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The  carbocyclic  analogues  of (E)-5-(2-bromovinyl)- 
2’-deoxyuridine (BVDU)  and (E)-6-(2-iodovinyl)-2’- 
deoxyuridine  (IVDU),  in  which  the  sugar  moiety is 
replaced by a  cyclopentane ring and  which  have  been 
designated as C-BVDU  and  C-IVDU, respectively, are, 
like their  parent  compounds  BVDU  and  IVDU,  potent 
and selective inhibitors  of  herpes  simplex virus type 1 
(HSV-1) and,  to a lesser extent, herpes  simplex virus 
type 2 (HSV-2) replication. We have  now  synthesized 
the radiolabeled  C-IVDU  analogue,  C-[’261]IVDU,  and 
determined its metabolism by HSV-infected  and  mock- 
infected Vero cells. C-[’2”I]IVDU was effectively phos- 
phorylated  by HSV-1-infected cells and, to a  lesser 
extent, HSV-%infected cells. C-[””I]IVDU was not 
phosphorylated to an  appreciable extent by either 
mock-infected cells or cells that  had  been  infected with 
a  thymidine kinase-deficient mutant  of  HSV-1.  Fur- 
thermore,  C-[””I]IVDU was incorporated  into  both 
viral and  cellular DNA  of HSV-1-infected Vero cells. 
This  finding  represents  the first demonstration  of  the 
incorporation  of  a  cyclopentylpyrimidine  into  DNA. 

Several 5-substituted 2’-deoxyuridines (dUrd)  are thera- 
peutically useful agents, i.e. 5-iodo-dUrd (IDU’) 5-trifluoro- 
methyl-dUrd (TFT) in  the topical treatment of herpetic eye 
infections, and 5-fluoro-dUrd (FDU)  and  its derivatives 5- 
fluorouracil and ftorafur  in the systemic treatment of a variety 
of neoplasms. Another dUrd analogue, (E)-5-(2-bromovinyl)- 
2’-deoxyuridine (BVDU) (1) offers great promise for the oral 
therapy of herpes simplex virus type 1 (HSV-1) and varicella- 
zoster virus (VZV) infections in immunocompromised pa- 
tients (2-4) and topical therapy of HSV-1 eye infections (5, 
6) and mucocutaneous HSV-1 infections (7). 
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ophosphate of IVDU; IVDUTP,  5”triphosphate of IVDU; C- 
IVDUMP, 5’-monophosphate of C-IVDU; C-IVDUTP,  5”triphos- 
phate of C-IVDU; HSV-1, herpes simplex virus type 1; HSV-2, herpes 
simplex virus type 2;  VZV, varicella-zoster virus; TK- HSV-1, dThd 
kinase-deficient mutant of HSV-I. 

Ail 5-substituted 2’-deoxyuridines, including BVDU, are 
excellent substrates for pyrimidine nucleoside phosphoryl- 
ases, i.e. uridine phosphorylase and 2”deoxythymidine phos- 
phorylase, which cleave the N-glycosidic linkage between the 
pyrimidine ring and  the sugar moiety (8,9). AS a consequence, 
IDU, TFT, FDU, and BVDU are rapidly cleared from the 
plasma, within 2-3 h after  intraperitoneal  administration to 
rats (10). Obviously, this rapid degradation may affect the 
therapeutic efficacy of IDU, TFT, FDU, and BVDU, and, 
therefore, measures have been designed to prevent the phos- 
phorolytic cleavage of dUrd analogues. In  this perspective, 
Shealy et al. (11,12) synthesized the carbocyclic analogues of 
FDU and IDU, and we recently synthesized the carbocyclic 
analogue of BVDU (13). In carbocyclic  BVDU (C-BVDU) the 
sugar moiety is replaced by a cyclopentane ring. 

As expected, C-BVDU did not  act  as  substrate of pyrimidine 
nucleoside phosphorylases (14). In cell culture it proved al- 
most as  potent  and at least as selective as BVDU against 
HSV-1 replication (13). Like BVDU,  C-BVDU  was markedly 
less inhibitory to HSV-2 than HSV-1, and  it was inactive 
against vaccinia Virus and TK- HSV-1. The  latter findings 
suggested that C-BVDU had  to be phosphorylated by the 
virus-induced dThd  kinase to exert  its  antiviral action. Ad- 
ditional  studies (15) revealed that C-BVDU, and  its closely 
related analogue C-IVDU, are indeed recognized as  substrate 
by the HSV-1-induced dThd kinase. 

This may be interpreted to mean that C-BVDU and C- 
IVDU  could  be metabolized by HSV-1-infected cells and, 
perhaps, be converted to their  5’-triphosphate form. If so, C- 
BVDU and C-IVDU might eventually be incorporated into 
DNA. So far,  no evidence has been presented that carbocyclic 
analogues of either  purine or pyrimidine nucleosides can be 
incorporated into DNA. The present  studies were  designed to 
establish whether the carbocyclic analogues of (E)-5-(2-halo- 
genovinyl)-2’-deoxyuridines are phosphorylated by HSV-in- 
fected cells and incorporated into DNA of these cells. 

MATERIALS AND  METHODS 

Compouds-IVDU was synthesized by R. Busson and H. Vander- 
haeghe (Rega Institute, Katholieke Universiteit Leuven, Belgium) 
following a procedure similar to  that described by Jones  et al. (16). 
C-IVDU was synthesized as described by Herdewijn et al. (13). 
[mthyL3H]dThd (specific radioactivity: 52 Ci/mmol) was obtained 
from Amersham International Limited. 

Enzyme and Enzyme Treatment-Calf intestinal alkaline phos- 
phatase (28 unitslpl) was from Boehringer Mannheim GmbH. It was 
used at  a final concentration of 28 units/lOO-pl reaction mixture in 
50 mM Tris-HCI, pH 8.0, and  the reaction mixtures were incubated 
for 1 h at  37 “C. 

Cells-Vero cells were  grown in Eagie’s minimum essential medium 
(Flow Laboratories) supplemented with 10% fetal calf serum (Flow 
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Laboratories), 2 mM L-glutamine (Flow Laboratories), and 0.075% 
NaHC03. 

HSV-2 (strain G),  and  TK-  HSV-I  (strain B2006)) has been described 
Viruses-The origin of the virus strains (HSV-1 (strain KOS), 

previously (17). 
Synthesis of fZ5I]ZVDU-To a solution of  0.5  mg  of IVDU and 2 

pmol of HCI in 0.15 ml of ethanol was added 2.5  mCi  of NalZ5I 
(Amersham) in 25 pl of  0.05 N NaOH. The mixture was heated in a 
sealed tube at 130 "C for 15 min. After cooling,  ['251]IVDU  was 
isolated from other reaction products by high performance liquid 
chromatography on a short alkyl reversed phase (RP 2) column (250 
X 10 mm, inner  diameter). The high performance liquid chromatog- 
raphy apparatus was equipped with both  a UV detector (Waters, 
model  440) connected to a chart recorder and a 2 inch Na ['2sI]I 
radiation detector coupled to a multichannel analyzer (Canberra 
series 40). The column was eluted  in an isocratic fashion at 3 ml/min 
with methanol/water (5:95). The eluate fraction containing ['"I] 
IVDU (retention time: 20-26 min) was collected, and  the solvent was 
removed by lyophilization. The residue was taken  up  in 1 ml  of 
phosphate-buffered saline; the yield was 2 mCi  of  ['"IIIVDU with a 
specific radioactivity of  1.89 Ci/mmol. 

Synthesis of C-f261]IVDU-To a solution of  0.2 mg of C-IVDU 
and 1 pmol of  HCI in 60 pl of ethanol was added 1.5  mCi  of Na ['261] 
I (Amersham) in 15 pl of  0.05 NaOH. The mixture was heated in  a 
sealed tube at 130 "C for 15 min. After cooling,  C-['"IIIVDU  was 
isolated by high performance liquid chromatography on a reversed 
phase column as described above for ['zI]IVDU. The column was 
eluted in an isocratic fashion at  3 ml/min with dioxane/water (2080). 
The eluate fraction containing C-['"I]IVDU (retention time: 8.5-11 
min) was collected and evaporated to dryness and reduced pressure 
(0.1 mm Hg) at 10 "C. The residue was taken up in I ml  of phosphate- 
buffered saline; the yield  was  1.25  mCi of  C-['251]IVDU with a specific 
radioactivity of  2.4 Ci/mmol. 

Synthesis of ZVDUMP-IVDU  was converted to  its 5'-monophos- 
phate according to  the procedure described by Sowa and Ouchi (18) 
with the following modification: after 4  h the reaction mixture was 
stirred for 30 min in ice-water and  then neutralized with ammonia. 
TLC analysis (methanol, water, 33% ammonia (60:20:10)) revealed 
the presence of two nucleotides (IVDU 5'-monophosphate and IVDU 
3',5'-diphosphate). The solution was evaporated to dryness and  the 
residue was brought onto a silica gel column equilibrated with meth- 
anol water, 17% ammonia (60:5:10) and eluted with methanol, water, 
25% ammonia (602010).  The eluate fractions containing pure IVDU 
5'-monophosphate were collected, pooled, evaporated to dryness, and 
passed through a column of  Dowex 50W X-8 (H+). The fraction 
containing the nucleotide was collected and evaporated to dryness. 

Synthesis of ZVDUTP-The 5'-monophosphate of IVDU  was con- 
verted to  its 5"triphosphate exactly as described by Hoard and  Ott 
(19). 

Metabolism of rZ5I]ZVDU and C-rZ5I]IVDU  in Vero  cells-Con- 
fluent Vero cell monolayers (2 X 10' cells) in 60-mm Falcon Petri 
dishes were either mock-infected or infected with HSV-1 (strain 
KOS), HSV-2 (strain G ) ,  or TK- HSV-I  (strain B2006) at a  multi- 
plicity of 0.01 plaque-forming units/cell. After 1-h incubation at  
37 "C, mock  medium or residual virus was  removed and  the cells were 
further incubated with 5 p~ ['Z61]IVDU (6 pCi/2 ml/Petri  dish)  or  5 
p~ C-['z61]IVDU  (24 pCi/2 ml/Petri  dish)  in Eagle's minimum essen- 
tial medium supplemented with 3% fetal calf serum, 2 mM L-gluta- 
mine, and 0.075% NaHC03. After 6, 12, or 24 h incubation at 37 "C, 
the medium was removed, the cells were washed three times with cold 
phosphate-buffered saline and frozen at  -20 "C for no longer than 13 
h. Then,  the cells were thawed and lysed with 0.2  ml  of 0.2% sodium 
dodecyl sulfate, 0.5% N-laurylsarcosylate, 1 mM EDTA, 0.1 M NaCI, 
and 10 mM Tris-HCI,  pH 7.4. To all samples, 0.1 ml of 3 N perchloric 
acid was added, and after 10 min incubation in an ice bath, the acid- 
soluble fractions were separated from the acid-insoluble fractions by 
centrifugation in  a Beckman microcentrifuge. Of the acid-soluble 
fractions, 100-p1 portions were adjusted to neutral pH with 2.5 M 
potassium carbonate; the precipitates were  removed by centrifugation 
and  the  supernatants were spotted on silica gel thin layer plates 
(Merck 60F 254) and chromatographed in 1-butanol/acetic acid/water 
(2.5:l:l). After drying, the plates were cut  into pieces of 5 mm and 
radioactivity was determined in a HP-7 counter. 

Additional control experiments were carried out  to assess whether 
the procedure used for extracting the acid-soluble fraction from the 
cells was adequate to preserve the phosphorylated products of IVDU 
and C-IVDU, first (i), during the storage of the unbroken cells in the 

frozen state  and subsequent thawing of the cells, and second (ii), 
during the further  steps used to extract the acid-soluble material 
from the cells. Therefore (i), HSV-1-infected Vero cells which had 
been incubated with ['"IIIVDU or C-['261]IVDU for 6 h, were either 
frozen at  -20  "C for 16 h, thawed, lysed, and  further processed for 
extraction of acid-soluble material, or immediately lysed (without 
freeze-thawing) and processed for extraction of acid-soluble materials. 
The amounts of 5'-monophosphate and 5'-di- or  triphosphate de- 
tected by these two procedures were almost identical: i.e. the ratio of 
['Z61]IVDU 5'-di- or 5"triphosphate to  the total radioactivity re- 
covered from the acid-soluble fraction was  1.93% for the cells which 
had not been frozen and thawed, as compared to 1.92% for the cells 
which had been freeze-thawed. In  the second series (ii) of control 
experiments, the 5'-tri- and 5'-monophosphates of the nucleoside 
analogues were  mixed with the lysates from mock- or HSV-1-infected 
cells, and, following precipitation with perchloric acid, the acid- 
soluble fractions were analyzed by TLC. For the 5'-monophosphates 
no degradation whatsoever was observed. For the 5'-triphosphates, 
degradation to  the 5'-monophosphates could be estimated at maxi- 
mally 2%. Thus,  the technique used for extracting the acid-soluble 
fractions appeared satisfactory to preserve the phosphorylated prod- 
ucts of IVDU and C-IVDU. 

Analysis of Acid-insoluble Fractions from HSV-1-infected Vero  cells 
Exposed to ~251]ZVDU  or C-fZ5Z]IVDU-The acid-insoluble frac- 
tions derived from HSV-1  (strain K0S)-infected Vero cells which 
had been incubated for 24 h at 37  'C with either ['"IIIVDU or C- 
['Z61]IVDU  were  washed three times with ice-cold 1 N perchloric acid, 
and  then taken  up  in  2 N perchloric acid and heated for 15 min at 
100 "C. After cooling to 0 "C, the solutions were neutralized by 10 N 
potassium hydroxide, the precipitates were  removed  by centrifugation 
and  the supernatants were spotted on silica gel thin layer plates, 
chromatographed, and analyzed for radioactivity as described above. 

Additional control experiments were performed to determine to 
what extent the acid-insoluble fractions may have been contaminated 
by acid-soluble products. With the procedure followed for the prepa- 
ration of the acid-insoluble fractions, at  the most 1% of the ['"I] 
IVDU- and 2% of the C-['251]IVDU-associated acid-insoluble radio- 
activity could  be ascribed to acid-soluble material(s). 

Cesium  Chloride Equilibrium Gradient Analysis-Confluent  Vero 
cell monolayers (2 X lo5 cells) in 15-mm Nunc multidish wells  were 
either mock-infected or infected with HSV-1  (strain KOS) at a 
multiplicity of 1 plaque-forming unit/cell. After 1-h incubation at 
37 "C, mock  medium or residual virus was  removed, and  the cells 
were further incubated in the presence of  0.5 p~ ['251]IVDU  (0.15 
pCi/ml/well), 0.5 p M  C-['261]IVDU  (1.2 pCi/ml/well), or 0.5 p M  
[methyL3H]dThd (0.5 pCi/ml/well) in Eagle's minimum essential 
medium supplemented with 3% fetal calf serum, 2 mM L-glutamine, 
and 0.075% NaHC03. After 45 h incubation at 37  'C, the cells were 
lysed with 0.2  ml  of  0.2% sodium dodecyl sulfate, 0.5% N-laurylsar- 
cosylate, 1 mM EDTA, 0.1 M NaCI, and 10 mM Tris-HCI, pH 7.4. 
The lysates were layered onto 8 ml  of a CsCl solution (1.71 g/ml) in 
distilled water and centrifuged for 64 h at 40,000 rpm in  a 50 Ti rotor 
(Beckman). Seven-drop fractions were collected from the bottom of 
the tubes, and 70 p l  of each fraction were spotted  on  Whatman GF/ 
C paper discs, washed  twice with 5% trichloroacetic acid and once 
with ethanol. The density of each fifth fraction was calculated from 
the refractive indexes measured with a Zeiss refractometer, and  the 
radioactivity of the samples was determined in  a HP-7 counter (lz6I- 
labeled samples) or liquid scintillation spectrometer (3H-labeled sam- 
ples). 

RESULTS 

Phosphorylation of r251]IVDU and C-r''I]IVDU by Virus- 
and Mock-infected Vero Cells-Upon exposure of mock-in- 
fected Vero cells to ['251]IVDU for varying times (6, 12, or 24 
h), one major and one minor radioactivity peak were detected 
by TLC of the acid-soluble fractions of the cell lysates (Fig. 
l A ;  and  data not shown). Based on the R F  values of the 
reference compounds, IVDU ( R F  = 0.87) and IVDUMP (RF = 
0.47), the major peak was identified as ['251]IVDU and  the 
minor peak as ['251]IVDUMP. In  the acid-soluble fraction of 
mock-infected Vero cells exposed to C-['261]IVDU only one 
radioactivity peak could be detected, irrespective of the time 
that  the cells had been  exposed to C-[1251]IVDU, 12 (Fig. l B ) ,  
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FIG. 1. TLC of the acid-soluble fraction of mock-infected 
Vero cells exposed for 12 h to  either [""I]IVDU (panel A )  or 
C-[1z61]IVDU (panel B )  at 5 PM (5 nmol/lO' cells). Arrows 
indicate the positions of the compounds. 

6, or 24 h (data  not shown). This peak corresponded to 
authentic C-[1'51]IVDU, as based on the RF value (0.84) of the 
reference compound C-IVDU. 

In HSV-1  (K0S)-infected cells exposed to ['251]IVDU, pre- 
dominantly ['251]IVDUMP was detected (Fig. 2 A ) ;  the radio- 
activity peak migrating to  the right of ['251]IVDUMP corre- 
sponded to ['251]IVDU, whereas the peak on the left could be 
identified as either ['251]IVDUTP or ['251]IVDUDP, or  both. 
It had the same RF value (0.17) as  the reference compound 
IVDUTP. IVDUDP was not available as reference compound. 
However, IVDUDP is assumed to have the same R p  value as 
IVDUTP, since the solvent system used (1-butanol/acetic 
acid/water (2.5:l:l)) does not allow separation of tri- from 
diphosphates  (20). 

Whereas no radioactivity peak other  than  authentic C-[''51] 
IVDU could be detected in mock-infected cells, HSV-1 
(K0S)-infected cells exposed to C-['Z51]IVDU revealed the 

FIG. 2. TLC of the acid-soluble fraction of HSV-1 (KO@- 
infected Vero cells exposed for 12 h to  either [""I]IVDU (panel 
A )  or C-[lasI]IVDU (panelB) at 5 PM (5 nmol/lO' cells). Arrows 
indicate the positions of the compounds. 

presence of a huge additional peak (Fig. 2B), which  was, 
because of its similar migration behavior as ['251]IVDUMP, 
tentatively identified as C-['251]IVDUMP. Besides the  puta- 
tive C-[1251]IVDUMP and C-[1251]IVDU itself, no other peaks 
could  be visualized in the virus-infected cells. In Fig. 2 the 
results  are shown for cell hydrolysates derived from HSV-1 
(K0S)-infected cells exposed to [1251]IVDU or C-['2SI]IVDU 
for 12  h; similar results were obtained with both  shorter (6 h) 
and longer (24 h) incubation times  (data  not shown). 

In the TK- HSV-1 (B2006)-infected Vero cells exposed to 
['251]IVDU a small peak of ['251]IVDUMP  was detected (data 
not shown). The size of this peak was comparable to  that 
detected in the mock-infected cells (Fig. L4) and approxi- 
mately 30-fold smaller than  that detected in  the HSV-1 
(K0S)-infected cells (Fig. 2 A ) .  From the HSV-1 (TK-)-in- 
fected cells exposed to C-['251]IVDU, only authentic C-[1251] 
IVDU could be  recovered (data  not shown), which indicates 
that HSV-1 (TK-)-infected cells, like mock-infected cells, 
failed to phosphorylate carbocyclic  IVDU.  Again, it did not 
matter whether the cells had been exposed to C-['261]IVDU 
for 6, 12, or 24  h. 

The results  obtained with HSV-2 (G)-infected Vero cells 



10624 Incorporation of C-IVDUinto  DNA of HSV-I-infected Cells 

indicated that both ['251]IVDU and C-['251]IVDU  could  be 
phosphorylated to their corresponding 5'-monophosphates in 
HSV-2-infected cells (data  not shown), although the amounts 
of ['251]IVDUMP and C-['251]IVDUMP detected in HSV-2 
(G)-infected cells were, respectively, 10- and 100-fold lower 
than those detected in HSV-1  (K0S)-infected cells (Fig. 2). 
No third peak, corresponding to ["51]IVDUDP or [lZ5I] 
IVDUTP could be detected in HSV-2 (G)-infected cells, ir- 
respective of the time (6, 12, or 24 h)  that  the cells had been 
exposed to ['251]IVDU. 

To ascertain that  the huge radioactivity peak, detected on 
the left side of C-['251]IVDU in  the chromatograms of the 
acid-soluble fractions of the HSV-1  (K0S)-infected cell ly- 
sates (Fig. 2B), indeed represented C-['251]IVDUMP, addi- 
tional  experiments were performed in which the acid-soluble 
fractions of the cell lysates were first  treated with alkaline 
phosphatase  and  then subjected to TLC. As shown in Fig. 3, 
alkaline phosphatase  treatment  annihilated the radioactivity 
peaks corresponding to ['251]IVDUMP and C-['251]IVDUMP, 
while enlarging the peaks corresponding to ['251]IVDU and C- 
['251]IVDU. This  indicates that with the alkaline phosphatase 
treatment ['251]IVDUMP and C-['251]IVDUMP  were con- 
verted back to  their nucleoside form, and  that  the putative  C- 
['251]IVDUMP peak detected in  the HSV-1 (K0S)-infected 
Vero cells actually corresponded to  the 5'-monophosphory- 
lated derivative of C-[1251]IVDU. 

All the experiments described above  were conducted with 
the acid-soluble fractions of the cell lysates. In parallel exper- 
iments acid-soluble fractions of the extracellular fluids were 
also examined for phosphorylated products of ['251]IVDU and 
C-['251]IVDU, either  6,12, or 24 h after exposure of the mock- 
or virus-infected cells to  the nucleoside analogues. The results 
obtained for the extracellular medium reflected those obtained 
with the cells lysates. Thus, ['251]IVDUMP and C-[1251] 
IVDUMP were found in the  supernatant fluid of Vero cells 
infected with HSV-1  (KOS),  and, to a lesser extent, also in 
the  supernatant fluid of Vero cells infected with HSV-2 (G). 
Besides the  parental compounds, only monophosphorylated 
products were detected in the cell culture fluid, and  the 
concentration of these 5"monophosphates increased with 
time of incubation following virus infection. Obviously, these 
phosphorylated products may have been released from the 
cells as a result of cell death. 

In our  studies comparing the  extent of phosphorylation of 
['251]IVDU and C-['251]IVDU  by virus-infected and mock- 
infected cells (data described above), confluent cell cultures 
were  used. In  additional experiments, the phosphorylation of 
['251]IVDU and C-['251]IVDU  was also measured in noncon- 
fluent, exponentially growing  Vero  cells. The imput of  [1251] 
IVDU and C-['251]IVDU  was 5 p ~ ,  as for the confluent cell 
cultures. The amounts of ['251]IVDUMP detected by TLC  in 
the cell lysate (acid-soluble fraction) were  40, 70, and 204 
pmol/1O6 cells after 12, 24, 48 h incubation, respectively. For 
C-['251]IVDUMP the corresponding values were 51,  52, and 
8 pmol/106 cells, respectively. Thus, ['251]IVDU  was phospho- 
rylated more efficiently by proliferating than  stationary cells: 
i.e. in terms of ['251]IVDUMP detected after 12 h incubation, 
40 pmol/106 cells for proliferating cells as compared to 1.5 
pmol/1O6 cells for stationary cells (Fig. lA). For C-['251]IVDU, 
however, phosphorylation by uninfected cells could not be 
detected, unless the cells were  allowed to proliferate in the 
presence of the compound for 48  h. 

After  havingestablished that C-['251]IVDU, like ['251]IVDU, 
was phosphorylated by HSV-1-infected cells, we wanted to 
determine whether C-['251]IVDU could also be incorporated 
into DNA of the virus-infected cells. The next  set of experi- 
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FIG. 3. TLC of  the  acid-soluble  fraction  of  HSV-1 (K0S)- 
infected  Vero cells exposed  for 24 h  to  either  [lasI]IVDU (panel 
A) or C-[lasI]IVDU (panel B )  at 5 p~ (5 nmol/106 cells). The 
samples were not  treated (0) or treated (0) with calf intestinal 
alkaline phosphatase (28 units/pl/sample) before chromatography. 
Arrows indicate the positions of the compounds. 

ments was designed to examine this possibility. 
Incorporation of fZ5I]IVDU and C-fZ5I]IVDU into DNA of 

Virw- and Mock-infected Vero cells-When [methyL3H] 
dThd, ['251]IVDU, and C-['251]IVDU  were compared for their 
ability to be incorporated into DNA of mock-infected Vero 
cells, only [meth~l-~H]dThd showed evidence of incorporation 
(Fig. 4A). No incorporation could be detected for either [lZ5I] 
IVDU  (Fig. 4B) or C-['Z51]IVDU  (Fig.  4C), despite prolonged 
incubation (45 h) with the cells. 

When [nethyL3H]dThd was incubated with HSV-1 (K0S)- 
infected Vero  cells,  two  DNA peaks became apparent, corre- 
sponding to viral DNA (higher density)  and cellular DNA 
(lower density), respectively (Fig.  5A). When ['251]IVDU (Fig. 
5B)  or C-['251]IVDU  (Fig.  5C)  were incubated with the HSV- 
1-infected cells, significant lZ5I radioactivity was found in 
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FIG. 4. CsCl equilibrium  gradient  analysis of  DNA from 
mock-infected Vero cells incubated for 45 h in the presence 
of either [methyl-'HIdTHd (panel A ) ,  ['"I]IVDU (panel B ) ,  or 
C-['*"I]IVDU (panel c) at 0.5 p~ (2.6 nmo1/lO6 cells). 

association with both viral DNA and cellular DNA, suggesting 
that ['251]IVDU and C-['251]IVDU  were incorporated into viral 
and cellular DNAs of HSV-1-infected cells. The DNAs iso- 
lated from HSV-1-infected cells incubated in the presence of 
['Z51]IVDU or C-['251]IVDU did not  exhibit a marked shift  in 
buoyant  density (Fig. 5, B and C, as compared to A). This 
contrasts with the significant increase in density of both  host 
DNA and HSV-1 DNA derived from HSV-1-infected cells 
grown in the presence of  24 p~ ['251]IVDU (21). In  the present 
study ['"I]IVDU and C-['251]IVDU  were used at a much lower 
final  concentration (0.5 pM). 

Attempts were then  undertaken to ascertain that  the lZ5I 
radioactivity peaks  detected  in  HSV-1  (K0S)-infected Vero 
cells actually reflected ['251]IVDU and C-['251]IVDU that were 
as  such incorporated into viral and cellular DNA. The acid- 
precipitable fractions from HSV-1  (K0S)-infected cells, ex- 
posed for 24 h to  either ['251]IVDU or C-['251]IVDU,  were 
subjected to hydrolysis with 2 N perchloric acid and  then 
analyzed by TLC (Fig. 6). The DNA hydrolysates revealed 
three peaks, which were characterized as ['261]IVDUMP, lZ5I, 
and ['251]IVDU (Fig. 6A) and C-['251]IVDUMP, '"I, and C- 
['251]IVDU (Fig. 6B), respectively. ['251]IVDU,  ['251]IVDUMP, 
and C-['"I]IVDU  were identified on the basis of the R F  values 
of the reference compounds IVDU, IVDUMP, and C-IVDU 
(0.87,0.47, and 0.84, respectively). C-['251]IVDUMP  was char- 
acterized as described above. The non-migrating '251-iodinated 
material  detected in chromatogram of Fig. 6A must be attrib- 
uted to partially hydrolyzed DNA, since it disappeared upon 
further hydrolysis with perchloric acid. 

The middle peak on the chromatograms of Fig.  6, A and B, 
could be identified as free lZ5I: when eluted  and rechromato- 
graphed by TLC in ethyl  acetate/ethanol (l:l),   it  co-migrated 
with iodide ( R F :  0.8). Free lZ5I must have originated as a side 
product from the hydrolysis with 2 N perchloric acid. If [lZ5I] 
IVDU or C-['251]IVDU  were boiled for 1 h in 2 N perchloric 
acid and  then chromatographed by TLC, the sole radioactivity 
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FIG. 5. CsCl equilibrium gradient  analysis of  DNA from 

HSV-1 (K0S)-infected Vero cells incubated for 45 h in the 
presence of either  [methyPHIdThd (panel A), ['P61]IVDU 
(panel B ) ,  or C-['*"I]IVDU (panel c) at 0.5 p M  (2.5 nmol/1o6 
cells). 

peak detected was that corresponding to free lZ5I (data  not 
shown). Furthermore, acid-precipitable fractions (from HSV- 
1-infected cells exposed to ['251]IVDU or C-['251]IVDU)  which 
had been boiled in 2 N perchloric acid for longer periods (30 
or 60 min) than prescribed (15 min) only yielded free '''1 as 
the radioactive product. 

To further  ensure  that  the radioactivity peaks assigned as 
['261]IVDUMP and C-['251]IVDUMP in  the DNA hydrolysates 
(Fig.  6, A and B )  really corresponded to  the indicated products, 
these  materials were eluted from the  thin layer with 50 mM 
Tris-HC1, pH 8.0, and  then split into two parts: one part was 
treated with alkaline phosphatase whereas the other part was 
not. The samples were then  spotted on thin layer plates and 
chromatographed in FINK 8 (upper phase from a mixture of 
ethyl acetate/water/formic acid (40:15:5)) instead of l-bu- 
tanol/acetic acid/water (2.5:l:l). The FINK solvent (22) al- 
lowed a better resolution of IVDU (RF: 0.76) and C-IVDU 
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FIG. 6. TLC of the acid hydrolysate of DNA derived from 
HSV-1 (K0S)-infected Vero cells incubated for 24 h in the 
presence of either ['2"I]IVDU @aneZA) or C-['261]IVDU (panel 
B )  at 5 PM (5 nmol/108 cells). The acid-insoluble fraction of the 
HSV-1 (K0S)-infected cells was treated with 2 N perchloric acid as 
described under "Materials and Methods." Arrows indicate the posi- 
tions of the compounds. 

(RF: 0.64) than  the usual 1-butanol/acetic acid/water mixture. 
The DNA hydrolysate products which had been tentatively 
identified as ['251]IVDUMP and C-['251]IVDUMP  (Fig.  6, A 
and B )  migrated with the same RF value  when chromato- 
graphed in FINK 8 (Fig. 7A) .  However,  following alkaline 
phosphatase  treatment, a clear separation was obtained (Fig. 
7B): the phosphatase-treated ['251]IVDUMP now appeared at 
the position expected for IVDU (RF: 0.76), whereas phospha- 
tase-treated C-['251]IVDUMP appeared at  the position ex- 
pected for C-IVDU (RF: 0.64). This allowed the characteriza- 
tion of the initial  products  as ['251]IVDUMP and C-["'I] 
IVDUMP and  the final products as ['"I]IVDU and C-['251] 
IVDU. 

When rechromatographed in  FINK 8, the peaks identified 
as ['251]IVDU and C-['261]IVDU in Fig. 7B, migrated with 
exactly the same RF value as  the alkaline phosphatase-treated 
['251]IVDU and C-[12SI]IVDU samples (data  not shown). In 
fact, the FINK 8 solvent system was also used to  further 
characterize ['251]IVDU and C-['%I]IVDU and  their phospho- 
rylated products  in the acid-soluble fractions of the cell ly- 
sates. These  additional experiments confirmed the identifi- 
cation of the products based on TLC  in 1-butanol/acetic acid/ 
water (2.5:l:l) (Figs.  1-3). Finally, the identification of the 
products  in  both acid-soluble and -insoluble fractions was 
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FIG. 7. Characterization of the phosphorylated products de- 
tected by TLC in the acid hydrolysate of DNA  from HSV-1 
(K0S)-infected Vero cells incubated for 24 h in the presence 
of either ["'I]IVDU or C-[""I]IVDU (see Fig. 6). The fractions 
corresponding to ['261]IVDUMP and C-['261]IVDUMP in the  TLC 
shown in Fig. 6 were eluted, and either  not  treated (panel A )  or 
treated (panel B )  with calf intestinal alkaline phosphatase (28 units/ 
gl/sample), before being rechromatographed on thin layer in  FINK 8 
(upper phase from a mixture of ethyl acetate/water/formic acid 
(40:15:5)). Symbols (panel A ) :  ."-., ['261]IVDUMP; o"-o, C -  
['261]IVDUMP. Symbols (panel B) :  as for panel A but  after phospha- 
tase  treatment. Arrows indicate the positions of the compounds. 

confirmed by TLC  in ammonium acetate/methanol (3:7) as 
solvent (data  not shown). 

DISCUSSION 

The present findings indicate that carbocyclic  IVDU, in 
which the sugar moiety has been replaced by a cycloalkane, 
is effectively phosphorylated by HSV-1-infected cells and 
eventually incorporated into  both viral and cellular DNA of 
the infected cell. The phosphorylation was demonstrated by 
the detection of C-['251]IVDUMP in  the acid-soluble fraction 
of the HSV-1-infected cells, whereas the incorporation of 
carbocyclic  IVDU into DNA  was demonstrated by CsCl gra- 
dient analysis of the DNAs isolated from HSV-1-infected cells 
which had been exposed to C-['261]IVDU. 

C-['261]IVDU  was also phosphorylated to C-['251]IVDUMP 
in HSV-%infected cells but  to a much lower extent than in 
HSV-1-infected cells. This correlates with the finding that 
HSV-2 replication is significantly less susceptible to  the  in- 
hibitory effects of C-IVDU and C-BVDU than HSV-1 repli- 
cation (13-15).  C-['251]IVDU  was not phosphorylated to  an 
appreciable extent  in HSV-1 (TK-)-  or mock-infected cells, 
which, again, correlates with the inactivity of C-IVDU and C- 
BVDU against HSV-1 (TK-) replication and  their lack of 
toxicity for the host cell  (13-15). 
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Although huge amounts of C-['251]IVDUMP  were found in 
HSV-1-infected cells exposed to C-['251]IVDU, we failed to 
detect  any di- or  triphosphorylated forms of  C-['251]IVDU 
(Fig. 2). Several reasons may account for this failure: i.e. (i)  a 
relatively poor affinity of C-['251]IVDUMP for the HSV-1 
dThd kinase-associated dTMP kinase (23, 24), (ii)  rapid deg- 
radation of the 5"triphosphate of C-['251]IVDU to its 5'- 
monophosphate by the virus-specified pyrimidine deoxyribo- 
nucleoside triphosphatase (25) or dUTP nucleotidohydrolase 
(26), and/or  (iii)  rapid incorporation of C-['251]IVDUTP into 
DNA. That  the di- or  triphosphorylated forms of  ['261]IVDU 
or C-[1251]IVDU may have been lost during the extraction 
procedure could be ruled out, since the procedure used was 
sufficient to preserve at least 98% of the 5"triphosphates 
present in the cell lysates (see "Materials and Methods"). 

As calculated from the radioactivity input of  ['251]IVDU 
and C-['251]IVDU (see "Materials and Methods", under "Ce- 
sium Chloride Equilibrium Gradient Analysis") and  the 
amounts of lZ5I radioactivity associated with DNA  (Fig. 5 ) )  
one may infer that C-['251]IVDU  was incorporated into DNA 
of HSV-1-infected cells at about  one-tenth of the degree  of 
incorporation of  ['251]IVDU. Neither C-['251]IVDU nor [IZ5I] 
IVDU  were incorporated into DNA of mock-infected cells; 
and, within the HSV-1-infected cell, C-['261]IVDU and [1251] 
IVDU  were incorporated equally well into viral and cellular 
DNA. That C-['251]IVDU was as such incorporated into DNA 
could be inferred from a number of observations. (i) Only 
the 5'-monophosphorylated form of C-['251]IVDU  was de- 
tected  in the acid-soluble fraction of HSV-l-infected cells; 
other lZ5I-labeled products that could have arisen from 
transiodination of, for example, uridine, cytidine, 2"deoxyu- 
ridine, 2'-deoxycytidine and  their nucleotides, were not de- 
tected  on  any of the  thin layer chromatograms. (ii) Chemical 
degradation of the DNA derived from HSV-1-infected cells 
which had been exposed to C- [ '251]IVDU only yielded  C- [ '261] 
IVDUMP, C-['251]IVDU, and '"1 as  the reaction products 
(Fig. 6B),  and  it was further  ascertained that  the free iodide 
originated from the former two reaction products; other lZ5I- 
labeled nucleosides or nucleotides were not detected by TLC 
of the DNA hydrolysates. (iii) The (remote) possibility that 
C-['251]IVDU  was first cleaved to  its free base ['251]IVU, which 
was then coupled to 2'-deoxyribose and incorporated into 
DNA as ['251]IVDU could be excluded on several grounds: (a) 
C-IVDU and C-BVDU are  not subject of phosphorolytic 
cleavage by pyrimidine nucleoside phosphorylases (14), (b)  at 
no time ( i e .  6, 12, or 24 h) after incubation of the cells with 
C-["51]IVDU could ['251]IVU be detected in  either the cell 
lysate or cell culture fluid, and ( c )  following acid hydrolysis 
of the DNA derived from HSV-1-infected cells (which had 
been exposed to C-[1251]IVDU), the reaction product could be 
unequivocally defined as C-['251]IVDU, since it was clearly 
separable from ['251]IVDU with FINK 8 as solvent (Fig. 7B) .  

Our findings thus demonstrate that C-IVDU is incorporated 
into DNA of HSV-1-infected cells. This implies that C- 
IVDUTP, like the 5'-triphosphates of BVDU and IVDU (21, 
27) and  other recently developed antiherpes  agents such as 
1-(2'-deoxy-2'-fluoro-P-D-arabinofuranosyl)-5-iodocytidine 
(28)  and 9-(1,3-dihydroxy-2-propoxymethyl)guanine (29), can 
act  as an alternate  substrate for DNA polymerase. The inter- 
action of C-IVDUTP  and  C-BVDUTP with purified DNA 
polymerases of cellular and viral origin is subject of further 
study. 

Carbocyclic analogues of purine and pyrimidine nucleosides 
have recently received much interest  as  potential  antiviral 
agents: i.e. the carbocyclic analogues of IDU (12), cytidine 
(30), 3-deazaadenosine (31, 32), tubercidin (33),  and various 

2-amino-6-substituted  purine ribofuranosides (34). The car- 
bocyclic analogue of 9-p-D-arabinofuranosyladenine (cyclar- 
adine) is considered as an excellent candidate for clinical 
trials against herpesvirus infections (35,36). Neplanocin A, a 
carbocyclic analogue of adenosine in which the ribose  moiety 
is replaced by a cyclopentene ring, exhibits  both  antiviral  and 
antitumor properties (37). However, for none of the carbo- 
cyclic  nucleoside derivatives has  it ever been demonstrated or 
reported that they  can be metabolized in the cell up to  the 
stage that they  are incorporated into RNA or DNA. For some 
carbocyclic derivatives, i.e. carbocyclic 3-deazaadenosine, it 
has been assessed that they  are  not even phosphorylated by 
the cells (31). 

Our results thus represent the first  demonstration of the 
incorporation of a carbocyclic  nucleoside analogue into DNA. 
The incorporation of a cyclopentyl derivative into  the DNA 
chain  has obvious fundamental implications. It raises the 
questions as to: (i)  the  site(s) of incorporation, internally or 
at  the 3'-terminal,  and if internally, at random or at specific 
sites; (ii) the influence of the cyclopentyl group on the con- 
formation of the DNA, its  primer-template activity, and var- 
ious other biologic activities of the DNA, Le. repair, transcrip- 
tion, and recombination; (iii) the consequences for the sus- 
ceptibility of the DNA to exo- and endonucleases, including 
restriction endonucleases, and, finally; (iv) the relationship 
between the  extent of incorporation of the carbocyclic ana- 
logue and  the degree of virus inhibition. For BVDU, the  extent 
of incorporation into  HSV-1 DNA is closely correlated with 
the degree of virus yield reduction (38); BVDU also suppresses 
the template activity of DNA for RNA polymerase (39). To 
what extent  the incorporation of C-BVDU or C-IVDU into 
DNA correlates with their  antiviral activity or affects the 
conformation and various biological functions of DNA  would 
seem interesting leads for further investigations. 
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