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9-(4-Hydroxybutyl)guanine was synthesized and tested for antiherpes activity. In cell cul-
tures, different strains of herpes simplex virustype 1 (HSV-1) and type 2 (HSV-2) were inhibited
by 50% at 2-14 pM of 9-(4-hydroxybutyl)guanine, while a HSV-1 mutant lacking thymidine
kinase (HSV-1 TK") was resistant. Linear competitive inhibition of purified HSV-1-induced
thymidine kinase (TK) with thymidine as a variable substrate was observed for 9-(4-hydroxybu-
tyl)guanine with an apparent K, value of 2.06 uM while the corresponding K value for the
cellular TK was >250 uM. By using high performance liquid chromatography, the formation of
9-(4-hydroxybutyl)guanine monophosphate by HSV-1 TK was measured and the rate of
product formation was found to be about 10% of that found by using thymidine as a substrate.
A selective inhibition of HSV-1 DNA synthesis by 9-(4-hydroxybutyl)guanine was observed in
infected Vero cells. 9-(4-Hydroxybutyl)guanine had a low cellular toxicity. A weak therapeutic
effect on herpes keratitis in rabbits was observed whereas cutaneous HSV-1 infection in guinea
pigs and systemic HSV-2 infection in mice were not affected by this compound.

antiherpetic activity; nucleoside analog; mechanism of action; 9-(4-hydroxybutyl)guanine
Introduction

Herpesvirus infections have been one of the major targets in the search for new
antiviral drugs during recent years. The first generation of antiviral compounds with
proven clinical value was discovered by random screening or by serendipity. The
observation that herpesviruses induce new enzyme activities that differ from the
normal cellular enzymes [1,2] made new rational approaches possible. One type of
compound utilizing these enzymes is the antiherpes compound acyclovir (ACV) [3].
We have evaluated several newly synthesized hydroxyalkylnucleoside analogs as
potential antiherpes drugs. One of these, the guanosine analog 9-(4-hydroxybutyl)-
guanine, was found to have antiherpes activity. Preliminary biochemical and cell
culture data of this compound were recently published [4]. This paper extends the
evidence for a mechanism of action, reports cellular toxicology, and describes the
antiherpes effect in animals for this compound.
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Materials and methods
Materials

9-(4-Hydroxybutyl)guanine and 9-(4-hydroxybutyl)guanine monophosphate [5]}
were synthesized at Astra Likemedel AB. [Methyl-*H]thymidine (77.2 Ci/mmol) and
[y-**Pladenosine 5'-triphosphate (>>5000 Ci/mmol) were from New England Nuclear
(Boston, MA) and carrier-free [**Plorthophosphate (1 mCi/ml) was from the Radio-
chemical Centre (Amersham, England). 9-(2-Hydroxyethoxymethyl)guanine (ACV)
was synthesized by B. Lindborg and A. Misiorny at Astra Likemedel AB.

Cells and viruses

Vero cells (CCL81) were grown and used for plaque assays as described earlier [6].
Most of the herpes simplex strains used have been described previously [7] or were
patient isolates. The strain HSV-1 C915 TK™ does not induce the formation of any TK
polypeptide (Dr. S. Gronowitz, pers. comm.) and the acyclovir-resistant strain
(ACV") C42 was selected as a strain resistant to at least 100 pM ACV in Vero cells.

FPurification of thymidine kinase

Vero cells were grown in roller bottles, 625 cm?, and infected with HSV-1 strain C42
at a multiplicity of 0.5-1 plaque-forming units/cell (pfu/cell) and cultivated for 16 h
(70-90% cytopathic effect). HSV-1 infected and uninfected Vero cells were harvested
and treated before the application to a CH-Sepharose-dThd affinity column accor-
ding to published methods [8]. The application and separation of HSV-1 TK and
cellular cytosol TK on the affinity column was as described previously [9]. HSV-1TK
was eluted at about 40-60 uM dThd and the cellular cytosol TK at about 80~100 pM of
dThd. The fractions containing TK activities were pooled, dialyzed, and concentrated
as described [9].

Thymidine kinase assay

One unit of activity was defined as the amount of enzyme activity that catalyzes the
formation of 1 pmol of product/min at 37°C in a standard assay. Thymidine kinase
activity was assayed in a 100-pl reaction mixture containing 150 mM Tris-HCl pH 7.5,
2 mM ATP, 2 mM MgCl,, 3 mM dithiothreitol (DTT), 10 pM [methyl-*H]}thymidine
and TK. After incubation at 37°C for 30 min, 50 pl of the reaction mixture was spotted
onto a Whatman DE 81 paper disc (2.3 ¢cm), washed twice with H,0O and three times
with ethanol. Each dried paper disc was counted in 3 ml Econofluor scintillation
solution (New England Nuclear, Boston, MA).

Kinetic studies were performed using 2 U of HSV-1TK or Vero cell cytosol TK. The
incubation period was 5 min and the reaction mixture was the same as for the standard
TK assay with different amounts of [*’H]dThd. The reaction rate was linear during the
incubation period. The K value for dThd and the K values for the tested compounds
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were determined by linear regression analyses of the data obtained which were plotted
in Lineweaver-Burk plots. To determine the ability of the test compound to act as an
alternative substrate for the dThd kinases we applied the procedure of Dobersen and
Greer [10]. The 100-pl reaction mixture contained 150 mM Tris-HCIl pH = 7.5, 0.5
mM- [y-*’PJATP, 2 mM MgCl,, 3 mM DTT, 250 uM of test compound and TK.

Determination of 9-(4-hydroxybutyl)guanine monophosphate by HPLC

To determine the formation of 9-(4-hydroxybutyl)guanine monophosphate by
HSV-1 TK the method described above was combined with the HPLC technique.
TK from HSV-l-infected Vero cells was prepared as described above, but omitting the
purification on the affinity column. 100 or 500 pM of thymidine or 9-(4-hydroxybutyl)-
guanine were incubated for 2 h in 200 pl with 50 U of HSV-1 TK, 150 mM Tris-HCI
pH =17.5,10 mM ATP, 10 mM MgCl, and 3 mM DTT. Afterincubation, 60% HCIO,
was added to give a final concentration of 0.5 M. After 30 min on ice the precipitates
were removed by centrifugation, and the supernatants were neutralized with 4 M
KOH containing 0.4 M KH,PO,. The neutralized extracts were kept on ice for 5 min
before the solutions were cleared by centrifugation. The monophosphate products
formed were analysed and identified on a liquid chromatograph (Waters Assoc.,
Milford, MA, U.S.A.) using a Whatman Partisil 10 sax column. Elution was done with
0.01 M KH,PO, pH 2.80 at a flow rate of 2 ml/min. The UV absorption was
monitored at 254 nm and recorded and quantified with a Waters model 730 integrator.

Determination of HSV-1 and cellular DNA synthesis

Determination of viral and cellular DNA synthesis by [*?PJorthophosphate label-
ling and isodensity gradient centrifugation has been described previously [11]

Cellular toxicity

The effect on cell proliferation was as reported previously [12]. The test compound
was added to actively growing cells and incubated for 48 h and the cell number and
volume were measured by the use of an electronic cell counter (Analysinstrument AB,
Stockholm).

Animal experiments

The method to inoculate guinea pigs with HSV-1, strain C42, has been described
earlier, as has the scoring system used to determine the therapeutic effect of treatment
[13]. The herpes keratitis model using rabbits inoculated with HSV-1 in the cornea has
been described previously [14]. In the experiments with systemic herpes infections,
14-15 g NMRI mice were inoculated intraperitoneally with 10* pfu of HSV-2 strain
91075 [15].
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Results
Antiherpes activity of 9-(4-hydroxybutyl)guanine

The ability of 9-(4-hydroxybutyl)guanine to reduce plaque formation by HSV-1
and HSV-2 strains in cell culture is shown in Table 1. 9-(4-Hydroxybutyl)guanine was
an effective inhibitor of both HSV-1 and HSV-2 multiplication. A variation in
sensitivity between difterent HSV strains was observed with 50% inhibition values
(IDs,) between 2-14 uM of 9-(4-hydroxybutyl)guanine, and a thymidine kinase-nega-
tive (TK") strain as well as an acyclovir-resistant strain (ACV") of HSV-1 were
resistant to the inhibitor.

Cellular toxicity of 9-(4-hydroxybutyl)guanine

The effect of 9-(4-hydroxybutyl)guanine on cell proliferation was determined in
Vero cells. No effect was observed at concentrations required to inhibit HSV multipli-
cation. A 50% inhibition of cell multiplication was observed at a concentration of 250
uM, while no effect on cell volume was observed (data not shown).

Effect of 9-(4-hydroxybutyl)guanine on cellular and HSV-1 DNA synthesis

As shown in Fig. 1 and Table 2, 9-(4-hydroxybutyl)guanine reduced the HSV-1|
DNA synthesis in infected Vero cells by 50% at 0.6 pM while cellular DNA synthesis
required 3.6 pM for a 50% inhibition in the infected cells. When viral DNA synthesis
was totally inhibited by 10 pM of the inhibitor the cellular DNA synthesis was also
inhibited by about 80% in the infected cells. On the other hand, at this concentration
the cellular DNA synthesis in the uninfected Vero cells was not inhibited and a 50%
inhibition was observed at a concentration >500 uM (Table 2).

TABLE 1
Inhibition of HSV plaque formation by 9-(4-hydroxybutyl)guanine

Virus strain 50% inhibition, uM (1Ds)
HSV-1 C42 3
HSV-1 KJ502 5
HSV-1 7935-72 2

HSV-1 C915 TK™  >200
HSV-1 C42, ACVT 200

HSV-2 91075 8
HSV-2 72 14
HSV-2 B4327 UR2 13

The plaque assay was carried out as described in Materials and Methods and the 1Dy, was
calculated from dose-response curves with 7 different concentrations of 9-(4-hydroxybutyl)-
guanine.
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Fig. 1. Inhibition of cellular and HSV-1 DNA synthesis by 9-(4-hydroxybutyl)guanine. Viral
and cellular DNA were labelled with [*?Plorthophosphate and separated as described in
Materials and Methods. The shaded area denotes viral DNA. [*H]JThymidine-labelled DNA
from HSV-I1 infected and untreated cells was used as internal density marker (not shown). The

concentrations used of 9-(4-hydroxybutyl)guanine were: (A) 0 uM, (B) 0.5 uM, (C) 2.5 uM and
(D) 10 uM.

Phosphorylation of 9-(4-hydroxybutyl)guanine by thymidine kinases

The affinity for HSV-1 and cytosol TK was determined in enzyme kinetic experi-
ments and compared with that of the structure related antiherpes compound ACV. As
shown in Fig. 2(A and B), both 9-(4-hydroxybutyl)guanine and ACV gave linear
competitive inhibition of HSV-1 TK with dThd as variable substrate. The X; values
were determined to 2.06 pM for 9-(4-hydroxybutyl)guanine and to 173 uM for ACV

TABLE 2
Inhibition of HSV-1 and cellular DNA synthesis by 9-(4-hydroxybutyl)guanine

Synthesis Concentrations giving
50% inhibition (uM)

HSV-1 infected cells
HSV DNA 0.6
Cell DNA 3.6
Uninfected cells
Cell DNA >500
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Fig. 2. Inhibition of thymidine phosphorylation by 9-(4-hydroxybutyl)guanine and ACV.
Lineweaver-Burk plots with purified HSV-1 TK. [*H]dThd was used as a variable substrate and
(A) 9-(4-hydroxybutyl)guanine and (B) ACV as inhibitors. The concentrations used are as
indicated in the figures and the assay is described in Materials and Methods.

with HSV-1 TK while K values >250 uM were obtained when cytosol TK was used for
both these compounds (Table 3). The phosphorylation rates of 9-(4-hydroxybutyl)-
guanine and ACYV at 250 uM by viral and cellular TK were determined and compared
with those of dThd as shown in Table 3. Due to the sensitivity of the assay, by
measuring the transfer of y-**P from [y-*?PJATP to the tested compound the K values
could not be determined. 9-(4-Hydroxybutyl)guanine was shown to be phosphoryla-
ted to about 10% of dThd and ACV to 27% of dThd by HSV-1 TK while no detectable
phosphorylation was detectable for these compounds when cytosol TK was used.
These results correspond well with the results obtained by Keller et al. [4].

Product identification by HPLC

The identification and separation of the formed monophosphate after incubation
with 9-(4-hydroxybutyl)guanine or thymidine as substrate with cell extracts from
HSV-1 infected cells is shown in Fig. 3. 9-(4-Hydroxybutyl)guanine monophosphate
TABLE 3
Cell-free phosphorylation by purified thymidine kinases

Compound K, (uM) Velocity (%)
relative to dThd
HSV-1 TK Cytosol TK HSV-1 TK Cytosol TK
Thymidine 0.41% 0.11 (Kyy)  1.3140.13 (Kyy) 100 100
9-(4-hydroxybutyl)-
guanine 2,06t 0.42 >250 9.7442 <5
Acyclovir 173  +46 >250 27 1.7 <5

The data shown are mean values from 5 different determinations as described in Materials and
Methods and the sp for these results are included.
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Fig. 3. Phosphorylation of 9-(4-hydroxybutyl)guanine by thymidine kinase. HPLC was used to
determine 9-(4-hydroxybutyl)guanine monophosphate or thymidine monophosphate forma-
tion after enzymatic phosphorylation by HSV-1 TK as described in Materials and Methods. A.
Phosphorylation with 100 uM dThd as substrate. The arrow indicates thymidine monophos-
phate. B. Phosphorylation with 500 pM 9-(4-hydroxybutyl)guanine as substrate. The arrow
indicates 9-(4-hydroxybutyl)guanine monophosphate.

and thymidine monophosphate were used as reference compounds with R-values of
4.30 min and 7.40 min, respectively. The products formed were identified by retention
times and standard addition. By this method, the amount of 9-(4-hydroxybutyl)gua-
nine monophosphate also was found to be about 10% of that formed with dThd as
substrate.

Effect of 9-(4-hydroxybutyl)guanine on herpes keratitis in rabbits

The effect on herpes keratitis in rabbits is shown in Fig. 4. After topical application
of 5% 9-(4-hydroxybutyl)guanine in petrolatum base for 5 days a slight but not
statistically significant effect on the mean keratitis score was observed. The healing
time was reduced from 14 days for the control to 10 days for the compound.

Effect of 9-(4-hydroxybutyl)guanine on cutaneous HSV-1 infection in guinea pigs and
systemic HSV-2 infection in mice

Treatment of cutaneous HSV-1 (strain C42) infection on the back of guinea pigs
with 5% of the inhibitor in either a water-based ointment or in dimethylsulfoxide was
started 2 or 24 h post-inoculation and consisted of 5 daily topical treatments for 4
days. This treatment did not result in any therapeutic effect (data not shown).



84

3
2.5+
o
s 2+
1]
1)
2
T 1.5+
[}
x
c
P
4
0.5
T T T T | U v T !
3 9 10 1 12 13 14

TrEEL thete OSHH T 7um
Treatments Days post inoculation

Fig. 4. Effect of 9-(4-hydroxybutyl)guanine on herpes keratitis in rabbits. The rabbits were

inoculated with HSV-1, C42, and treated topically with 100 pl petrolatum base containing 5%

(w/w) of the finely ground drug. The treatments are indicated by arrows. Each point represents

the average of 6 eyes for treatment with the drug and 8 eyes for placebo. e e = Placebo

ointment and o o = 5% 9-(4-hydroxybutyl)guanine ointment.

The mortality after systemic HSV-2 infection in mice was unaffected after oral
treatment with 2 X 75 mg/kg per day of the inhibitor starting 1 h post-inoculation and
continued for § days. The mortality in both the infected control group and the treated
group was 80% at day 12 after inoculation (data not shown).

Discussion

9-(4-Hydroxybutyl)guanine has recently been reported to be phosphorylated by
HSV-1TK but not by cellular TK and to inhibit herpesvirus replication in cell cultures
[4]. From the plaque inhibition studies using different HSV-1 and HSV-2 strains and
some mutants (Table 1) it is evident that the antiherpes activity is dependent on HSV
TK and that both HSV-1 and HSV-2 are inhibited. Both a TK™ strain and a strain
resistant to ACV, were resistant to 9-(4-hydroxybutyl)guanine. Kinetic analyses with
HSV-1 TK were performed to investigate the mechanism of inhibition for 9-(4-hydro-
xybutyl)guanine and ACV. Keller et al. [4] have shown that ACV has non-classical
kinetics with HSV-1 TK. However, in our experiments, with [’H]dThd as variable
substrate against different concentration of ACV or 9-(4-hydroxybutyl)guanine (Fig.
2) both these compounds gave the same type of linear competitive inhibition. This was
also shown with the new structure related antiherpes compound 9-(3,4-dihydroxybu-
tyl)guanine (DHBG) [17]. 9-(4-Hydroxybutyl)guanine has higher affinity for HSV-1
TK than for cellular cytosol TK with K; values of 2.06 and >250 uM, respectively
(Table 3). The affinity to HSV-1 TK was lower for ACV, K, = 173 pM, than for
9-(4-hydroxybutyl)guanine, while the rate of phosphorylation was higher for ACV



85

than for 9-(4-hydroxybutyl)guanine (Table 3). In HSV-1 infected Vero cells 9-(4-
hydroxybutyl)guanine showed a selective inhibition of viral DNA synthesis (Fig. 1,
Table 2). This selectivity was less than that found for ACV [16] or foscarnet {11]. On
the other hand, while 10 uM of 9-(4-hydroxybutyl)guanine inhibited the cellular DNA
synthesis to about 80% in HSV-1 infected cells, the cellular DNA synthesis in
uninfected cells was unaffected at this concentration (Table 2). By analogy to ACV it
seems likely that 9-(4-hydroxybutyl)guanine acts by first being phosphorylated by
HSV TK to a monophosphate and then, as a triphosphate, inhibits the HSV DNA
polymerase somewhat better than it inhibits cellular DNA polymerase(s). The selec-
tive antiviral effect of 9-(4-hydroxybutyl)guanine seems to be dependent mainly on the
selective phosphorylation by HSV TK.

In animal models 9-(4-hydroxybutyl)guanine has a therapeutic effect only on
herpes keratitis in rabbits (Fig. 4) but no topical effect on a cutaneous herpes infection
in guinea pig or a systemic herpes infection in mice. This is different from the good
therapeutic effect recently found for 9-(3,4-dihydroxybutyl)guanine although the cell
culture activities were similar [17]. Indeed, a 50% inhibition of HSV-1 C42 plaque
formation was obtained at 3 uM 9-(4-hydroxybutyl)guanine and at 6 uM 9-(3,4-dihy-
droxybutyl)guanine. In the same system ACV gave a 50% inhibition at 0.3 pM
(unpubl. obs.).

The reason for the lack of efficacy in the systemic herpes infection in mice or
cutaneous herpes infection in guinea pigs is, at present, unclear. A determination of
serum levels of the compounds might help to clarify the differences in therapeutic
activity. According to these data it is becoming increasingly clear that the antiherpes
effect of a compound in cell culture does not necessarily predict its effect in animals
[18] and probably not in humans either. To deliniate the properties important for
efficacy in infected animals it will be necessary to characterize several inhibitors at
both the enzyme and the cell culture level and to correlate these results to the
therapeutic activity and pharmacokinetics in (infected) animals.

The present results are one step in the accumulation of data on herpes inhibitors.
More inhibitors should be evaluated in this way to determine what parameters govern
therapeutic efficacy.
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