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Abstract

Introduction of a bulky lipophilic acyl entity at the’DH position of both 18-p-arabinofuranosylthymine (araT) andE)(5-(2-
bromovinyl)-183-p-arabinofuranosyluracil (BVaraU), consistently resulted in a marketiO¢fold) increase in the inhibitory activity of
these new arabinosyl nucleoside analogues for the mitochondrial thymidine kinase (TK-2)-catalysed convergiui ofe2hy+*H]dThd
to [methyt*H]dTMP. The most potent derivatives were inhibitory tmedthyt*H]dThd phosphorylation by TK-2 within the lower
micromolar concentration range. Substitution of the arabinosyl nucleoside derivatives with the acyl groups also dramatically increased tl
selectivity of these compounds. The inhibitory activity of araT and BVaraU to dThd phosphorylation by other related nucleoside kinases
including herpes simplex virus type 1 TK, varicella—zoster virus TK, and cytosolic TK-1, was completely annihilated’ «pacy
substitution Ic5, = 1000 wM). Kinetic analysis revealed purely competitive inhibition ofQ-acyl-BVaraU against TK-2-catalysed
thymidine phosphorylationk;/K: 2.3). However, 2-O-acyl-BVaraU was extremely poorly converted to the corresponding arabinosyl
nucleoside 5monophosphate by TK-2 as revealed ly’fP]phosphate transfer studies from$?PJATP. Thus, the 20-acyl derivatives
of BVaraU did not behave as substrates, but rather as potent and highly selective inhibitors of TK-2. This is the first report on such a high
selective arabinosyl nucleoside inhibitor of mitochondrial TK-2, and opens perspectives for the rational design of selective mitochondri
TK-2 inhibitors. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction nises the natural pyrimidine nucleosides dThd and dUrd,
TK-2 phosphorylates, in addition to dThd and dUrd; 2
There exist two different 2deoxynucleoside kinases in  deoxycytidine (dCyd) as well [2—4]. Interestingly, herpes
the cells that phosphorylate thymidine to itsrBonophos- simplex virus-specified "2deoxynucleoside kinase has a
phate derivative dTMP [1]. One enzyme is a cytosolic dThd similar substrate specificity as TK-2, and it has been shown
kinase, designated TK-1, and the other is a mitochondrial that mitochondrial TK-2 is sequence-related to HSV-1 TK
dThd kinase, designated TK-2. Whereas TK-1 solely recog- [5], whereas TK-1 is not sequence-related to any of the
mammalian or herpes virus nucleoside kinases. Thymidine
kinases are important in view of their capacity to phosphor-
ylate (activate) a number of anticancer and antiviral nucle-
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AZT, 3'-azido-2,3'-dideoxythymidine; FIAU, 2-fluoro-5-iodo-18-p-ar- and FIAU are well recognised by cytosolic TK-1. In con-

abinofuranosyluracil; BVDU, [)-5-(2-bromovinyl)-2-deoxyuridine; trast veral antiviral nucl id nal e
BVaraU, (E)-5-(2-bromovinyl)-18-p-arabinofuranosyluracil; HSV, her- ast, several a al nucieoside anajogues suc ﬁ(

pes simplex virus; VZV, varicella—zoster virus; and araT3-b-arabino- (2-bromovinyl)—dgrd, E)'5'(2'pr0m0Vinyl)'aral-'Ja and acy-
furanosylthymine. clovir are exclusively recognised by herpetic thymidine
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kinases (BVDU, BVaraU, ACV) and by mitochondrial
TK-2 (BVDU, BVaraU) [5-9].
Several highly specific and potent inhibitors of HSV-1

and HSV-2 TK have been described [10-12]. These inhib-
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[vy-*2P]ATP (3000 Ci/mmol) was from Amersham Pharma
cia Biotech.

2.4. Thymidine kinase assay usingdthyt*H]dThd as

itors are nucleoside analogues generally containing a (sub-substrate

stituted) guanine or thymine base and an acyclic or intact

(deoxy)ribose sugar part, substituted at thgésition with

a bulky lipophilic entity. HSV TK inhibitors have been
shown to play a role in preventing HSV reactivation from
the ganglia [10,12]. In contrast, no potent or specific inhib-

The activity of purified TK-1 and recombinant TK-2 was
assayed in a 5@L reaction mixture containing 50 mM
Tris—HCI, pH 8.0, 2.5 mM MgCJ, 10 mM dithiothreitol, 0.5
mM 3-[(3-cholamidopropyl)dimethylammonio]-1-propane-

itors have been described for mammalian thymidine kinasessulfonic acid (CHAPS), 3 mg/mL of BSA, 2.5 mM ATP, the

TK-1 and TK-2. However, the availability of specific TK-2

indicated concentrations ofrfethyt*H]dThd and enzyme.

inhibitors may be useful for several reasons. They can be The samples were incubated at 37° for 30 min in the pres-

helpful in delineating the physiological role of mitochon-
drial TK-2 in maintaining the integrity of the mitochondria
and its contribution to specific mitochondrial or cellular
events (e.g. mitochondrial DNA damage repair). Mitochon-

drial TK-2 has been envisaged as a determinant of mito-

chondrial toxicity of the anti-hepatitis B virus (HBV) drug

FIAU [13], as well as the anti-human immunodeficiency
virus (HIV) drug AZT [14]. Thus, inhibitors of TK-2 could

be helpful in protecting liver and muscle, which mainly
consist of resting and terminally differentiated cells that
almost solely express TK-2 (and not TK-1), from the toxic
effects of the antimetabolites (i.e. FIAU and AZT) that are

recognized as substrates by TK-2. In this study, we identi-

fied a new class of compounds that inhibit TK-2 without
affecting the closely related HSV-1 TK, VZV TK, or cyto-
solic TK-1.

2. Materials and methods

2.1. Test compounds

2'-O-Substituted BVaraU and araT derivatives were pre-

pared and characterised as will be described in detail in a

forthcoming work. Briefly, the 53'-protected araT and
BVaraU derivatives were treated with the appropriate acy!
or alkyl chloride to obtain the expected@-acyl or 2-O-
alkyl derivatives and in turn de-protected at the &nd
3'-positions to give the 20-substituted arabinosyl nucleo-
sides [15]. The chemical structures and nature of th®-2
substituents of these compounds are shown in Table 1.

2.2. Enzyme

Human TK-2 cDNA was inserted into theGEX-5X-1
vector, expressed as fusion protein to glutathi@teans-
ferase, and purified as previously described [4]. HSV-1 TK

ence or absence of different concentrations of the test com-
pounds. Aliquots of 45uL of the reaction mixtures were
spotted on Whatman DE-81 filter paper disks. The filters
were washed 3 times for 5 min in 1 mM ammonium for-
mate, once for 1 min in kO, and once for 5 min in ethanol.
Radioactivity was determined by scintillation counting, and
Km Ki, andV,,,, values were derived from Lineweaver—
Burk plots.icgy values were derived from enzyme assays in
which 2 uM [methy}®H]dThd was used as the radiolabelled
substrate.

2.5. Phosphoribosyl transfer assay using¥PJATP as
phosphate donor

The [?P]phosphoryl transfer assay was performed using
[y-*2P]ATP (3000 Ci/mmol, Amersham Pharmacia Bio
tech). dThd and the arabinosyl nucleosides were added at a
final concentration of 5 and 10@M in a 10-uL reaction
mixture containing 50 mM Tris, pH 8.5, 5 mM Mggll
mM unlabelled ATP, 100uCi [y->?P]ATP, and 1ug of
recombinant TK-2. The samples were incubated for 30 min
at 37°. Two microlitres of the reaction mixtures was spotted
on polyethyleneimine-cellulose F TLC sheets (Merck), and
the ribonucleotides were separated in a buffer containing

| NH,OH:isobutyric acid:distilled HO (1:66:33). The sheets

were autoradiographed using phosphorimaging plates (BAS
1000, Fujix).

3. Results

3.1. Inhibitory activity and selectivity of new-©-acyl
derivatives of araT and BVaraU against [metAif]dThd
phosphorylation by thymidine kinase from different
origins

and VZV TK were prepared and characterised as described AraT is recognised as a good substrate by the nucleoside

previously [16,17].

2.3. Radiochemicals

The radiolabelled substratenpthyt®H]dThd (70 Ci/
mmol) was obtained from Moravek Biochemicals.

kinases encoded by HSV-1 and VZV (Table 1). The phos-
phorylation of 2uM [methy}*H]dThd catalysed by these
viral enzymes was inhibited by this drug at iag, between

17 and 24uM. Mitochondrial TK-2 showed a 10-fold lower
sensitivity to the inhibitory activity of araT against dThd
phosphorylationi€s,: 285 uM), whilst no sign of inhibition
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Table 1
Inhibitory effects of araT and BVaraU derivatives oru® [methy+*H]dThd phosphorylation by '2deoxynucleoside kinases from different origin
o
X
|
o)\ N
HO (4]
RO
OH
R ICso” (kM)
TK-1 TK-2 HSV-1 TK VZV TK

AraT derivatives
X
—CH, —H >1000 285+ 94 24+ 3.1 17+8.7
—CH, fﬁf(CHz)BCHa >1000 27+ 2.3 =1000 >1000

o]
—CH, _i:_(CHz)loc;H:% =>1000 28+ 2 =1000 >1000

o]
—CH, —F—(CHz)s—CH3 >1000 >1000 >1000 >1000

0
—CH, —(CH,),CH5 >1000 120+ 14 >1000 >1000
—CH, —CH,(CsHyg) >1000 801+ 71 >1000 >1000
BVaraU derivatives
X
—CH=CHBr —H >500 43+ 58 4.3+ 0.36 33+ 11
—CH=CHBr —ﬁ:_(CHz)GCHs >1000 6.3= 0.5 =1000 718+ 59

0
—CH=CHBr —ﬁ—(CHZ)BCHa >1000 6.8+ 0.7 >1000 845+ 30

o]
—CH=CHBr _ﬁ:_CHZOCHS >1000 402+ 234 84+ 1.8 35+ 15

o

a50% inhibitory concentration, or compound concentration required to inhibit the enzyme-catalysed phosphorylatid [ehéthyt*H]dThd by 50%.

of TK-1-catalysed dThd phosphorylation was noted at 1 tivity against TK-2-catalysed dThd phosphorylation. In or-
mM. Introduction of bulky acyl groups (i.e. decanoyl and der to overcome the possible hydrolysis of theQ?acyl-
dodecanoy! ester) at the’-©®H (“up”) position of araT araT derivatives by esterases, tHeo2tyl- and 2-O-benzyl
increased the inhibitory effect of the araT derivatives on ethers were also synthesised. However, in both cases, the
dThd phosphorylation by mitochondrial TK-2 10-fold, inhibitory activity of the 2-O-alkyl-araT derivatives against
whereas the inhibition of dThd phosphorylation by HSV-1 dThd phosphorylation was inferior to that found for the
and VZV TK by these compounds was decreasé&d-fold. 2'-O-acyl ester derivatives (Table 1).

Thymidine phosphorylation by TK-1 was insensitive to Since BVaraU has a 7-fold greater affinity for TK-2,
araT and the 20-acyl-araT derivatives. Thus, introduction HSV-1 TK, and VZV TK than araT, and encouraged by the
of a bulky acyl group at the’2osition of araT increased its  marked increase in inhibitory activity of thé-®-acyl-araT
selectivity more than 500-fold for TK-2 versus the related derivatives against dThd phosphorylation,Q@-acyl-substi-
viral thymidine kinases. Shortening the@-acyl chain to a tuted BVaraU derivatives were synthesised. Substitution at
pentanoyl resulted in a complete loss of its inhibitory ac- the 2-OH (“up”) position of BVaraU by octanoyl and
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Fig. 1. Lineweaver—Burk plots for mitochondrial TK-2 in the presence of
50 uM (@), 25 uM (m), or O uM BVaraU (panel A) and 2uM (#), 10
M (m), 5 uM (A), and OuM 2’-O-acyl-BVaraU (i.e. decanoyl ester of
BvaraU) (panel B), with fnethy*H]dThd as the natural (competing)
substrate.

decanoyl moieties further markedly increased the inhibitory
effect of BVaraU on TK-2-catalysed dThd phosphorylation
by 7-fold (Table 1)ics, values against TK-2 as low as 6—7
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2’-O-decanoyl-BVaraUMP
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Fig. 2. Phosphorylation of dThd, BVaraU, and-Q-acyl-BVaraU (i.e.
decanoyl ester of BVaraU) by mitochondrial TK-2 in ¥f]phosphate
transfer assay fromyf>2PJATP. The compounds were exposed to TK-2 at

5 and 100uM. The upper spots represent the formation®8P]Jmonophos
phate products. The spots at the bottom (start) of the thin-layer chromato-
gram represenffP]ATP. The radiolabelled spots just above tA#PJATP
spots most likely represent a radiolabelled (i.e. ATP) adduct to the enzyme,
because control experiments lacking test compound contain an identical
spot, whereas control experiments lacking TK-2 have a markedly de-
creased radiolabelled spot at this location (data not shown) (a slight
radiolabelled spot can still be observed, most likely due to a radiolabelled
adduct to BSA, present in the reaction mixture).

uM were obtained. As observed for the araT derivatives, the 1). TheK,, value for dThd was 1.2M, while theK; values

2'-O-acyl-BVaraU derivatives lost their inhibitory activity
against dThd phosphorylation by HSV-1 TK and VZV TK
(csg 3—4 puM for BvaraU vs 845=1000 uM for the
2'-O-acyl-BVaraU derivatives). The less bulky-@-me-
thoxyacetyl derivative of BVaraU lost 10- to 20-fold inhib-
itory activity against TK-2, HSV-1 TK, and VZV TK.
Again, TK-1 remained insensitive to all substituted BVaraU
derivatives (Table 1).

3.2. Enzyme kinetic analysis of BVaraU and@acyl-
BVarau

Both the parental BVaralU and the’-@-decanoyl-
BVaraU derivative were subjected to detailed kinetic anal-
ysis. Two concentrations of BVaraU (50 and 2#) and
2'-O-decanoyl-BVaraU (10 and pM) were added to six
different [methy}*H]dThd concentrations (ranging from 0.4
to 5 uM) and incubated in the presence of mitochondrial

were 9.2 for BVaraU versus 2.3 fof-®©-decanoyl-BVaraU.
Thus, the 2-O-acyl derivative of BVaralU acquired a
marked affinity for TK-2 and showed purely competitive
inhibition with respect to dThd as the natural substrate.

3.3. Phosphoryl transfer fromf>?PJATP to 2-O-acyl-
BVaraU

Experiments were designed to reveal whether th®-2
acyl-BVaraU derivative acted as either an efficient substrate
or a specific inhibitor of mitochondrial TK-2 (Fig. 2). TK-
2-catalysed J?P]phosphate transfer fromy->?P-labelled
ATP was measured in the presence of 5 and 100
2'-O-decanoyl-BVaraU. In parallel experiments, the natural
substrate dThd and BVaraU acted as control substrates of
the reaction. Whereas both dThd and BVaraU proved to act
as very efficient substrates of TK-2, thé-Q-decanoyl-

TK-2. In both cases, the TK-2-catalysed dThd phosphory- BVaraU was very poorly converted to its-Bhonophosphate

lation was competitively inhibited by the compounds (Fig.

derivative under similar experimental conditions.
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4. Discussion ficient HSV-1 straing. Improvement of the stability of the
compounds against esterases is a prerequisite for enabling
In contrast with cytosolic TK-1, mitochondrial TK-2 has the drugs to eventually reach, in an intact (inhibitory) form,

long been a poorly studied enzyme. Moreover, its physio- the TK-2 enzyme located in the mitochondrial compart-
logical role in mitochondrial functioning and integrity is not ment.

well understood. Nowadays, there is increased interest in  The availability of specific TK-2 inhibitors will be useful
mitochondrial function and the role of mitochondrial nucle- for a number of applications. Selective TK-2 inhibitors can
oside salvage enzymes in the phosphorylation and antiviral/be used in studies on the role of mitochondrial TK-2 in the
cytostatic activity of antiviral, antimetabolic, and anticancer phosphorylation of nucleoside analogues and in investiga-
compounds. TK-2 was recently expressedEscherichia tions into mitochondrial DNA repair and DNA damage
coli and the recombinant enzyme became available for caused by antiviral and anticancer nucleoside analogues
structural and biochemical studies [4]. It has been shown [14]. Furthermore, the unexpected delayed adverse effects,
that TK-2 has Sequence homo|ogy W|th the herpes Virus a”egedly due to mitochondrial tOXiCity, caused by nucleo-
nucleoside kinases (i.e. HSV TK and VZV TK), but not Side analogues such as the anti-HBV drug FIAU, could
with TK-1, and mimics more closely the properties of HSV Possibly be avoided in the presence of potent and specific
TK and VZV TK with regard to substrate recognition than T|_<—2 inhibit_ors. This report describes new lead inhi_bitors of
does cellular TK-1 [5]. Besides its recognition of dThd, mitochondrial TK-2 that should permit such studies after

durd, and 2-deoxycytidine (dCyd) as natural substrates, "€Sé compounds have been further optimised in terms of
TK-2 also efficiently recognises pyrimidine nucleoside an- |nh|t_)|tory potential against TK-2 and stability (resistance)
alogues such as BVDU and BVaraU, two antiherpetic com- 29ainst esterases.
pounds that are efficient substrates for HSV-1 and VZV TK
but are not recognised as substrate by TK-1 [5,18].

.In the prgsgqt study,-we have dem-onstrat-ed Fhat SUbSti'Acknowledgments
tution of pyrimidine arabinosyl nucleoside derivatives at the

2'-OH position of the sugar moiety by a bulky lipophilic
acyl moiety markedly enhances their affinity for the mito-
chondrial enzyme and their inhibition of dThd phosphory-
lation catalysed by TK-2. In addition, it dramatically in-
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Introduction of such acyl groups in two different arabinosyl

nucleoside analogues (araT and BVaraU) consistently in-

creased affinity and selectivity for TK-2. Recently, Kierdas-
zuk et al [19] reported the sugar-modified’-Bex-
anoylamino-2,3'-dideoxythymidine as a discriminator
between TK-1 and TK-2, with &; of ~600 uM for TK-1
and 0.1uM for TK-2. However,3?P transfer experiments

have not been carried out to reveal whether this compound

acted as a substrate or as an inhibitor of TK-2. From our
studies, we could conclude that, in contrast to dThd and
BVaralU, 2-O-acyl-substituted BVaraU derivatives pre-
dominantly act as potent and selective inhibitors of the
TK-2 enzyme. Studies are currently ongoing to optimise the
TK-2 inhibitor leads (i.e. by introducing & Substitution in

the molecules as is present in selective inhibitors of the
herpes simplex virus TKs [11] and by increasing the stabil-
ity of the lead structures). Indeed, the@-acyl derivatives

of BVaraU and araT are unstable in cell culture. We ob-
tained strong evidence that thé-R-acyl derivatives of
BVvaraU were readily converted to the parent compound in
cell culture, displaying a similar potent anti-herpes simplex
virus type 1 activity to that of the parent BVaraU, but
completely losing their anti-herpes activity against TK-de-
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