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Summary 

As part of our studies on the molecular basis for the antiherpes activity of 5'-AdThd 
(5'-amino-5'-deoxythymidine), a study of the HSV-1 DNA synthesized in infected 
Vero cells exposed to 5'-AdThd was undertaken. Unlike many other antiviral nucleo- 
side analogs, 5'-AdThd did not inhibit HSV-1 DNA synthesis. Analysis of the DNA 
synthesized in the presence of [14C]5'-AdThd revealed that the analog was incorporat- 
ed into the viral DNA in a dose-dependent manner and that the degree of incorpora- 
tion correlated with the antiviral activity as measured by yield reduction assays. 
Analysis of the 5'-AdThd substituted DNA by centrifugation in neutral and alkaline 
sucrose gradients revealed no double-stranded breaks but an increase in single-strand- 
ed breaks, at very high concentrations of the analog. Analysis of HSV-l-specific 
RNAs revealed a shift from poly(A ÷) to poly(A-) RNA. The degree of this shift 
paralleled the substitution of 5'-AdThd for thymidine in the HSV-I DNA. 

HSV-1 DNA; HSV-1 RNA; thymidine analog; antiviral activity 

Introduction 

The antiherpes activity of 5'-AdThd (5'-amino-5'-deoxythymidine) in cell culture 
has been established [9,11]. However, the molecular basis for the antiviral activity is 
yet to be fully understood. Like many other nucleoside analogs of thymidine, 5'- 
AdThd is specifically phosphorylated by the herpesvirus thymidine kinase [3] and it is 
presumed, but until now not established, that after conversion to the triphosphate it is 
incorporated into viral DNA. 

Previous studies have shown that the incorporation of the related compounds 
AIdUrd (5-iodo-5'-amino-2',5'-dideoxyuridine) and IdUrd (5-iodo-2'-deoxyuridine) 
into HSV-1 DNA is quantitatively related to the antiviral activity [6]. However, other 
studies in our laboratory on the effects of these three compounds, 5'-AdThd, AIdUrd 
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and IdUrd on HSV-l-induced beta and gamma proteins [13] as well as studies 
concerning the properties of the drug-substituted virions indicated that 5'-AdThd 
might be different in its mode of action. Therefore, the object of this study was to 
confirm the incorporation of 5 '-AdThd into viral DNA and correlate the incorpora- 
tion with the antiviral activity. 

Materials and Methods 

Cells and virus 
Vero cells were grown in Dulbecco's modified minimal essential medium supple- 

mented with 10% calf serum (Grand Island Biological Co.). The CI-101 strain of 
HSV-1 [4] was passaged at a multiplicity of 0.01 PFU/cell  and plaque assayed on Vero 
cells. 

Chemicals 
5'-Amino-5'-deoxythymidine (5'-AdThd) was synthesized by Dr. T.S. Lin [9]. 

Ortho[32p]phosphate (carrier-free) was obtained from Amersham Corporation. 5'- 
[2-14C]AdThd was synthesized by Dr. G. Shiau using [2-14C]thymidine (50 Ci/mol)  as 
starting material and the method of Lin et al. [9]. Pronase (nuclease-free), ribonu- 
clease A, alkaline phosphatase, snake venom phosphodiesterase and optical grade 
CsC1 were obtained from Calbiochem and Sigma Chemical Co.; [2 ,8:H]deoxyadeno-  
sine (6.8 Ci /mmol)  and deoxy[8-14C]adenosine (30 Ci/mol)  were purchased from ICN 
Pharmaceuticals, Inc. 

Virus infection 
Vero cells were grown to confluency before being exposed to 10 PFU/cell  of HSV- 1. 

Following a 1 h absorption at 37°C, the remaining virus was removed by aspiration 
and the monolayer was washed twice with phosphate-buffered saline (137 mM NaCI, 
2.6 mM KCI, 8.1 mM Na2HPO4 and 1.4 mM KH2PO4, pH 7.4) before adding fresh 
medium (37°C) containing the desired concentration of 5'-AdThd. Radiolabeled 
deoxy[3H]adenosine (10 laCi/ml) or [32p]phosphate (20 laCi/ml) was added to the 
medium 3.5 h post-infection and the cultures were incubated for an additional 20 h 
before being harvested. 

In preparations for sucrose gradient centrifugation 5.9 ~tM [8-~4C]dAdo was added 
to the control cultures and 0.27 laM [2,8-3H]dAdo was used for the 5'-AdThd-treated 
cultures. The HSV-infected cells were harvested by scraping the monolayer with a 
rubber policeman followed by centrifugation to pellet the cells. 

CsCI gradient centrifugation 
The procedure used was essentially as previously described [6] except that 1% 

sarkosyl, 3 mg/ml pronase (autodigested at 37°C for 60 min) and 500 lag/ml heat-inac- 
tivated (80°C for 15 min) ribonuclease A were used to digest the samples. The samples 
were adjusted with CsC1 to a density of 1.71 g/ml  before centrifugation at 34 000 rpm 
for 64 h at 18°C in a 50 Ti rotor. Fractions were collected from the bot tom of the 
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gradients and the density of representative fractions was immediately determined 
using a Bausch and Lomb refractometer. A portion of each fraction was spotted on a 
Whatman No. 1 disc before being washed twice in 5% trichloroacetic acid and once in 
95% ethanol. The discs were dried and the amount of radiolabel was determined by 
liquid scintillation spectrometry. 

Analysis of 5'-[~4C]AdThd-labeled DNA 
CsCI gradient fractions containing 5'-[t4C]AdThd-labeled HSV DNA were pooled 

and dialyzed against 75 mM Tris-HCl, pH 8.8, and 50 mM NaCI. Dialyzed samples 
were adjusted to 20 mM MgC12, 15 units/ml snake venom phosphodiesterase and 1 
unit/ml alkaline phosphatase and incubated for 90 min at 37°C. The digestion was 
terminated by the addition of equal volumes of 0.75 M HC104 on ice for 15 min. The 
samples were neutralized by the addition of 1 M KOH and the resulting precipitate 
removed by low speed centrifugation. Aliquots of the supernatant were spotted on 
either PEI or silica TLC plates. PEI plates were developed with 0.5 M LiC1/2 M acetic 
acid and the silica plates with chloroform/ethanol (2 : 1). TLC plates were cut and the 
slices counted by liquid scintillation spectrometry. The degree of substitution of 
5'-AdThd for dThd was determined using a specific activity of 1.4 Ci/mol for 
5'-[t4C]AdThd, a composition of 16.5% dThd in HSV-I DNA and a known amount of 
digested HSV-1 DNA. 

Sucrose gradient analyses 
The procedure was a modification of a previously described method [ 10]. The cells 

were washed with buffer (10 mM Tris-HC1, pH 7.5, 10 mM NaC1, 1 mM MgCi2 and 5 
mM EDTA), collected by centrifugation and resuspended in a small amount of the 
same buffer containing 0.5% NP-40. After standing at 5°C for 15 min the cells were 
Dounce-homogenized and the nuclei were removed by centrifugation at 3000 rpm for 
15 min at 5°C in a Sorvall SA 600 rotor. The supernatant was layered onto a 15% (w/v) 
sucrose solution containing the above buffer. The herpes virions were pelleted at 
15000 rpm for 45 min at 5°C in a SW 50.1 rotor. The supernatant was removed by 
aspiration and the pelleted virions were resuspended in a small amount of buffer (40 
mM Tris-HCl, pH 7.5, and 2 mM EDTA). In experiments using neutral sucrose 
gradients the above suspension was treated for 30 rain at 37°C with 1 mg/ml ribonu- 
clease A which had been heated at 80°C for 30 min. Control and 5'-AdThd-treated 
virions were mixed and the solution was adjusted to contain 20 mM Tris-HCl, pH 7.5, 
1 M NaCI, 1 mM EDTA, 0.5% sodium dodecyl sulfate and 2% sarkosyl before being 
heated at 60°C for 2 min. The lysate was cooled at 24°C for 10 min before gently 
layering onto a 15-40% (w/v) neutral sucrose gradient containing 50 mM Tris-HCl, 
pH 7.5, 1 M NaCI and 1 mM EDTA. The samples were sedimented at 35 000 rpm for 
2.5 h at 20°C in a SW 50.1 rotor. 

In experiments using alkaline sucrose gradients the resuspended control and 5'- 
AdThd-treated virions were mixed as above except that lysis was performed on top of 
a 15-40% (w/v) alkaline (adjusted to pH 12.1 with 2 M NaOH) sucrose gradient 
containing 1 M NaCI and I m M  EDTA. The samples were sedimented at 35 000 rpm 
for 2.5 h at 20°C in a SW 50.1 rotor. 
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Isolation and analysis of HSV-1 RNA 
Vero cells infected at 10 PFU/cell  were incubated in the presence of [3H]uridine and 

various concentrations of 5'-AdThd. After 18 h the cells were lysed in 1.0% SDS, 10 
mM Tris-HCl, pH 7.2, and 1 mg/ml  proteinase K. The RNA was extracted with 
phenol /chloroform/isopentanol  (25 : 25 : 1). RNA was separated into poly(A ÷) and 
poly(A-) fractions using an oligo(dT) Sepharose column as described by Anderson et 
al. [1]. The RNA fractions were precipitated with ethanol and resuspended in 50% 
formamide, 4 )< SSC ( 1 )< SSC = 1.15 M NaC1, 0.015 M sodium citrate, pH 7.0) with 5 
mM EDTA for hybridization to purified HSV-1 DNA bound to nitrocellulose filters 
(10 lag/filter) which had been washed with unlabeled yeast tRNA. This RNA wash 
reduced the non-specific binding of radioactivity to the filters to a background of less 
than 25 cpm/filter.  Hybridization was performed at 40°C for 48 h, filters were 
incubated with RNAse for 1 h at 37°C and washed in 1 × SSC before being counted for 
bound RNA. 

Results 

Effect of 5'-AdThd on the amount of HSV-1 DNA synthesized 
The synthesis of HSV-1 DNA in the presence of increasing concentrations of 

5 '-AdThd was determined. The incorporation of ortho[32p]phosphate into HSV-1 
DNA in infected cells was determined by banding the DNA in CsCI gradients and 
determining the radioactivity in the DNA at a density of approx. 1.726 g/ml.  As 
indicated in Table 1, 5'-AdThd had no significant effect on the incorporation of 32p 
into HSV-1 DNA. Analysis of HSV-1 DNA from 5'-AdThd-treated or untreated cells 
by Eco R-1 restriction endonuclease digestion revealed no difference between the 
DNA fragments with respect to their restriction patterns on agarose gels (data not 
shown). 

Incorporation of 5'-[~4C]AdThd into HSV-1 DNA 
In order to establish that 5'-AdThd becomes internally incorporated into HSV-1 

TABLE 1 

HSV-I DNA synthesis in the presence of 5'-AdThd and ortho[3ZP]phosphate 

Sample Expt. 1 Expt. 2 

No drug 46 000 59 600 
5'-AdThd 

200 laM 40 000 59 800 
400 taM 41 000 60 300 
800 laM 42 000 60 000 

Vero cells were infected as described in Materials and Methods in the presence of the indicated concentra- 
tion of 5'-AdThd. 32P i was added 3.5 h after infection at 20 laCi/ml and virions were harvested 20 h later. 
Viral DNA was isolated and analyzed as described in Methods. Numbers are the average of two determina- 
tions in a given experiment. 
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DNA,  cells were infected with HSV-1 and exposed to 400 laM 5'-[ '4C]AdThd for 23 h. 

Virions labeled with 5'-[14C]AdThd were obta ined as described in Methods and the 
D N A  was analyzed on CsCI gradients.  The incorpora t ion  of 5 ' -AdThd did not effect a 
change in the density of the HSV-1 D N A  as shown in Fig. 1. The 5'-[14C]AdThd - 
subst i tuted HSV-1 D N A  was digested with snake venom phosphodiesterase and 
alkaline phosphatase.  The resulting nucleosides were analyzed by thin-layer chromato-  
graphy (Fig. 2). Using appropr ia te  markers it was determined that 5'-[t4C]AdThd 
could be recovered from the labeled HSV-1 DNA. These data  along with the absence 
of detectable breaks in the subst i tuted viral D N A  indicate that the drug had been 
internal ly incorporated into the DNA. It should be noted that the 5'-[t4C]AdThd 
conta ined  a small a m o u n t  of con tamina t ing  [14C]dThd (less than 0.5%). A preferential 
ut i l ization of this con t aminan t  is the most likely explanat ion for the []4C]dThd in the 
HSV-1 DNA since a biochemical  deamina t ion  of 5 ' -AdThd is unlikely. 

Relationship between degree of incorporation of 5'-AdThd and the antiviral activity 
Drug-subst i tu ted virions were prepared at various concentra t ions  of 5 ' -AdThd and 

the yield of the virus ( indicat ing the antiviral  effect) and the degree of subst i tut ion of 
5'-[14C]AdThd for thymidine determined.  Fig. 3 shows the results of these analyses. 
There appears to be a good correlat ion between the antiviral  effect, the concent ra t ion  
of 5 ' -AdThd and the degree of subst i tu t ion for thymidine in the HSV-1 DNA.  
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Fig. 1. Incorporation of 5"-[t4C]AdThd into HSV-I DNA. Vero cells were infected at 10 PFU/cell for 1 h 
and exposed to 400 p.M 5'-[~4C]AdThd (1.4 Ci/mol) for 23 h. Total DNA from infected cells was analyzed by 
CsCI gradient centrifugation. An aliquot of each fraction was TCA precipitated and counted. 

Fig. 2. Confirmation of the incorporation of 5'-[~4C]AdThd by thin-layer chromatography of digested 
labeled HSV-I DNA. HSV-I DNA from CsC1 gradients similar to that in Fig. 1 was analyzed. The DNA 
was dialyzed against 50 mM NaCI, 75 mM Tris-HCl, pH 8.8, and adjusted to 20 mM MgCI2, 15 units/ml 
snake venom phosphodiesterase and 1 unit/ml alkaline phosphatase. After incubation for 90 min at 37°C, 
equal volumes of 0.75 N HCIO4 were added and samples were placed on ice. KOH neutralized samples were 
spotted on TLC plates with markers and developed. (A) Silica plate developed with chloroform/ethanol 
(2: 1). (B) PEI plate developed with 0.5 M LiCI and 2.0 N acetic acid. 
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Fig. 3. Relationship between the degree of substitution, the antiviral activity and the concentration of 
5'-AdThd. Reduction in the yield of HSV- 1 is plotted as a function of the drug concentration (A) and the 
percent substitution of drug for thymidine in HSV- 1 DNA (B). HSV- l-infected Vero cells were exposed to 
different concentrations of 5'-AdThd or 5'-[~4C]AdThd and DNA was harvested as described in Fig. 1. The 
degree of substitution was determined using a specific activity of 1.4 Ci/mol for 5'-[~4C]AdThd. 

Effects of  the incorporation of 5'-AdThd on HSV-1 DNA integrity. 
Previous  studies with a related ana log ,  5 - iodo-5 ' -amino-2 ' ,5 ' -d ideoxyur id ine  

( A I d U r d ) ,  have shown that  a concen t r a t i on -dependen t  i nco rpo ra t ion  of  the ana log  
into HSV-I  D N A  resulted in single- and  doub le - s t r anded  b reaks  in the D N A  [6]. Since 
s imilar  effects with 5 ' -AdThd  might  explain  the corre la t ion  between inco rpo ra t ion  
and ant iv i ra l  activity,  HSV-1 D N A  synthesized in infected Vero cells exposed  to 
increasing concen t ra t ions  of  5 ' -AdThd  was examined  with respect  to its physical  
integr i ty  by a lkal ine  and neutra l  sucrose gradients  (Fig. 4). Three concent ra t ions  of  
5 ' -AdThd  were chosen,  i.e., 200, 400, and  800 laM, which inhibi t  the yield of  HSV-1 by 
1.5, 2.0 and 2.5 log respectively.  There  appea red  to be a significant increase in the 
s ingle-s t randed breaks  only with 800 ~tM and  no detec table  increase in the double -  
s t randed  breaks  at any of  the concen t ra t ions  tested,  suggesting that  5 ' -AdThd  in the 
D N A  does  not  exert a ma jo r  ant ivi ra l  effect by causing f r agmen ta t ion  o f  the D N A .  

Effect of 5'-AdThd on HSV-1 RNA synthesis 
Since 5 ' -AdThd  in the D N A  might  exert  its ant ivi ra l  act ivi ty at the level of  t ranscr ip-  

t ion,  the levels of  HSV-l - spec i f i c  R N A s  in infected cells exposed  to 5 ' -AdThd  were 
examined.  It was found  that  the overal l  level of  [3H]uridine- labeled HSV-l - spec i f i c  
R N A  as de te rmined  by hybr id iza t ion  to HSV-1 D N A  b o u n d  to ni t rocel lulose  filters 
was not  s ignif icant ly changed  by exposure  to 5 ' -AdThd .  There  was, however ,  a 
marked  increase in HSV- l - spec i f i c  po ly(A-)  R N A  and a concomi t an t  decrease in 
HSV- l - spec i f i c  po ly (A ÷) R N A  (Fig.  5). The degree of  change in the d i s t r ibu t ion  of  
HSV- l - spec i f i c  R N A s  increased with the degree of  subs t i tu t ion  of  5 ' -AdThd  for 
thymid ine  in the herpes D N A .  

Discussion 

5 ' -AdThd  has been shown to have a number  of  metabol ic  effects in HSV-1-infected 
or in uninfected m a m m a l i a n  cells. It can be phospho ry l a t ed  by the herpes-specif ic  
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Fig. 4. (a) Absence of double-stranded breaks in 5'-AdThd-substituted HSV-1 virion DNA. Virions grown 
in the presence of various concentrations of 5'-AdThd were purified and their DNA was analyzed by neutral 
sucrose gradients to detect double-stranded breaks in the DNA. Purified virions grown in the presence of 
[3H]dAdo and 5'-AdThd were mixed with virions grown in the presence of [14C]dAdo and no drug. The 
virions were disrupted by 0.5% SDS and 2% sarkosyl in 20 mM Tris-HC1, pH 7.5, 1 M NaCI and 1 mM 
EDTA and layered onto a 15-40% neutral sucrose gradient. Centrifugation was carried out in a SW 50.1 
rotor for 2.5 h at 35 000 rpm. Fractions were collected, trichloroacetic acid-precipitated and counted, o, 
Control virion DNA; e, 5'-AdThd-substituted DNA. (b) Presence of single-stranded breaks in 5'-AdThd- 
substituted HSV-I virion DNA. Control virion DNA and drug-substituted DNA were prepared as in (a) 
except that disruption of the virions was performed on top of the 15-40% alkaline (pH 12.1) sucrose 
gradient. Centrifugation, trichloroacetic acid precipitation and counting were performed as in (a). 

t h y m i d i n e  k inase  bu t  no t  by  the ce l lu la r  e n z y m e  [3], a n d  its an t iv i r a l  effects  d e p e n d  on  

this p h o s p h o r y l a t i o n  since T K -  m u t a n t s  a re  res is tant  to  this ac t iv i ty  ( O t t o  a n d  Prusof f ,  

u n p u b l i s h e d  obse rva t ion ) .  In  a d d i t i o n ,  it has  been  f o u n d  by F i s che r  and  Bax te r  [7] 

tha t  5 ' - A d T h d  inhib i t s  the f e e d b a c k  inh ib i t i on  n o r m a l l y  exe r t ed  by d T T P  on  t h y m i -  

d ine  k inase  a n d  thus  acts to increase  the  level o f  d T h d  nuc leo t ides ,  i nc lud ing  ana logs  

o f  d T h d  which  can  be p h o s p h o r y l a t e d  by  the ce l lu la r  e n z y m e  such as I d U r d .  

In  the p resen t  s tudy  we have  d e m o n s t r a t e d  tha t  5 ' - A d T h d  is i n c o r p o r a t e d  in to  

HSV-1  D N A  at an t iv i ra l  c o n c e n t r a t i o n s  o f  the c o m p o u n d .  U n d e r  these  c o n d i t i o n s  no  

de t ec t ab l e  change  is seen in the  in tegr i ty  o f  the D N A  excep t  fo r  s o m e  inc reased  

s ing le - s t r anded  b reaks  at 800 laM which  m a y  ind ica te  inc reased  f ragi l i ty  o f  the  h igh ly  

subs t i tu t ed  D N A  at the p h o s p h o r a m i d a t e  b o n d .  The  an t iv i ra l  ac t iv i ty  increases  in a 

d o s e - d e p e n d e n t  m a n n e r  wh ich  para l le l s  the degree  o f  subs t i t u t i on  o f  5 ' - A d T h d  fo r  

d T h d  in the viral  D N A .  This  k ind  o f  c o r r e l a t i o n  has  been  s h o w n  for  o t h e r  nuc leos ide  

ana logs ,  such as B V D U  [5 - (2 -b romov iny l ) -2 ' - deoxyu r id ine ] ,  I d U r d  (5 - iodo-2 ' -  

d e o x y u r i d i n e )  and  A I d U r d  ( 5 - i o d o - 5 ' - a m i n o - 2 ' , 5 ' - d i d e o x y u r i d i n e )  in HSV-1  in fec ted  
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Fig. 5. Analysis of RNA synthesized in HSV-l-infected Vero cells at various concentrations of 5'-AdThd. 
Vero cells infected at 10 PFU/cell were incubated in the presence of [3H]uridine and various concentrations 
of 5'-AdThd. After 18 h the cells were lyzed and the RNA extracted with phenol/chloroform/isoamylalco- 
ho125 : 25 : 1. The RNA was separated into poly(A +) and poly(A-) by column chromatography on oligo(dT) 
Sepharose. Aliquots were analyzed by hybridization to purified HSV-I DNA bound to nitrocellulose 
filters and the HSV-l-specific radioactivity bound was determined. 

cells [6,101. It is interest ing to note  that  a 20% subs t i tu t ion  of  ei ther  A I d U r d  or  BVDU 
for dThd  in the viral D N A  reduces the infectious virus yield a pp rox ima te ly  96%, while 
5 ' -AdThd  requires  a p p r o x i m a t e l y  38% subst i tu t ion  to achieve the same ant ivi ra l  
effect. A I d U r d  and BVDU,  however ,  p roduce  a signif icant  increase in the single- and 
doub le - s t r anded  D N A  breaks  while 5 ' - A d T h d  produces  no significant D N A  breaks  at 
the same ant ivi ra l  level. 

While  much of  the ant ivi ra l  effect of  the inco rpora t ion  of  A I d U r d  or  BVDU into 
viral D N A  could  be expla ined by  the f r agmenta t ion  of  the D N A ,  the ant ivi ra l  effect of  
the inco rpora t ion  of  5 ' -AdThd  is still a quest ion.  Previously we had shown that  
HSV- l - in fec t ed  cells exposed  to the ana log  exhibi ted a l tered pro te in  pa t te rns  on SDS 
gels with reduct ion  in the late beta  and the g a m m a  prote ins  [ 13]. It has been known for 
some t ime that  herpes s implex m R N A  is po lyadeny la t ed  [2]. Here we demons t r a t e  
that  with increasing concen t ra t ions  of  5 ' -AdThd  the ra t io  of  po ly(A-)  to po ly (A +) 
HSV- l - spec i f i c  R N A  increases. It should  be noted  that  this effect is more  p ronounced  
late in infect ion (12-18 h) than at ear l ier  t imes (4-6 h). These effects on late prote ins  
and RNAs  suggest that  the effects are due to the i nco rpo ra t ion  of  5 ' - A d T h d  into the 
newly synthesized D N A  and  not  to some other  (early) effect. 

Effects on t ranscr ip t iona l  events might  have been predic ted  fol lowing incorpora -  
t ion of  5 ' -AdThd  into viral D N A  in light of  studies by Not to l i  et al. [ 12]. It was found  
that  the subs t i tu t ion  of  NH2 for OH at C(5') of  thymidine  nucleot ides  results in an 
a l tered con fo rma t ion  for  the p ro tons  at the C(5 ' ) -C(4 ' )  bond  and the P -N(5 ' ) -C(5 ' )  
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bonds as well as a change in the torsion angle at C(5')-N(5') as compared to 
C(5')-O(5'). It was suggested that the results of such changes would be alterations in 
the conformation of the sugar-phosphate backbone of the DNA. Thymidine-rich 
regions in the DNA might therefore be expected to exhibit abnormal conformations. 
It is known that eukaryotic as well as viral mRNAs possess a highly conserved 
sequence, AAUAAA,  10-30 nucleotides upstream from the poly(A) [11]. This site 
appears to be a required recognition site for accurate cleavage and polyadenylation of 
the mRNA [11]. The coding sequence in the DNA therefore would be T T A T T T  and 
the substitution by 5'-AdThd at this site could have profound effects on polyadenyla- 
tion, i.e., a reduction in the amount  of poly(A ÷) containing RNA, and on accurate 
cleavage of the RNA, i.e., transcripts of increased len~,th. The later effect would be 
detected as an apparent increase in the total amount of  viral (hybridizable cpm's) 
RNA synthesized, specifically poly(A-) RNA. Such an effect is detected at 800 laM 
5'-AdThd where the degree of substitution of 5'-AdThd for dThd in the viral DNA 
approaches 85%. 

Thus these data, taken together with the data presented previously [13], demons- 
trate that increasing concentrations of 5'-AdThd result in increased levels of substitu- 
tion in the viral DNA, increased levels of poly(A-) herpes-specific RNA, a marked 
decrease in the level of poly(A ÷) herpes-specific RNA, decreased late protein synthesis 
and decreased yields of infectious virus. 

Acknowledgements 

This work was supported by Public Health Service grants CA-05262 and T32-CA- 
09085. We wish to thank Mrs. E. Lentz for her excellent technical assistance and Dr. F. 
Dutko for his critical reading of the manuscript. 

References 

1 Anderson, K., Stringer, J., Holland, L. and Wagner, E. (1979) Isolation and localization of herpes 
simplex virus type 1 mRNA. 3". Virol. 30, 805-820. 

2 Bachenheimer, S. and Roizman, B. (1972) Ribonucleic acid synthesis in cells infected with herpes 
simplex virus. VI Polyadenylic acid sequences in viral messenger ribonucleic acid. J. Virol. 10, 
875-879. 

3 Chen, M.S., Shiau, G.T. and Prusoff, W.H. (1980) 5'-Amino-5'-deoxythymidine synthesis, specific 
phosphorylation by herpesvirus thymidine kinase and stability to pH of the enzymatically formed 
diphosphate derivative. Antimicrob. Agents Chemother. 18,433-436. 

4 Dubbs, D.R. and Kit, S. (1964) Mutant strains of herpes simplex virus deficient in thymidine kinase 
inducing activity. Virology 22, 493-502. 

5 Fischer, P.H., Lee, J.J., Chen, M.S., Lin, T.S. and Prusoff, W.H. (1979) Synergistic effect of 
5'-amino-5'-deoxythymidine and 5-iodo-2"-deoxyuridine against herpes simplex infections in vitro. 
Biochem. Pharmacol. 28, 3483-3486. 

6 Fischer, P.H., Chen, M.S. and Prusoff, W.H. (1980) The incorporation of 5-iodo-5'-amino-2',5'-di- 
deoxyuridine and 5-iodo-2'-deoxyuridine into herpes simplex virus DNA. Relationship between 
antiviral activity and effects on DNA structure. Biochim. Biophys. Acta 606, 236-245. 

7 Fischer, P.H. and Baxter, D. (1982) Enzyme regulatory site-directed drugs. Modulation ofthymidine 



280 

triphosphate inhibition of thymidine kinase by 5'-amino-5'-deoxythymidine. Mol. Pharmacol. 22, 
231-234. 

8 Horwitz, J.P., Tompson, A.J., Urabanski, J.A. and Chau, J. (1962) Nucleosides 1. 5'-amino-5'- 
deoxyuridine and 5'-amino-5'-deoxythymidine. J. Org. Chem. 27, 3045-3048. 

9 Lin, T.S., Neenan, J.P., Cheng, Y.-C., Prusoff, W.H. and Ward, D.C. (1976) Synthesis and antiviral 
activity of 5- and 5'-substituted thymidine analogs. J. Med. Chem. 19,495-498. 

10 Mancini, W.R., De Clercq, E. and Prusoff, W.H. (1983) The relationship between incorporation of 
E-5-(2-Bromovinyl)-2'-deoxyuridine into herpes simplex virus type 1 DNA with virus infectivity and 
DNA integrity. J. Biol. Chem. 258, 792-795. 

11 Nevins, J.R. (1983) The pathway of eukaryotic mRNA formation. Annu. Rev. Biochem. 52,441-466. 
12 Nottoli, E.M., Lambert, J.B. and Letsinger, R.L. (1977) Study ofconformational changes induced on 

substituting NH for O at C(5') of thymidine nucleosides and nucleotides. J. Am. Chem. Soc. 99, 
3486-3490. 

13 Otto, M.J., Lee, J.J. and Prusoff, W.H. (1982) Effects of nucleoside analogues on the expression of 
herpes simplex type 1 induced proteins. Antiviral Res. 2, 267-281. 


