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We had previously reported that tetramethyl-O-NGDA (M4N), a synthetic derivative of the
naturally occurring nordihydroguaiaretic acid (NDGA), is able to inhibit HIV Tat transactivation
by blocking host Sp1 protein at the Sp1 cognate binding site on the HIV LTR promoter. The
present studies were undertaken to examine whether M4N is able to inhibit the replication of
herpes simplex virus (HSV), another Sp1-regulated virus. The results showed that in Vero
cells, M4N inhibits at micromolar levels (IC50 ) 43.5 µM) the expression of the herpes immediate
early gene (R-ICP4), which is essential for HSV replication. An electrophoretic mobility shift
assay, examining Sp1 binding to the R-ICP4 promoter, showed a significant inhibition of the
control bands: 88% inhibition of the fast moving band (FMB) and 45% of the slow moving
band (SMB), at 100 µM of drug concentration. Comparative studies between M4N and
acycloguanosine (acyclovir, ACV) in cultured Vero cells revealed an interesting pattern in the
drug sensitivity (IC50) and cytotoxicity (TC50) parameters. For M4N, the IC50 varied between
11.7 and 4 µM in 10 passages of HSV-1 and 4 passages of HSV-2 with no indication for a
requirement of higher drug concentration. In contrast, for acyclovir, the IC50 increased from
7 µM in the first passage to 444 µM in the tenth passage of HSV-1, and >88 µM for the fourth
passage of HSV-2, indicating a rapid build-up of drug resistance against acyclovir. While the
selective index (SI), defined as the ratio: TC50/IC50, remained relatively constant for M4N; it
dropped 60-fold for acyclovir in the endpoints of viral passages. Drug sensitivity for M4N toward
the acyclovir-sensitive strain (sm44) and the acyclovir-resistant strain (ACV-10) of HSV-1 was
similar, indicating no cross-resistance between M4N and acyclovir in their anti-HSV effects.
These results may have an important clinical relevance since HSV has been shown to be a
factor for spreading of HIV.

Introduction

High rates of mutation and rapid turnover of viral
population are typical traits of fast growing viruses.
These traits have somewhat hindered the effectiveness
of using inhibitors of viral proteins as antiviral drugs.
The anti-HIV compounds that are currently being used
to treat AIDS patients include six reverse transcriptase
inhibitors (zidovudine, didanosine, zalcitabine, stava-
dine, lamivudine and nevirpapine) and three protease
inhibitors (saquinavir, ritonavir, and indinavir). A
commonly used drug for herpes simplex viruses (HSV-1
and HSV-2) is acyclovir (ACV), a guanosine analogue.
It has recently been observed that these drugs, while
very potent suppressers of wild-type viruses, gradually
lose their effectiveness with the appearance of a group
of populated viral mutants.1-3 Increasingly high drug
dosages and long-term treatments are required to
circumvent this problem in the clinical setting. Pro-
longed excessive treatment with these drugs, however,

is detrimental to the patients, and treatments are
generally very costly.

Most, if not all, viruses, including those replicatively
active mutants, are host dependent. They require the
participation of certain cellular factors for supporting
viral growth. Host cellular factors, unlike viral proteins,
are not under mutational pressure and are, in general,
structurally invariable. Thus, compounds that block the
usage of these cellular factors at different stages of the
viral life cycle are likely to be good candidates as
mutation insensitive antiviral drugs. Several studies
using cellular factors as alternative targets for inhibition
of HIV-1 have been explored.4

A plant lignan, 3-O-methylnordihydroguaiaretic acid
(Mal.4), has been shown to suppress HIV replication in
a dose dependent manner, in part, by inhibiting tran-
scription from the HIV long terminal repeat (LTR)
promoter. Electrophoretic mobility shift analysis has
shown that Mal.4 prevents the binding of the eukaryotic
transcription factor, Sp1, to its cognate binding sites on
the HIV LTR promoter, thus indicating a likely mech-
anism for transcriptional inhibition.5 In anticipation of
the possible clinical use of lignans in the treatment of
viral diseases, methods for the synthesis of preparative
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amounts of nine different methylated NDGA were
established. The anti-HIV transactivation activities of
these methylated NDGA isomers were compared with
Mal.4 isolated from Larrea tridentata.5-8 It was found
that chemically synthesized 3-O-methyl-NDGA showed
identical anti-HIV promoter activity as Mal.4 isolated
from the plant. In addition, the fully methylated tetra-
O-methyl-NDGA (M4N) (Figure 1) is 3 times more active
than the synthetic 3-O-methyl-NDGA in anti-HIV as-
says and can be synthesized with a high yield and low
cost from the parent compound, NDGA.8

The present study was undertaken to examine whether
the chemically synthesized M4N is able to inhibit the
replication of herpes simplex virus (HSV), another Sp1-
regulated virus. The HSV ICP4 gene is among the first
genes to be expressed in an HSV lytic infection, and its
expression is essential for HSV replication and for the
proper regulation of subsequent HSV gene transcrip-
tion.9 Its promoter region possesses eight Sp1 consen-
sus binding sites, five of which are required for ICP4
gene expression,10 thus making it a good candidate for
M4N inhibition. The ability of M4N to prevent tran-
scription from the HSV ICP4 gene promoter was tested
in vivo by transfecting Vero cells with a plasmid
containing the ICP4 gene promoter linked to a secreted
reporter gene and then measuring the inhibitory effect
of M4N on transcription from the HSV ICP4 promoter.
A potential mechanism by which M4N prevents tran-
scription from the ICP4 gene promoter was studied by
electrophoretic mobility shift which involved the binding
of Sp1 protein to the ICP4 gene promoter in the presence
and absence of the drug. We report that M4N prevents
in vivo transcription from the ICP4 gene promoter in a
dose-dependent fashion and also inhibits the binding of
Sp1 to the two proximal-most Sp1 binding sites on the
ICP4 promoter, indicating a likely mechanism for the
transcriptional inhibition. We further show that M4N
is a mutation insensitive inhibitor of HSV replication
in Vero cell cultures. While HSV builds up resistance
against acyclovir quickly in Vero cells, M4N is able to
suppress the growth of HSV-1 and HSV-2 with a
consistently low drug concentration following many viral
passages without showing drug resistance.

Results
Inhibition of HSV ICP4 Gene Promoter Activity

by Tetra-O-methyl-NDGA. The activity of the HSV
ICP4 gene promoter was examined in the SEAP assay
by measuring levels of secreted alkaline phosphatase
(SEAP) produced from Vero cells transfected with
pHSV1a4 SEAP and equimolar ratios of the plasmids
pGH290,11 and pET.GST.1.POU.oir+, encoding for the
VP16 protein and the POU domain of Oct-1 protein,12

respectively, to maximize the in vivo HSV ICP4 tran-
scriptional activity. The inhibitor, M4N, showed a

dose-response inhibition of this HSV ICP4 promoter
activity. The effect of the compound started at 30 µM
with 16% inhibition and reached a maximum activity
(91% inhibition) at 120 µM (Figure 2). The IC50 of M4N
was 43.5 µM. The naturally occurring 3-O-methyl-
NDGA (Mal.4) had a similar dose-response activity
(data not shown). The intrinsic cytotoxic effect of M4N
was assessed on the same Vero cell cultures (after the
SEAP assay) by the sulforhodamine B assay of cell
viability.13 Any reduction in SEAP expression due to
cell death was corrected by calculating the SEAP
activity per transfected cell. Within the effective con-
centration range of the compound (IC50 ) 43.5 µM), the
percent cell viability was >90% (data not shown).

Inhibition of Sp1 Binding by Tetra-O-methyl-
NDGA. The mechanism of the inhibition observed in
the tissue culture experiments was further investigated
by examining the effects of M4N on Sp1 protein binding
to the HSV ICP4 promoter using an electrophoretic
mobility shift assay (EMSA).14 The oligonucleotide used
in the EMSA was a portion of the HSV ICP4 gene
promoter containing the two most proximal Sp1 binding
sites, reported to be the most important regions for
transcription.15 Specific Sp1 protein binding was con-
firmed by a reduction in Sp1 protein-DNA complexes
upon addition of a 160-fold excess of unlabeled HSV
ICP4 promoter fragment (data not shown). The alter-
native occupation of a single or dual sites resulted in
the production of two bands: the faster migrating band
(FMB) corresponds to the occupation of a single site
(presumably either of the two sites), and the slower
migrating band (SMB) corresponds to the occupation of
both sites. The relative intensities of the bands corre-

Figure 1. Molecular structure of M4N, meso-1,4-bis(3,4-
dimethoxyphenyl)-(2R,3S)-dimethylbutane tetra-O-methylnor-
dihydroguaiaretic acid, tetra-O-methyl-NDGA [FW 358.2].

Figure 2. (A) Inhibition of HSV-1 ICP4 promoter activity by
M4N in tissue culture. Vero cells were cultured and transfected
with pHSV1a4SEAP expression plasmids as described in the
Experimental Section. SEAP activity was analyzed as previ-
ously described.6 Data points represent the percent inhibition
of secreted alkaline phosphatase (SEAP) activity by M4N from
proportional numbers of Vero cells transfected with the
pHSV1a4SEAP expression plasmid. The IC50 of M4N was 43.5
µM. Vero cells were cultured, transfected, and incubated with
different concentrations of M4N as described in the Experi-
mental Section. Proportional cell numbers were determiend
by SRB analysis.
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sponding to Sp1 protein-DNA complexes were quanti-
tated by phosphorimager analysis. The data showed
that M4N interferes with Sp1 binding to the ICP4
promoter fragment in vitro. With increasing concentra-
tions, the slower migrating band diminished more
rapidly than the faster migrating band. This suggests
that M4N prevents Sp1 binding in a preferential manner
(Figure 3).

Comparison of the Effectiveness of Tetra-O-
methyl-NDGA and Acyclovir Following Passages
of HSV in Vero Cells. Drug resistance against acy-
clovir has been universally observed for HSV in cell
cultures. Since NDGA derivatives target a step of the
viral life cycle that involves no viral proteins, the effect
of M4N is expected to be insensitive to viral protein
mutations. To test this hypothesis we examined the
effect of M4N on HSV-1 (HIV Sm44 strain) and HSV-2
(HSV-2 SAV strain) replication and compared this effect
with that of acyclovir at different viral passages. A
series of concentrations of M4N and acyclovir were used
to inhibit either HSV-1 or HSV-2 in Vero cells. The
drug-treated viruses, harvested at their IC50 at the first
passage, were used to infect a second batch of Vero cells.
The IC50 for M4N or acyclovir was determined again for
these second viral passages. A series of separate
experiments were conducted in this sequential manner
for 3, 5 and 10 HSV-1 passages and 4 HSV-2 passages
with triplicates for each concentration of both drugs. The
intrinsic cytotoxicity of the two drugs on the Vero cells
used in this study was measured using a tetrazoliuar-
based calorimetric assay for cell viability.16 It was

determined three times again with triplicates for each
drug concentration to obtain the average TC50 values
(TC50 160 mM for M4N and 444 mm for ACV). We have
found that the IC50 for ACV developed reproducibly and
quickly for both HSV-1 and HSV-2 while IC50 for M4N
remained reproducibly constant following viral pas-
sages.

The SI (selective index, the ratio between TC50 and
IC50) has generally been used to assess drug safety. As
shown in Table 1 and Figure 4, the IC50 of HSV-1 for
acyclovir increased quickly from 7.5 to 444 µM by the
10th passage, an approximately 60-fold increase. The
IC50 for M4N, however, fluctuated between 4.7 and 11.7
µM within the 10 passages, but showed no obvious rising

Figure 3. Electrophoretic mobility shift analysis (ESMA) of
Sp1 protein binding to the HSV-1 ICP4 promoter. Phosphor-
imager analysis of EMSA; slower migrating band (SMB) and
faster migrating band (FMB) intensities vs M4N concentration.
The upstream regulatory region of the HSV-1 ICP4 promoter
containing the two proximal-most Sp1 binding sites (see
Materials and Methods) was radiolabeled and preincubated
with and without a 160-fold excess of unlabeled oligonucleo-
tides and different concentrations of M4N. Sp1 protein was
added and each sample was electrophoresed on a 7% nonde-
naturing polyacrylamide gel. M4N concentrations used were
within its solubility range. The faster migrating band (FMB)
corresponds to Sp1 protein binding to only one Sp1 binding
site; the slower migrating band (SMB) corresponds to Sp1
binding to both Sp1 binding sites.

Table 1. Comparative Potency (IC50s) and Relative Safety
(Selective Indexes,a SI) between M4N and ACV at Different
HSV Passages of Drug Treatment

IC50 (µM) SI

HSV-1/2 passage M4N ACV M4N ACV

1 11.7 7.54 13.7 589
2 4.4 37.8 36.4 117
3 8.24 >88.8 19.4 50
4 5.97 138.4 26.8 32
5 6.48 111.0 24.7 40
6 6.98 130.7 22.9 34
7 6.98 189.8 22.9 23
8 9.91 444 16.1 23
9 8.82 378.8 18.1 11

10 4.77 444 33.5 10
1b 4.18 6.66 38.3 667
2b 11.08 >44.4 14.4 100
3b 11.08 62.8 14.4 70
4b 11.08 >88.8 14.4 50

a The selective index was defined as the ratio: TC50/IC50. The
average TC50 for M4N was 160 µM; the TC50 for acyclovir (ACV)
was 444 µM. b HSV-2 passage.

Figure 4. Dose-response inhibition of HSV-1 cytopathic
effects by M4N and ACV. Different concentrations of M4N and
acyclovir in an equal volume of 100% DMSO were added to
Vero cells 2 h after viral infection. Growth inhibition (% CPE)
was monitored and the IC50 calculated. Virus recovered from
cultures at the IC50 was used as a stock to infect Vero cells for
obtaining second passage of virus at its IC50. The experiments
were conducted serially for 10 viral passages: (b) dose-
dependent effects of M4N on long-term M4N-treated HSV-1
(M4N-10); (9) dose-dependent effects of acyclovir on long-term
ACV-treated HSV-1 (ACV-10) following 10 viral passages.
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trend. A 100-fold difference in required drug concentra-
tions between M4N and acyclovir was observed at the
10th HSV-1 passage. The same trend was also observed
for HSV-2. For example, the IC50 for acyclovir rose
quickly from 6.6 to >88 µM by the fourth passage while
the IC50 for M4N remained within the 4-11 µM range
in four viral passages. The SI value of acyclovir for the
sensitive strain of HSV at first viral passage was
initially found to be as high as 589 (Table 1). However,
viral drug resistance toward acyclovir developed quickly
in Vero cells (Table 1). By the tenth passage of the
original acyclovir-sensitive strain, a large population of
acyclovir resistant viruses had developed. The SI for
acyclovir for this resistant virus strain decreased to 10.
For HSV-2, the results showed similar trends. The SI
value for acyclovir was 667 at the first passage. By the
fourth passage, it dropped quickly to less than 50. In
contrast, M4N had a low SI value at the first passage
(SI ) 13.7), and it remained fairly constant during 10
viral passages tested for HSV-1 and 4 viral passages
tested HSV-2. In fact for the 10th passage viruses, M4N
showed a higher selective index (33.5) than acyclovir
(10) (Table 1).

Assessment of Cross Resistance between Acy-
clovir and M4N-Treated HSV-1 Strains. Cross re-
sistance is fairly common among different drugs tar-
geting the same viral protein.17 Since the mode of action
of acyclovir is entirely different from that of M4N, cross
resistance between the two seems unlikely. To check
this hypothesis, and to repeat the drug sensitivity test
as reported in Table 1 and Figure 4, we examined the
effect of acyclovir and M4N on three different HSV-1
strains (the originally M4N- and acyclovir-sensitive
Sm44 strain, a strain collected from the 10th passage
of the M4N-treated Sm44 virus (M4N-10) and another
one derived from the 10th passage of the acyclovir-
treated SM44 virus (ACV-10)). The results of this
experiment are in agreement with our predictions. M4N
was found to inhibit both acyclovir-sensitive (ACV-S)
and acyclovir-resistant (ACV-10) strains equally as
measured by both the CPE-CVS and PFU-CVS methods.
In contrast, a low concentration of acyclovir was suf-
ficient to inhibit both the ACV-S and M4N-10 strains
(IC50 <4 µM), while an exceedingly high concentration
of acyclovir (IC50 of 444 µM) was required to inhibit the
ACV-10 strain (Table 1). No viral cross resistance
against M4N and acyclovir was observed (Figure 5).

Discussion
The ability of harmful viral and bacterial strains to

mutate in response to conventional chemical agents
poses a rapidly increasing problem in new drug design
and the development of therapeutic strategies. In these
studies we showed that M4N inhibits in vivo transcrip-
tion from the HSV ICP4 promoter, a gene essential for
HSV replication and one of the earliest genes expressed
in the HSV lytic transcriptional program. This may
define the probable gene target of the anti-HSV activity
of the compound. Furthermore, electrophoretic mobility
shift analyses revealed that, at low concentrations, M4N
inhibits the binding of Sp1 protein to Sp1 binding sites
on the HSV ICP4 promoter, indicating a likely mecha-
nism for the observed transcriptional inhibition.

We further showed that M4N is a mutation-insensi-
tive drug. The mutation-insensitive effect of the com-

pound may be attributed to its direct interference with
the binding of host-encoded Sp1 protein to its cognate
binding site, GGGCGG. Indeed, any mutation of this
site by the virus in itself prevents Sp1 protein binding
and thereby also precludes transcriptional activity.
Such an antiviral strategy should highly restrict the
ability of either virus to mutate against the drug
activity. This is in contrast to the antiviral mechanism
of such nucleoside analogue inhibitors as 3′-azido-3-
deoxythymidine, AZT,18 or acyclovir,19 against which the
respective viruses may readily mutate without neces-
sarily compromising any of their replicative abilities.
Also, the Sp1 protein has been shown to regulate the
gene activity of several other pathological viruses, thus
suggesting a possible use for this general antiviral agent
in supplementing some of the more specialized drugs
in treating multiple infections such as HIV and HSV.

Due to the fact that Sp1 is an important cellular
transcription factor,20 the possible inhibitory effect of
this class of compounds on the expression of Sp1-
regulated cellular genes21 must be discussed. We
mentioned earlier that Mal.4 cannot displace Sp1 once
it is stably bound to its enhancer sites.5 It is therefore
likely that methylated NDGA will have a greater effect
on Sp1-regulated genes in proliferating cells than on the
expression of Sp1-regulated housekeeping genes in
stationary cells. In the former case, the drug will be
able to compete with Sp1 protein for the Sp1 sites in
gene promoters during DNA synthesis, while in the
latter case, the drug may have little effect on the
transcribing chromatin of housekeeping genes with Sp1
protein stably bound at their promoters.

The relatively low selective index of M4N dictates its
use at the lowest effective concentration to avoid cellular

Figure 5. Inhibition of three different strains of HSV-1 in
Vero cells. Three different strains of HSV-1 were tested for
their drug sensitivities toward M4N and ACV: original (HSV-1
Sm44, both ACV and M4N sensitive), HSV-1 following 10
passages in M4N (M4N-10), and HSV-1 following 10 passages
in ACV (ACV-10) The IC50 of M4N for Sm44, M4N-10 and ACV-
10 were 5.64, 10.9, and 8.93 µM, respectively, as measured by
the CPE assay, and 87.9, 48.3, and 99.9 µM, respectively, as
measured by the PFU-CVS assay. In contrast, the IC50 of ACV
for Sm44, M4N-10, and ACV-10 were 3.59, 3.37, and 444 µM,
respectively, as measured by the CPE assay. The IC50 for both
Sm44 and M4N-10 are <11.4 µM but reaches 344.1 µM for
ACV-10, as measured by the PFU-CVS assay. Profile of drug
sensitivities showed no cross-resistance between M4N and ACV
in inhibition of HSV-1.
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toxicity. This is substantiated by the higher cell vi-
ability (>90%) observed with M4N at its effective
concentration (IC50 ) 43.5 µM) against HSV. M4N,
unique in its insensitivity to mutations in HSV, may
best be used in combination with acyclovir to specifically
control the acyclovir-resistant strains of HSV. We
further postulate that since acyclovir-resistant mutants
(ACV-10, Figure 5) are exceedingly sensitive to M4N,
the small pool of acyclovir-resistant mutants generated
during the early viral passages in medium containing
acyclovir might be brought under control by low con-
centrations of M4N. If this is true, one would expect a
lower IC50 for acyclovir during viral passages when the
treatment is supplemented with a small concentration
of M4N. Using M4N and acyclovir together may thus
give a synergistic effect in abolishing both the wild-type
and the mutant viruses. By suppressing the acyclovir-
resistant strains of HSV frequently found in HIV and
HSV doubly infected patients,22 the low concentration
of M4N should have no significant long-term effects on
the host while lowering the dosage of acyclovir and
therefore the cost. Because NDGA derivatives target
HIV and HSV by the same mechanism (as transcrip-
tional inhibitors) they may also be effective in suppress-
ing HIV strains that carry viral protein mutations
similar to those described for HSV in this communica-
tion. Large scale synthesis of several hydrophilic NDGA
derivatives is currently in progress. Results from some
of the initial animal studies support the nontoxicity
nature of this class of compounds at a concentration of
300 mg/kg (Table 2). This indicates that these agents
may well be used as specific chemotherapeutic drugs
with a reasonable safety margin to inhibit a variety of
Sp1-regulated viral replication and to supplement AZT
or protease inhibitors for the treatment of HIV positive
patients as well.

Experimental Section

Materials and Methods. Chemicals. Tetra-O-methyl-
NDGA (M4N) (Figure 1) was synthesized and purified as
previously described.8 Acyclovir (ACV) was purchased from
Ke-Yi Pharmaceutical Company. Both M4N and acyclovir
stocks were made in filter-sterilized 100% DMSO (Sigma
D2650) at a concentration of 0.2-1.0 mg/mL and stored at -80

°C. Crystal violet was purchased from Hua-Bei Pharmaceuti-
cal Co., and methyl cellulose M450 was purchased from
Shanghai Chemical Co.

Cells and Viruses. Vero cells (ATCC) and herpes viruses
(HSV-1 Sm44 and HSV-2 Sav) were used in all experiments.
The virus strains were propagated in Vero cells. The titers of
virus stocks were determined and kept at -80 °C until used.

Plasmids. Three plasmids, pHSV1R4SEAP, pGH290, and
pET.GST.1.POU.ori+, were used for the present study.
pHSV1R4SEAP was constructed by ligating the ICP4 promoter-
containing XmnI/BamHI fragment of plasmid, pBR322 HSV-1
ICP4 (a pBR322 vector containing the -380/+30 nucleotides
of the HSV-1 ICP4 promoter, from p175CAT23) across the
XmnI and BglII sites of pSEAP-basic (CLONTECH), which
contains the SEAP reporter gene. Plasmid pGH290, which
expresses VP16 protein from a CMV promoter, and plasmid
p175CAT were obtained from Dr. Gary Hayward (Johns
Hopkins Medical Institution). Plasmid pET.GST.1.POU.ori+

which expresses the POU domain of Oct-1 was obtained from
Dr. Winship Herr (Cold Spring Harbor Laboratory, NY).

Transfection. Vero cell cultures were seeded at a density
of 1.50 × 105 cells/well in 24-well tissue culture plates (Falcon
3047) and grown for 24 h. Cells were then transfected by
Lipofectamine (Gibco) according to the manufacturer’s direc-
tions at optimal concentrations and incubation times. Briefly,
cells were washed once with 400 µL/well of Optimem I culture
medium (Gibco) and 170 µL of the same medium was added
to each well. Six hundred microliters of fresh Optimem I
medium containing approximately 1 µg of DNA was mixed
with 600 µL of the same medium containing 40 µL of Lipo-
fectamine reagent and let stand at room temperature for 30
min. Forty microliters per well of this transfection cocktail
was then added to the cells and cultures were incubated for 8
h in a humidified 5% CO2, 95% air, 37 °C incubator. A stock
solution (33.4 mM in 100% DMSO) of M4N was diluted in
DMSO to the appropriate concentrations. Seventeen micro-
liters of the inhibitor was added to 1.7 mL of complete Medium
199 media in 2 mL cryovials and vortexed for 30 s. The
transfection cocktail was aspirated from each well and replaced
with 550 mL of the inhibitor-DMSO-media mixture. The
cultures were incubated for an additional 36-48 h in a
humidified 5% CO2, 95% air, 37 °C incubator. All samples
were run in triplicate. The cultures were then analyzed by
the SEAP assay.6

Secreted Alkaline Phosphatase (SEAP) Assay. Four
hundred twenty microliters of media was removed from each
well of the transfected cultures and heated at 65 °C for 5 min
to inactivate endogenous phosphatases. (The SRB assay is to
be performed on the remaining 120 µL culture.) One hundred
microliters of 2× SEAP buffer (2 M diethanolamine, 1 mM
MgCl2, 20 mM L-homoarginine) was combined with 100 µL of
each sample in a 96-well microtiter plate. Twenty-two micro-
liters of substrate solution (120 mM 4-nitrophenyl phosphate
disodium salt hexahydrate (Fluka) in 1× SEAP buffer) was
then added to each 200 µL sample, and OD405 values were read
every 20 min on an ELISA microplate reader (set at 37 °C
with a 5 s shake before each reading). SEAP activity corre-
sponds to the linear rate of change in OD405 values. The SEAP
assay results were corrected for cytotoxic effects for M4N by
measuring the number of cells in each well using a sulfo-
rhodamine B (SRB) assay.13

One-quarter volume (40 µL) of ice cold 50% TCA was added
to the remaining 120 µL well cultures and incubated for 1 h
at 4 °C to fix the cells. Cells were then gently rinsed five times
under tap water, and the plates were sharply flicked to remove
the excess moisture and dried at room temperature. The fixed
cells were stained for 30 min by adding 360 µL/well of 0.4%
(w/v) sulforhodamine B (Sigma; SRB) in 1% acetic acid. The
plates were then washed four times with 1% acetic acid,
sharply flicked to remove excess moisture, and dried at room
temperature. Five hundred microliters per well of unbuffered
Tris-base (pH 10.7) was added to solubilize the stain, and 200
µL of each sample was read at OD564 on an ELISA microplate

Table 2. Toxicity Studies of M4N in Micea

A. group
no. of
mice route

treatment: no.
of injections

per day
days of

injection mortality

100 mg/kg 5 ip 1 7 0/5
50 mg/kg 5 ip 1 7 0/5
50 mg/kg 5 ip 2 5 1/5
25 mg/kg 5 ip 1 7 0/5

B. group
no. of
mice route

treatment: no.
of injections

per day
days of

injection

body
weight

changes

300 mg/kg 5 ip 1 1 -2.66%
50 mg/kg 5 ip 1 7 -2.80%
control 5 ip 1 7 -10.10%

a In A, tetramethyl-NDGA was dissolved in 100% DMSO and
injected intraperitoneally using the amount and times as defined
per group of mice. In B, the control group received DMSO alone.
There were no mortality observed in any mice group during the
experimental period. Mice were weighed every day to monitor the
body weight changes for a period of 14 days following drug
injection. The percent body weight changes were calculated and
compared to the control group.
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reader in 96-well plates. The concentration of solubilized dye
corresponds to the number of cells per culture.

Electrophoretic Mobility Shift Assay (EMSA). The
following complementary oligonucleotides containing the two
proximal-most HSV1 ICP4 SP1 binding sites: 5-GTTC-
GGGGCGGGCCCGCCTGGGGGGCGGGGGG CCGG-3′, and
3′-CCGCCCGGGCGGACCCCCCGCCCCCCGGCC-5′ (Research
Genetics, Inc.) were annealed at a final concentration of 100
µg/mL. The double-stranded oligos were then end-labeled by
incubating 1 µg of annealed oligo, 1.2 µM R-32P dCTP (3000
µCi/mmol) (Amersham), 40 µM dATP, 40 µM dGTP, and 5
units of the Klenow fragment of DNA polymerase in 20 µL of
buffer (50 mM Tris-Cl (pH 7.5), 10 mM MgCl2, 0.1 mM DTT,
5 mM NaCl), at room temperature for 45 min. The reaction
was terminated by the addition of 1 µL of 0.5 M EDTA. An
aliquot of 1.1 µL of the radiolabeled DNA solution was removed
and added to 14.9 µL of H2O to make 16 µL of a 3 ng/µL
solution.

One microliter of the radiolabeled oligonucleotide (3 ng) was
preincubated with 8 µL of 2× binding buffer (50 mM HEPES
pH 7.9, 2 mM EDTA, 10 mM DTT, 300 mM KCl, 0.10% NP40,
20% glycerol, 5 mM MgCl2) and the required concentrations
of competitor oligos, inhibitors, and DMSO in a final volume
of 16 µL (6.25% DMSO) at 30 °C for 30 min followed by 2.5 h
incubation at room temperature, a critical step to achieve
efficient binding of inhibitors to the oligonucleotides. The
samples were cooled on ice, 1 µL (0.5 fpu/µL) of Sp1 protein
(Promega) was added to each tube, and the samples were
incubated at 18 °C for 15 min. The samples were then
electrophoresed on a 7% nondenaturing polyacrylamide gel.5
After electrophoresis, the gel was dried and relative band
intensities were quantitated by phosphorimager analysis with
proportional background signal subtraction.

Antiviral Assays. Vero cells were infected with 100 TCID
50 of HSV-1 or HSV-2. At 2 h postinfection (pi), different
concentrations of M4N and acyclovir in equal volumes of 100%
DMSO were diluted with either liquid medium or 0.5% methyl
cellulose MEM medium and added to triplicate plates of the
cells. Control samples were concomitantly run with the test
compounds with uninfected cells to assess the intrinsic cyto-
toxicity of the drug. The concentration of drug required for
50% viral inhibition (IC50) and 50% cell cytotoxicity (TC50) was
calculated by three methods. (1) The CPE method: The
cytopathic effect (CPE) was routinely monitored by inverted
microscope and scored. (2) The CPE-CVS method: Cells were
stained with crystal violet (CVS) and the OD540 of each well
was determined using an Elisa microplate reader.24 (3) The
PFU-CVS method: Vero cells were seeded in a 24-well culture
plates and infected with HSV-1 as above. Test compounds
dissolved in DMSO were appropriately diluted with 0.5%
methyl cellulose MEM medium and added to the infected
monolayer instead of liquid culture medium. After incubation,
the cell culture plates were stained with crystal violet and the
plaque-forming units (PFU) were counted. The final DMSO
concentration in the medium never exceeded 10%.

Acknowledgment. This work was supported by
grants from National Institute of Health of USA (1 RO1
DE12165) and Gene/Sing of Singapore awarded to
R.C.H. W.N.T. was a visiting predoctoral fellow from
Organosilicon and Synthesis Laboratory, Department
of Chemistry, National Tsing Hua University, Hsinchu,
China-Taiwan.

References
(1) Richman, D. D.; Havlir, D.; Corbein, J.; Looney, D.; Ignacio, C.;

Spector, S. T.; Sullivan, J.; Cheeseman, S.; Barringer, K.;
Pauletti, D.; Shih, C.-K.; Myers, M.; Griffin, J. Nevirapine
resistance mutations of human immunodeficiency virus type 1
selected during therapy. J. Virol. 1994, 68, 1660-1666.

(2) De Clercq, E. HIV resistance to reverse transcriptase inhibitors.
Biochem. Pharmacol. 1994, 47, 155-169.

(3) Condra, J. H.; Schleif, W. A.; Blahy, O. M.; Gabryelski, L. J.;
Graham, D. J.; Quintero, J. C.; Rhodes, A.; Robbins, H. L.; Roth,
E.; Shivaprakash, M.; Titus, D.; Yang, T.; Teppler, H.; Squires,
K. E.; Deutsch, P. J.; Emini, E. A. In vivo emergence of HIV-1
variants resistant to multiple protease inhibitors. Nature 1995,
374, 569-571.

(4) Baba, M. Mini Review. Cellular factors as alternative targets
for inhibition of HIV-1. Antiviral Res. 1997, 33, 1441-152.

(5) Gnabre, J. N.; Brady, J.; Clanton, D.; Ito, Y.; Dittmer, J.; Bates,
R. B.; Chao, Y.; Ho, D.; Huang, R. C. Inhibition of human
immunodeficiency virus type 1 transcription and replication by
DNA sequence-selective plant lignans. Proc. Natl. Acad. Sci.
U.S.A. 1995, 92, 11239-11243.

(6) Gnabre, J. N.; Ito, Y.; Ma, Y.; Huang, R. C. Isolation and anti-
HIV-1 lignans from Larrea tridentata by counter-current chro-
matography. J. Chromatogr. A 1996, 719, 353-364.

(7) Gnabre, J. N.; Huang, R. C.; Bates, R. B.; Burns, J. J.; Caldera,
S.; Malcomson, M. E.; McClure, K. J. Characterization of Anti-
HIV lignans from Larrea tridentata. Tetrahedron 1995, 51,
12203-12210.

(8) Hwu, J. R.; Tseng, W. N.; Gnabre, J.; Giza, P.; Huang, R. C. C.
Antiviral activities of methylated nordihydroguaiaretic acids. 1.
Synthesis, structure identification, and inhibition of Tat-
regulated HIV transactivation. J. Med. Chem. 1998, 41, 2994-
3000.

(9) Honess, R. W.; Roizman, B. Regulation of herpes virus macro-
molecular synthesis. I. Cascade regulation of the synthesis of
three groups of viral proteins. J. Virol. 1974, 14, 8.

(10) Mackem, S.; Roizman, B. Structural features of the herpes
simplex a gene 4, 0, 27 promoter-regulatory sequences which
confer a regulation on chimeric thymidine kinase genes. J. Virol.
1982, 44, 939.

(11) ApRhys, C. M. J. Trans-activation by the herpes simplex virion
component VP16, Cis and trans-acting requirements. Ph.D.
Thesis, Johns Hopkins University, 1991.

(12) Lai, J. S.; Cleary, M. A.; Herr, W. A single amino acid exchange
transfers VPIG-induced positive control from the Oct-1 to Oct-2
homeodomain. Genes Dev. 1992, 6, 2058-2065.

(13) Skehan, P.; Storeng, R.; Scudiero, D.; Monks, A.; McMahonn,
J.; Vistica, D.; Warren, J. T.; Bokesch, H.; Kenney, S.; Boyd, M.
R. New colorimetric cytotoxicity assay for anticancer-drug
screening. J. Nat. Cancer Institute 1990, 82, 1107-1112.

(14) Dittmer, J.; Gregonne, A.; Gitlin, S. D.; Glysdale, J.; Brady, J.
N. Regulation of parathyroid hormone-related protein (PTHrP)
gene expression. J. Biol. Chem. 1994, 269, 21428-21434.

(15) Jones, K. A.; Tjian, R. Sp1 binds to promoter sequences and
activates herpes simplex virus “immediate-early” gene transcrip-
tion in vitro. Nature 1985, 317, 179.

(16) Pauwels, R.; Balzanini, J.; Baba, M.; Snolck, R.; Schols, D.;
Herdewijin, P.; Desmyter, J.; DeClercq, E. Rapid and automated
tetrazolium-based colorimetric assay for detection of anti-HIV
compounds. J. Vir. Methods 1988, 20, 309-321.

(17) Staszewski, S.; Miller, V.; Rehmet, S.; et al. Virological and
immunological analysis of a triple combination pilot study with
loviride, lamivudine and zidovudine in HIV-1-infected patients.
AIDS 1996, 10, F1-F7.

(18) Furman, P. A.; Fyte, J. A.; St. Clair, M. H.; Weinhold, K.;
Rideout, J. L.; Freeman, G. A.; Nusinoff, L. S.; Bolognesi, D. P.;
Broder, S.; Mitsuya, H.; Barry, D. W. Phosphorylation of 3′-azido-
3′-deoxythymine and selective interaction of the 5′-triphosphate
with human immunodeficiency virus reverse transcriptase. Proc.
Natl. Acad. Sci. U.S.A. 1986, 83, 8333-8337.

(19) Elion, G. B.; Furman, P. A.; Fyte, J. A.; DeMiranda, P.;
Beauchamp, L.; Schaeffer, H. J. Selectivity of action of an
antitherapeutic agent g-(2-hydroxyethoxymethyl) guanine. Proc.
Natl. Acad. Sci. U.S.A. 1977, 12, 5716-5720.

(20) Courey, A. J.; Tjian, R. Analysis of Sp1 in vivo reveals multiple
transcription domains, including a novel glutamine-rich activa-
tion motif. Cell 1988, 55, 887.

(21) Some of the Sp1-regulated cellular genes: Sartorelli, V.; Webster,
K. A.; Kedes, L. Muscle-specific expression of the cardiac alpha-
actin gene requires myoD1, CArG-hox binding factor and Sp1.
Gene Dev. 1990, 4, 1811. Dailey, L.; Roberts, S. B.; Heintz, N.
Purification of the histone H4 gene-specific transcription factors,
H4TF-1 and H4TF-2. Gene Dev. 1988, 2, 1700. Means, A. L.;
Farnham, P. J. Transcription initiation form the dihydrogolate
reductase promoter is positioned by HIP-1 binding at the
initiation site. Mol. Cell Biol. 1990, 10, 653. Abravaya, K.;
Phillips, B.; Morimoto, R. I. Heat shock-induced interactions of
heat shock transcription factor and human hsp70 promoter
examined by in vivo footprinting. Mol. Cell Biol. 1991, 11, 586.
Leask, A.; Rosenberg, M.; Vassar, R.; Fuchs, E. Regulation of a
human epidermal keratin gene: Sequences and nuclear factors
involved in keratinocyte-specific transcription. Gene Dev. 1990,
4, 1985. Desjardins, E.; Hay, N. Repeated CT elements bound
by zinc finger proteins control the absolute and relative activities
of the two principal huyman c-myc promoter. Mol. Cell Biol.
1993, 13, 5710. Sanchez, H. B.; Yieh, L.; Osborne, T. F.
Cooperation by sterol regulatory element-binding protein and

3006 Journal of Medicinal Chemistry, 1998, Vol. 41, No. 16 Chen et al.



Sp1 in sterol regulation of low-density lipoprotein receptor gene.
J. Biol. Chem. 1995, 270, 1161. Lemaigre, F. P., Lafontaine, D.
A.; Courtois, S. J.; Durviaux, S. M., Rousseau, G. G. Sp1 can
displace GHF-1 from its distal binding site and stimulate
transcription form growth hormone gene promoter. Mol. Cell.
Biol. 1990, 10, 1811.

(22) Chatis, P. A.; Crumpacker, C. S. Analysis of the thymidine
kinase gene for clinically isolated acyclovir-resistant herpes
simplex viruses. Virology 1991, 180, 793-797.

(23) O’Hare, P.; Hayward, G. S. Comparison of upstream sequence
requirements for positive and negative regulation of a herpes
simplex virus immediate-early gene by three virus-encoded
trans-acting factors. J. Virol. 1987, 61, 190-199.

(24) McLaren, C.; Ellis, M. N.; Hunter, G. A. A colorimetric assay
for the measurement of the sensitivity of herpes simplex viruses
to antiviral agents. Antiviral Res. 1983, 3, 223-234.

JM980182W

Methylated Nordihydroguaiaretic Acids. 2 Journal of Medicinal Chemistry, 1998, Vol. 41, No. 16 3007


