and con-

tains the classical mononucleotide
(NMP) binding fold [31]. The central five
B-strand domain is referred to as the
CORE domain. Other domains are the
LID domain and the NMPy;,4 domain
[32]. Thymidine binding is characterized
by a sophisticated hydrogen bond net-
work, dominated by the Watson-Crick-
like interaction between GIn125 and the
base, and a peculiar sandwich-like com-
plex formed by Met128 and Tyrl172 with
the base (Fig. 2). Guanine lies in the same
plane between Metl28 and Tyrl72 as
thymine does [15]. ATP binding is gov-
erned by the interaction of the phosphate
moiety with the glycine rich loop that is
highly conserved throughout the whole
family of nucleoside kinases, and the LID
domain covering it (Fig. 2).
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3. Substrates Binding to HSV1-TK

Kinetic analyses were performed un-
der equilibrium conditions to elucidate
the different association steps that the en-
zyme undergoes during binding of sub-
strates and co-substrate [33]. This study
strongly indicated an ordered sequence of
substrate binding, namely thymidine
binding prior to ATP addition. Alterna-
tively, there is no preferred substrate-
binding pathway for aciclovir phosphor-
ylation, thus showing a substrate-depend-
ent binding pathway for the mechanism
of binding that is possible only if confor-
mational changes during the catalytic cy-
cle are assumed [33].

Thermodynamics of substrate binding
of HSV1-TK were studied using isother-
mal titration calorimetry (ITC) [34] be-
cause a comprehensive analysis of the
thermodynamics of binding and a mean-
ingful correlation of thermodynamics
with structure is the key to the under-
standing of molecular recognition. These
results showed once more that binding
follows a sequential pathway in which dT
binds first and ATP second [35]. The free
enzyme does not bind ATP, whose bind-
ing site only becomes accessible in the
HSVI1-TK:dT complex. At pH 7.5 and
25 °C, the binding constants are 1.9x10°
M-! for dT binding to the apo enzyme and
3.9x10% M-! for ATP binding to the bina-
ry HSVI-TK:dT complex. Binding of
both substrates is enthalpy-driven and
opposed by a large negative entropy
change [35]. The heat capacity change
(ACp) obtained from AH in the range 10~
25 °C, is =360 cal K-! mol! for dT bind-
ing and —140 cal K-! mol-! for ATP bind-
ing. These large ACp-values are incom-
patible with a rigid body binding model
in which the dT and ATP binding sites
pre-exist in the free enzyme [35]. The
values of ACp and TAS strongly indicate
large scale conformational adaptation of
the active site in sequential substrate

binding. The conformational changes
seem to be more pronounced in dT bind-
ing than in the subsequent ATP binding.
Considering the crystal structure of the
ternary HSVI-TK:dT:ATP complex, a
large movement in the dT binding do-
main and a smaller but substantial move-
ment in the LID domain are proposed to
take place when the enzyme changes
from the substrate-free, presumably more
open and less ordered conformation, to
the closed and compact conformation of
the ternary enzyme-substrate complex
[33](35). These thermodynamic data
nicely confirm the kinetic findings and
the assumption of movement.
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Fig. 3. Thermal denaturation curves of ligand-free and ligated HSV1-TK (0.4 mg/ml) in TBSE. The
CD signal was recorded at 223 nm in a temperature range from 20 to 70 °C. Influence of the
natural HSV1-TK substrates ATP and thymidine on the melting temperature. The melting curves
of HSV1-TK without substrates (O), HSV1-TK with 1mM ATP (), HSV1-TK with 1mM dT (X),
HSV1-TK with 1mM ATP and 1mM dT (O} are displayed. This figure has been reproduced with

the permission of the authors [36).

Further biophysical studies have been

undertaken to gain more insight into the
kinematics of the enzyme. The effect of

substrate binding on the conformation
and structural stability of HSV1-TK has
been measured by thermal denaturation
experiments, far UV, CD and fluores-
cence. The results indicate that the con-
formation of the ligand free HSV1-TK is
less ordered and less stable compared to
that of the ligated enzyme (Fig. 3) [36].
In the same study it was shown that bind-
ing affinity and binding mode of the lig-
and correlate strikingly with thermal sta-
bility of the complex [36]. Furthermore,
the structure of the unligated enzyme, but
complexed with sulfate has been solved
at 1.9 A resolution [37]. This structure
contains four water molecules in the thy-
midine pocket and reveals a small in-
duced fit on substrate binding. It shows
an increased mobility of the residues in-
volved in substrate binding (Fig. 2)
which gives an insight for intrinsic 3D-
movement [37]. HSV1-TK has been also
crystallized with a new ligand HMTT
((R,R)-6-(6-hydroxymethyl-5-methyl-
2,4-dioxo-hexahydro-pyrimidin-5-yl-
methyl)-5-methyl-1H-pyrimidin-2,4-
dione) and refined to 2.2 A [36]. The
HSVI-TK:HMTT complex displays a
unique conformationally altered active
site resulting in a lowered thermal stabil-
ity of this complex [36] and for the first
time, showed structural evidence of the

conformational movement indicated by
the kinetic, thermodynamic and folding
studies [33][35]{36].

4. The Rationale of Substrate
Diversity

The Role of Met128 and Tyr172 in
Nucleobase Fixation

From a multiple alignment study of
type I thymidine kinases (long TK) of
different species e.g. herpes simplex vi-
rus type 1;2 (HSV 1;2), marmoset herpes
virus (MHYV), equine herpes virus type 4
(EHV), varicella-zoster virus (VZV) and
Epstein-Barr virus (EBV), it was striking
that GIn125 was conserved over all spe-
cies while the triad HS8/M128/Y 172 was
conserved only by strains with broad sub-
strate diversity (HSV1, HSV2 and
MHY). In contrast, strains with narrow
substrate specificity (EHV, VZV and
EBV) had X58/F128/Y172 as consensus
triad, where X is an hydrophobic amino
acid but never histidine [38]. To gain a
better understanding of the nature of the
interactions of thymine with Tyr172 and
Metl128, ab initio calculations in the
frame work of density functional theory
were performed. These calculations
showed strong polarization on thymine,
no polarization on the sulfur atom of
Met128 and the absence of n-m interac-
tions between Tyrl72 and thymine. This
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indicated that Tyrl72-thymine interac-
tions are dominated by electrostatics and
the role of Metl28 is purely steric and
hydrophobic [39].

Based on this information, the mech-
anisms of substrate binding of HSV1-TK
were studied by means of site-directed
mutagenesis combined with thermo-
dynamic measurements performed using
ITC [38]. The results show the link be-
tween the exceptionally broad substrate
diversity of HSV1-TK and the presence
of structural features such as the residue
triad H58/M128/Y172. The mutation of
Met 128 into a Phe as well as the double
mutant M128F Y172F result in mutants
that have lost their activity [38]. How-
ever, by exchanging His58 to form the
triple mutant H58L/M128F/Y172F the
enzyme regains activity. Strikingly, this
triple mutant becomes resistant towards
aciclovir. The titration experiments clear-
ly revealed a change in the entropy con-
tribution depending on the mutation. The
inactive mutant showed a significantly
increased entropy of the system whereas
the enthalpy contribution was diminished
[38]. However, by complete transposi-
tion of the triad X58/F128/F172, the en-
tropy contribution adapts to the wild type
[38]. These results suggest that confor-
mational changes are essential for bind-
ing and that the accommodation of the
base within the plane formed by M128
and Tyr172 is indeed a prerequisite for
the correct formation of hydrogen-bonds.
These results have been confirmed by the
crystal structure of the Q125N mutant
ligated with dT solved at 2.4 A resolution
[37]. This structure clearly shows that the
nucleobase binds exactly as in the wild
type enzyme while a rearrangement of
the hydrogen bond network occurs (Fig.
4) [37]. All results point to sequential
binding events with formation of the
sandwich-like complex occurring prior to
hydrogen bonds formation.

The Electrostatics

Several drug resistant strains of her-
pes simplex virus type 1 (HSV1) isolated
in vivo or from tissue culture, have exhib-
ited a mutated thymidine kinase (TK)
[40-43]. Moreover, various site-directed
mutagenesis experiments conducted with
HSV1-TK allowed the assignment of
specific amino acid residues to specific
functional properties [44]. At this point a
range of hypotheses were generated relat-
ed to substrate binding of TK at the mo-
lecular level.

A site-directed mutagenesis study on
Glul25 revealed that while Q125L is
only able to phosphorylate thymidine, the
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Fig. 4. Binding mode of dT in the Q125N mutant of HSV1-TK (PDB entry 1e2j, [37]). dT and the
residue involved in binding are labelled. Water molecules are shown as spheres. The hydrogen

bonds are represented as dotted lines.

mutant Q125N accepts both thymidine
and aciclovir as substrates. The mutant
Q125E shows no phosphorylation activi-
ty [45]. Moreover the mutation R176Q
previously identified as relevant in drug
resistance shows a 10 fold decrease in
binding affinity towards dT and aciclo-
vir. On the one hand, the structural analy-
sis at molecular level revealed that the
loss in affinity measured for Q125L,
Q125N and R176Q is consistent with the
number and type of lost hydrogen bonds
[45]. On the other hand, it shows that the
mutation Q125E causes not only the loss
of two hydrogen bonds but it also intro-
duces repulsive forces. The combination
of mutagenesis experiments, molecular
modelling and crystallographic study of
these mutations [37][45] clearly showed
that the free binding energy contribution
of hydrogen bonds, once they are formed,
range between the classical 2 and 6 KJ/
mol as stated in the text books [46].

Steric Accessibility

The mutation A168T confers resist-
ance towards prodrugs such as bromvi-
nyl-deoxyuridine that have a bulky sub-

stituent at C(5) of the nucleobase. The
structural analysis at the molecular level
reveals that the mutation alters steric ac-
cessibility, influencing the binding orien-
tation of the prodrug with bulky substitu-
ent and thus, substrate acceptance [45].

5. Substrate Diversity at the
Sugar-Moiety Level

The Conformation

In solution, the sugar ring of nucleo-
sides and nucleotides equilibrates between
two extreme forms, a 2'-exo/3'-endo
(North) conformation and a 2'-endo/3'-exo
(South) conformation [47]. Upon binding
into the active site, one particular confor-
mation is fixed causing an unfavourable
entropy contribution. The bound confor-
mation can be mimicked in solution by
introduction of a conformational restrict-
ed sugar-moiety reducing the unfavoura-
ble entropy contribution. For this pur-
pose, a variety of nucleobases with a
bicyclo[3.1.0]hexane carbocyclic analog
were synthesized [18] and their antiviral
activity was tested against several types
of DNA viruses, such as HSV1 and
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HSV2, human CMV and Epstein-Barr
virus. Among them, 2'-exo-methano-
carba-thymidine (n-MCT) showed a high
and reproducible antiviral activity
against HSV1 and HSV2 as measured by
plaque reduction assays. Its potency sur-
passed that of aciclovir [18]. The crystal
structure of HSV1-TK in complex with
n-MCT solved at 1.7 A resolution clearly
showed that n-MCT shares the same
binding mode as dT and there is a loss of
direct hydrogen bonds towards Glu225
and Tyrl0l (Fig. 5) [48]. Furthermore it
shows that the bicyclo-system assumes a
flat 2’-exo envelope conformation that
clearly differs from the 2’-endo confor-
mation observed for dT (Fig. 5). These
results clearly point out that HSV1-TK
shows no selectivity for the conformation
of the sugar moiety.

The Role in Catalysis

Since the first structure of HSV1-TK
in complex with dT and ATP was solved
in 1995 [30], several structures of HSV1-
TK have shed light on the binding mode
of variety of ligands. A striking finding
was the inhibitor 9-(4-hydroxybutyl)-
N(2)-phenylguanine (HBPG) sharing the
same binding mode as structurally related
substrates such as aciclovir [16]. Thus, an
intriguing question remains as to what is
the structural basis for the different prop-
erties.

Ab initio quantum chemistry calcula-
tions within the density functional theory
(DFT) framework have been revealed as

a powerful tool to elucidate nucleobase
binding to HSV1-TK [39]. The combined
biochemical and quantum chemical study
on the binding of different sugar like
moiety of the nucleoside analogs within
the binding site of HSV1-TK points out
the crucial role of the ligand dipole with-
in the active site and its interaction with
amino acids Glu225 [49]. This amino
acid is not directly involved in the kinase
catalytic machinery because it is not di-
rectly interacting with the 5'-OH group.
Site-directed mutagenesis study per-
formed at position 225 confirms the theo-
retical calculation and the importance of
Glu225 in catalysis [38].

6. Substrate Acceptance Extended
to All Five Bases

It has been known for a long time that
HSV1-TK was able to phosphorylate
thymine, uridine, cytidine and guanine
analogues. Recent crystallographic work
revealed that the substrate acceptance is
also extended to adenine analogues. In
fact, a structure solved at 1.9 A resolution
showed for the first time a bound adenine
analogue (9-(2-hydroxypropyl)adenine,
HPA) after numerous complexes with
thymine and guanine analogues were
reported [37]. ‘The crystal structure of
HSV1-TK:HPA revealed the presence of
multiple binding modes of HPA which
correspond to its poor binding affinity
(Ki = 5.3 mM) compared with guanine

CHIMIA 2000, 54, No. 11

Fig. 5. Superposition of HSV1-TK:n-MCT and
the HSV1-TK:dT structures. The structure of
HSV1-TK:n-MCT is shown as continuous lines,
HSV1-TK:dT in the same space group C222,
[15] is shown in narrow dotted lines, the struc-
ture of HSV1-TK:dT:ADP in spacegroup /4,
[14] is depicted in wide dotted lines. Hydrogen
bonds are depicted as dashed lines, the water
molecule as a black circle. For sake of clarity,
the dT hydrogen bonds are only depicted for
the 3'OH and 5'OH groups. The hydrogen
pattern for the thymine moiety is the same for
all complexes and corresponds to this report-
ed in Fig. 2. This figure has been reproduced
with the permission of the authors [48].

analogues (Ki = 0.17 uM for aciclovir)
[33]. A comparison of the binding modes
of HPA and dT shows that the stacking
interaction of the bases are similar and
that the two water molecules between the
bases and Argl76 are essentially the
same [37]. The fact that HPA is phosphor-
ylated despite its poor and diffuse bind-
ing behavior demonstrates again the
broad substrate acceptance of HSV1-TK.
Furthermore, HPA can be seen as new
lead compound for prodrugs to be used in
the gene therapy approach, if we consider
that a closely related monophosphorylat-
ed analogue PMEA is a potent inhibitor
of the cellular DNA polymerase [50].

7. Conclusion

The presented work shows that by us-
ing an integrated approach involving mo-
lecular biology, biophysics and biocom-
puting it was possible to understand the
structural feature of HSV1-TK, and at
molecular level binding and its thermo-
dynamics. Furthermore, first results
show how the enzyme regulates catalytic
activity. Based on the presented knowl-
edge enzymes have been already im-
proved for gene therapy [48][51] and
new substrates of HSV1-TK havé been
found [36]. These results represent a com-
plete set of information that will allow a
rational approach to clinical limitations in
the field of antiviral and gene therapy.

Received: October 13, 2000
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