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Summary 

Thymidine kinase (TK) enzymes encoded by herpes simplex viruses types 1 and 
2 (HSV-1, HSV-2), and equine herpesvirus type 1 (EHV-1) catalyze the phospho- 
rylation of thymidine (dThd) and (E)-5-(2-bromovinyl)-2'-deoxyuridine (BVDU). 
The replication of HSV-1 is sensitive to BVDU, but the replication of HSV-2 and 
EHV-1 is not. To investigate the differential sensitivity of the viruses to halogen- 
ated vinyldeoxyuridine drugs, the phosphorylation of 125I-labeled (E)-5-(2-iodov- 
inyl)-2'-deoxyuridine (IVDU) was studied. Cytosol enzymes from cells infected by 
HSV-2 and EHV-1 phosphorylated [IzsI]IVDU to the monophosphate, IVDUMP, 
but did not convert IVDUMP to higher di- plus triphosphates (IVDUDP plus 
IVDUTP) forms. In contrast, enzymes from HSV-l-infected cells converted 
[125I]IVDU to radioactive IVDUMP and IVDUDP plus IVDUTP. Experiments 
with mixtures of EHV-1- and HSV-l-induced enzymes showed that the EHV-1 en- 
zyme did not inhibit formation of the IVDUDP plus IVDUTP by the HSV-1 en- 
zyme. With [125I]IVDU as substrate, the Km values for the EHV-1 and HSV-1 TKs 
were 1.82 and 0.34 ~M, respectively, and the Ki (dThd) value for the EHV-1 TK 
was 0.35 I~M. In vivo experiments showed that HSV-l-infeeted cells converted 
IVDU to the mono- and the di- plus triphosphate forms. In contrast, EHV-I-in- 
fected cells converted IVDU to the monosphate to a lesser extent than did I-ISV- 
1-infected cells, and did not produce the di- plus triph0sphates. Thus, inefficient 
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phosphorylation of the monophosphates probably contributes to the insensitivity 
of EHV-1 replication to IVDU, as it does to the insensitivity of HSV-2 replication 
to this drug. 

Thymidine kinases of herpes viruses; Phosphorylation of iodovinyl deoxyuridine 
(IVDU); Km for [i25I] IVDU of thymidine kinases; IVDU triphosphate synthesis; 
Herpes inhibition by IVDU 

Introduction 

(E)-5-(2-bromovinyl)-2'-deoxyuridine (BVDU) is a potent and selective anti- 
herpes agent (Allaudeen et al., 1981; De Clercq, 1982; De Clercq, 1984). The se- 
lective antiherpes activity of BVDU depends, in part, on a specific phosphoryla- 
tion by a virus-induced thymidine-thymidylate kinase (Cheng et al., 1981; De 
Clercq, 1982; Fyfe, 1982; Fyfe et al., 1983). In its triphosphate form, BVDU spe- 
cifically inhibits viral DNA polymerase activity (Allaudeen et al., 1981; Ruth and 
Cheng, 1981), and can be incorporated into viral DNA. This incorporation changes 
the stability and/or function of the DNA (Mancini et al., 1983; Prusoff et al., 1984). 
In addition, a phosphorylated derivative of BVDU can interfere with glycosylation 
of virus proteins (Olofsson et al., 1985; Siegel et al., 1984). 

BVDU is about 150-200 times less inhibitory for herpes simplex virus type 2 
(HSV-2) than for HSV-1 (Cheng et al., 1981). This differential sensitivity of HSV- 
1 and HSV-2 to BVDU has been partially explained by the failure of HSV-2-in- 
fected cells to convert the 5'-monophosphate of BVDU to the 5'-diphosphate and 
the 5'-triphosphate (Ayisi et al., 1984; Descamps and De Clercq, 1981; Fyfe, 1982; 
Fyfe et al., 1983). 

Equine herpesvirus type 1 (EHV-1) is relatively resistant to BVDU (De Clercq, 
1982; Kit et al., 1987). Nevertheless, EHV-1 does induce a virus-encoded thymi- 
dihe :kinase (TK) (Allen et al., 1978; Al.len et al., 1979), and BVDU is a compet- 
itive inhibitor of deoxythymidine (dThd) phosphorylation by the EHV-l-induced 

(Kit et al., 1987). Hence, it seemed possible that the insensitivity of EHV-1 
replication to BVDU was, at least in part, attributable to the failure of EHV-1- 
infected ceils to phosphorylate the monophosphate form of BVDU to the di- and 
triphosphate. The analog of B V D U ,  that is, (E)-5-(2-iodovinyl)-2'-deoxyuridine 
(IVDU)'is another 5-substituted 2'-deoxyuridine which shows HSV-1 specificity (De 
Clercq, 1982, De Clercq, 1984; De Clercq et al., 1980; Descamps and De Clercq, 
1981). Since the radiolabeled iVDU was available, it was of interest to compare 
the phosphorylation of (E)-5-(2-125I-vinyl)-2'-deoxyuridine ([125I]IVDU) by cyto- 
sol extract s prepared from EHV-I-, HSV-I-, HSV-2-, and pseudo-rabies virus 
(PRV)-infected cells (De Clercq et al., 1980; De Clercq et al., 1981; Descamps 
and De Clercq,~ 1981). In addition, the in vivo metabolism of [t25I]IVDU in 
mock-, EHV-I-, and HSV-l-infected cells was studied. 
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Materials and Methods 

Cel/s 

Equine dermis (Eq.De.), rabbit skin (RAB-9), African green monkey kidney 
(Vero), and owl monkey kidney (OMK) cells were grown in Auto Pow Eagle's 
minimal essential medium (APMEM, Flow Laboratories, McLean, VA) supple- 
mented with 10% bovine fetal serum (BFS), 2 mM glutamine, 0.005% neomycin, 
20 mM bicarbonate, and 10 mM Hepes buffer (pH 7.3). Bromodeoxyuridine 
(BrdUrd)-resistant, tk-negative (tk-) mutant, RAB(BU) cells were grown in the 
same medium as that of the parental RAB-9 cells, but Were supplemented with 
BrdUrd (25 I~g/ml) (Sigma Chemical Co.,.St. Louis, MO), except for the passage 
preceding each experiment (Kit and Qavi, 1983). 

Viruses 

Equine rhinopneumonitis [equine herpesvirus type 1 (EHV-1)] strain (RQ) is an 
EHV-1 subtype-1 strain that had been adapted to grow at 26°C in Vero cells (Purdy 
et al., 1977). Stocks of EHV-I(RQ) were prepared by infecting Vero cells at about 
0.01 pfu/cell and incubating the infected culture for 2-3 days at 34.5°C (Kit et al., 
1987). The titers of the virus harvests were about 108-109 pfu/ml. Stocks of HSV- 
I(KOS), HSV-2(333), and PRV(BUK-5) were prepared in OMK and RAB-9 cells, 
respectively, as described (Kit and Dubbs, 1977; Kit et al., 1985). 

Compounds 

The nonlabeled compounds, (E)-5-(2-iodovinyl)-2'-deoxyuridine (IVDU), 
IVDU-5'-monophosphate (IVDUMP), and IVDU-3',5'-diphosphate (IVDUDP) 
were synthesized at the Rega Institute. Radioactive (E)-5-(2-1zSI-vinyl)-2'-deox- 
yuridine (18.2-31.0 mCi/txmol) was synthesized by Dr. A. Verbruggen (Depart- 
ment of Nuclear Medicine-Radiopharmacy, University Hospital Gasthuisberg, Br 
3000 Leuven, Belgium) (De Clercq et al., 1980). 

Enzyme assays 

Cytosol extracts were prepared from mock-infected and from virus-infected cells, 
and assayed for TK activity as described previously (Dubbs and Kit, 1964; Kit et 
al., 1974), except that [125I]IVDU, 1.1 I~M, and 4.5-8.9 × 103 counts per minute 
(cpm) pe,r picomole, was used as the nucleoside substrate. The reaction products 
were sep'.a{aie'd from the [125I]IVDU by thin-layer chromatography (TLC) on P EI- 
cellulosei'F precoated TLC plastic sheets (EM Laboratories, Elmsford, NY) with 
0.5 M sddi .usxi:formate (pH 3.4) as the solvent (RF values: IVDUMP [0.39] ,and 
IVDUDP [0.0~'])~,(Kit and Kit, 1975). Nonradioactive IVDUMP and IVDU,3, ,5 - 
diphosphate were .used as markers. In this system, IVDUDP .was not elearly'..sep- 
arated from IVDU:5'-triphosphate (IVDUTP), which remained close to the'ori- 
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gin. Therefore, the radioactive spots corresponding to IVDUMP, and the spot 
corresponding to the diphosphate combined with the spot corresponding to the 
IVDU-5'-triphosphate (IVDUTP), were cut out and counted with a Packard Tri- 
Carb liquid scintillation spectrometer (Kit et al., 1966). The virus-induced TKs were 
also partially purified by ammonium sulfate precipitation (Kit et al., 1986; Kit et 
al.; 1987) and used for enzyme kinetic studies. 

Phosphorytation of [lzsI]IVD U in vivo 

The in vivo experiments were modified from the methods described by Des- 
camps and De Clercq (Descamps and De Clercq, 1981). Subconfluent RAB(BU) 
or Eq.De. cell monolayer in 2-oz prescription bottles (Sani-Glas, Brockway Glass 
Co., Inc.) (approximately 1.5 x 106 cells/bottle) was either mock-infected or in- 
fected with EHV-I(RQ) or HSV-I(KOS) at 20 and 1 pfu per cell, respectively. 
After a 1-h incubation at 37°C, the inoculum was removed and 3 ml of APMEM 
with 10% BFS were added to each bottle. At 2 h before the harvest time, the me- 
dium was taken off and 2 ml of APMEM with 10% FBS containing [IzsI]IVDU 
(10 or 100 ~Ci per ml and 0.55 or 5.5 IzM, respectively) were added to each bottle. 
At 8 h (HSV-1) or 16 h (mock, EHV-1) postinfection, the labeling medium was 
removed, the cells were washed 3 times with cold phosphate buffered saline, and 
0.5 ml of 10% triehloroacetic acid (TCA) was added. After a 10-min incubation 
in an ice bath, the cells were frozen at -80°C and thawed, and the TCA-insoluble 
fractions were separated from the TCA-soluble fractions by centrifugation at 13 000 
rpm at 4°C for 15 min in a Sorvall centrifuge. TCA-soluble fractions (20 ~1) were 
applied to the TLC sheet, chromatographed, and counted as described above. 

Plaque autoradiography 

The plaque autoradiographic experiments were done as described previously (Kit 
et al., 1985; Siegel et al., 1984), except for using either 3 ~Ci of [2-14C]thymidine 
(57 mCi/mmol) (ICN Pharmaceuticals, Inc., Irvine, CA) or 3 ~Ci of [Iz~I]IVDU 
(31 mCi/~mol) to label the virus DNA. 

Results 

Phosphorylation of [lZSl]IVDU by cytosol extracts from virus-infected cells 

To investigate whether the EHV-l-induced TK catalyzes the phosphorylation of 
IVDU to IVDUMP and to higher phosphate forms, cytosol extracts were pre- 
pared from mock-infected and virus-infected TK-negative, RAB(BU) cells and as- 
sayed for [lzsI]IVDU-phosphorylating activity (Table 1). For each of the virus in- 
fections, the time after infection for the preparation of enzyme extracts 
corresponded to the time of maximal TK induction. Cytosol extracts from HSV- 
1-infected RAB(BU)cells  not only catalyzed the phosphorylation of IVDU, but 
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Phosphorylation of [t'-~I]IVDU by cytosol extracts from virus-infected tk- RAB(BU) cells. 
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Experiment Source of enzyme" Time of enzyme assay 
(min) 

Phosphorylation of [12sI]IVDU to: 

IVDUMP IVDUDP + IVDUTP 
(cpm/~g protein) 

1 Mock-infected 10 30 3 
HSV-l-infected 1,470 170 
EHV-l-infected 610 1 

2 Mock-infected 30 195 1 
HSV-l-infected 1,390 560 
EHV-l-infected 1,340 2 

3 Mock-infected 30 251 1 
HSV-l-infected 1,330 400 
HSV-2-infected 1,780 2 
EHV-l-infected 1,280 3 
PRV-infected 1,750 50 

4 Mock-infected 30 211 1 
PRV-infected 2,090 70 

Cytosol extracts were prepared from HSV-I-, HSV-2-, and PRV-infected cells at 7 h postinfection, 
and from EHV-I- and mock-infected cells at 16 h postinfection. 

c o n v e r t e d  the  I V D U M P  to I V D U D P  plus  I V D U T P .  In con t ras t ,  ex t rac ts  f rom 
E H V - 1 -  and  HSV-2 - in f ec t ed  R A B ( B U )  cells ca ta lyzed  the p h o s p h o r y l a t i o n  of  
I V D U ,  bu t  d id  not  conver t  the  I V D U M P  to I V D U D P  plus I V D U T P .  T h e  P R V -  
induced  T K  also ca t a lyzed  the p h o s p h o r y l a t i o n  of  I V D U  and conve r t ed  the  
I V D U M P  to I V D U D P  plus  I V D U T P ,  but  the  p h o s p h o r y l a t i o n  ra te  of  I V D U M P  
of  the  P R V - i n d u c e d  enzyme  was not  so high as that  of  the  H S V - l - i n d u c e d  en- 
zyme .  

To lea rn  w h e t h e r  the  inabi l i ty  of  the  ext rac ts  f rom E H V - l - i n f e c t e d  cells to con-  
ver t  I V D U  to I V D U D P  + I V D U T P  was a t t r i bu t ab l e  to an inh ib i to r  in the  ex- 
t rac ts  f rom E H V - l - i n f e c t e d  cells,  e :g . ,  nuc leos ide  p y r o p h o s p h a t a s e  act ivi t ies ,  mix- 
tures  of  cy tosol  ex t rac ts  f rom HSV-1-  and  E H V - l - i n f e c t e d  cells were  assayed  for  

TABLE 2 

Phosphorylation of [t2"~I]IVDU by mixtures of cytosol extracts from HSV-1- and EHV-l-infected cells". 

Virus-specific Vol. of enzyme cpm IVDUMP cpm IVDUDP 
enzyme used in assay 0xl) + IVDUTP 

HSV-1 20 b 30,380 2,950 
HSV-1 40 28,000 4,530 
EHV- 1 20 ~ 7,730 14 
EHV-1 40 13,500 49 
EHV-1 plus 20 
HSV-1 20 30,400 2,510 

" Extracts were incubated for 30 min at 38°C. 
b 20 Ixl contains 95 Ixg protein. 

20 ~1 contains 107 ~g protein. 
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IVDU-phosphorylat ing activity (Table 2). The phosphorylation of IVDU to 
IVDUMP and to I V D U D P  + IVDUTP by cytosol extracts from HSV-l-infected 
cells in the presence of cytosol extracts from EHV-l- infected cells was about 85% 
of that in the absence of the extracts from EHV-l- infected cells, contraindicating 
the presence of powerful inhibitors of phosphorylation in the extracts from EHV- 
1-infected cells. 

Enzyme kinetic studies using [125111VD U as a substrate 

Kinetic studies to determine the Km values of IVDU for the EHV-1- and HSV- 
1-induced IVDU-phosphorylat ing enzymes and Ki value of dThd for the EHV-1- 
induced enzyme are presented in Fig. 1. IVDU was a good substrate for the EHV- 
1-induced TK,  although the HSV-l- induced TK had a higher affinity for IVDU 
(Kin = 0.34 I~M) than did the EHV-l- induced TK  (Kin = 1.82 ~M). dThd was a 

(b) EHV-1 I / 
(Ki = 0"3S,uM) / j k  

'ol/  / 
(a) EHV-1 

(Km = 1.82/JM) I /~  / 

°_/ ~ 
30 . 30~ ° ~ 

. 

101 ~ ~r,  

/ 
i / t I | ; I I 

-1 / 0 1 2 -1 -0.35 1 2 
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/ 

(C) HSV-1 20 / / / # "  
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Fig. 1. Lineweaver-Burk plots for the determination of the K= values (IVDU) for partially purified 
(a) EI-IV-l-induced and (e) HSV-l-induced enzymes, and Dixon plot (b) showing the inhibition by dThd 
of the IVDU phosphorylation reaction catalyzed by the EHV-l-induced enzyme. Initial reaction rates 
were measured by incubating different concentrations of [t~I]IVDU with [(a), (c)] or without (b) dThd 

in the presence of ATP (8 mM) and Mg 2÷ (4 mM) for 3 min at 38"C. 
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TABLE 3 

Kinetic constants of nucleosides as substrates and inhibitors of partially purified TK activities from HSV- 
1- and EHV-l-infected RAB(BU) cells. 

Herpesvirus TK [3H]dThd" [I~I]IVDU 

Km (dThd) Ki (BVDU) Km (IVDU) Ki (dThd) 

HSV-1 0.32 b 0.09 0.34 Not done 
EHV-1 0.58 1.35 1.82 0.35 

" Experiments utilizing [3H]dThd as substrate are from Kit et al. (1987). 
b Kinetic constants are expressed as p.M. 

strong inhibitor of IVDU phosphorylation by the EHV-l-induced enzyme (Ki = 
0.35 ~M). These results complement our previous study showing that, with 
[3H]dThd as a substrate, the Ki (BVDU) value for the EHV-l-induced TK was 
about 1.35 p~M, while the Ki (BVDU) value for the HSV-l-induced TK was 0.09 
I~M (Kit et al., 1987) (Table 3). 

Phosphorylation of [1251]IVD U in vivo 

The phosphorylation of [125I]IVDU in EHV-l-infected RAB(BU) cells was as- 
sayed and compared with that of the HSV-l-infected cells (Table 4). A significant 
amount of IVDUMP was detected in the EHV-l-infected RAB(BU) cells only 
when [IzsI]IVDU was used at the concentration of 100 i~Ci/ml and 5.5 p.M. The 
IVDUDP and IVDUTP formed in EHV-l-infected ceils at both concentrations of 
[125I]IVDU were not greater than those formed in mock-infected cells. In contrast, 
not only IVDUMP but also IVDUDP plus IVDUTP were detected in the HSV- 

TABLE 4 

Specific phosphorylation of (E)-5-(2-iodovinyl)-2'-deoxyuridine (IVDU) by EHV-1- and HSV-I-in- 
fected RAB(BU) cells. 

Source of extract B Concentration of IVDU b IVDUMP IVDUDP + 
IVDUTP 

Mock 0.55 92 c 71 
5.5 91 196 

EHV-1 0.55 102 83 
5.5 504 232 

HSV-1 0.55 11,230 6,768 

" RAB(BU) ceils were mock-infected or infected with EHV-1 at 20 pfu/cell and with HSV-1 at 1 pfu/cell, 
and harvested at 16, 16, and 8 h postinfection, respectively. 

b [1zsI]IVDU was added at 2 h before each harvest time to the concentration of 10 or 100 p.Ci/ml, and 
0.55 or 5.5 p.M, respectively. 

c Expressed as epm [t2sI]IVDUMP or [12sI]IVDUDP + [t2sI]IVDUTP formed in mock- or virus-in- 
fected RAB(BU) cells during labeling time per 20 p.l out of 500 p.l acid-soluble fraction. IVDUMP 
= IVDU-5'-monophosphate; IVDUDP = IVDU-5'-diphosphate; IVDUTP=IVDU-5'-triphosphate. 
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1-infected cells at the lower concentration (10 ixCi/ml, 0.55 ~M) of [125I]IVDU. 
Similar results were obtained using Eq. De. cells, which are more sensitive hosts 
for EHV-1 than RAB(BU) cells. 

Plaque autoradiography 

To investigate whether IVDU was incorporated into EHV-1 DNA, plaque au- 
toradiography experiments using [125I]IVDU or [14C]dThd were carried out. HSV- 
1-infected cells incorporated [125I]IVDU as well as [14C]dThd into the viral DNA. 
EHV-l-infected RAB(BU) cells incorporated [14C]dThd, but not [125I]IVDU, into 
viral DNA (data not shown). 

Discussion 

The (E)-5-(2-halogenovinyl)-2'-deoxyuridine compounds, BVDU and IVDU, are 
among the most potent and selective inhibitors of HSV-1 replication (De Clercq 
et al., 1980). However, BVDU and IVDU are much less inhibitory for EHV-1 than 
for HSV-1, and 100-200 times less inhibitory for HSV-2 than for HSV-1 (De.(31ercq, 
1982, 1984; De Clercq et al., 1980). Using [125I]IVDU as a probe, we investigated 
the biochemical mechanism(s) involved in the inactivity of the (E)-5-(2-halogeno- 
vinyl)-2'-deoxyuridine against EHV-1 replication. 

The in vitro study showed the following: (i) IVDU had a lower affinity for the 
EHV-l-induced TK (Kin = 1.82 p.M) than for the HSV-l-induced TK (Kin = 0.34 
p.M); (ii) cytosol extracts from EHV-1- and HSV-2-infected TK- RAB(BU) cells 
catalyzed the phosphorylation of IVDU but did not convert it to the di- plus tri- 
phosphate, whereas extracts from HSV-l-infected cells catalyzed the phosphoryl- 
ation of IVDU up to the di- plus triphosphates; and (iii) EHV-1 did not induce a 
strong nucleotide-dephosphorylating activity. These observations indicate that the 
insensitivity of EHV-1 replication to IVDU, like that of HSV-2, depends, at least 
in part, on the failure of EHV-1 to phosphorylate IVDU beyond the 5'-mono- 
phosphate level (Ayisi et al., 1984; Cheng et al., 1981; De Clercq, 1982; Descamps 
and De Clercq, 1981; Fyfe, 1982; Fyfe et al., 1983). 

The in vivo study showed the following: (i) the EHV-l-infected cells catalyzed 
the phosphorylation of IVDU, although the phosphorylation rate of IVDU in the 
EHV-l-infected cells was much lower than in the HSV-l-infected cells, and did 
not significantly convert it to the di- plus triphosphate; and (ii) the EHV-l-infected 
cells did not incorporate IVDU into the viral DNA under the same conditions as 
the HSV-l-infected cells did. These results support the conclusion from the in vi- 
tro study. 

BVDU and IVDU are active against HSV-1 and PRV, but not against HSV-2 
and EHV-1 (De Clercq, 1984). The HSV-1- and PRV-induced TKs catalyzed the 
phosphorylation of IVDUMP to higher triphosphate forms, although the HSV-1- 
induced enzymes were more efficient than the PRV-induced enzymes in this re- 
gard. In contrast, the HSV-2- and EHV-l-induced TKs did not significantly gen- 
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crate higher phosphorylated forms of IVDU. It may, therefore, be suggested that 
not only type specificity but also virus specificity of (E)-5-(2-halogenovinyl)-2'- 
deoxyuridine are determined mainly by conversion of the monophosphate to the 
diphosphate and subsequently to the triphosphate. 

The thymidine kinase activity encoded by HSV-1 is a bifunctional enzyme with 
an associated thymidylate kinase activity. Previous studies have shown that the 
thymidine-thymidylate kinase specified by HSV-1 also catalyzed the phosphoryl- 
ation of BVDUMP to BVDUDP (Fyfe, 1982). Although the virus-coded TK pur- 
ified from HSV-2-infected cells also phosphorylated dTMP, it did not phospho- 
rylate BVDUMP. Also, HSV-l-coded thymidine kinases purified from ceils infected 
with certain BVDU-resistant HSV-1 mutants catalyzed the phosphorylation of 
thymidine and BVDU efficiently, but catalyzed the phosphorylation of dTMP at 
only 2% of the efficiency of the parental enzyme and did not detectably catalyze 
the phosphorylation of BVDUMP at all (Fyfe et al., 1983; Veerisetty and Gentry, 
1985). This selectivity at the second step of BVDUMP phosphorylation correlated 
well with the effectiveness of the analogue to inhibit HSV replication in cell cul- 
ture. Alterations in both the thymidine and thymidylate kinase affinities for their 
substrates and analogues may determine sensitivity to antiviral drugs. In summary, 
the insensitivity of EHV-1 replication to the (E)-5'-(2-halogenovinyl)-2'-deoxyu- 
ridine compounds may depend, at least in part, on the absence of a dTMP kinase 
activity from the EHV-l-encoded TK or the presence of a dTMP kinase activity 
with poor affinity for BVDUMP and IVDUMP, as has been found with the HSV- 
2-encoded TK. 
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