Specific Inhibition of
Replication of Animal Viruses

Chemical inhibitors are helping to elucidate
virus-specific processes in virus reproduction.

The process of virus reproduction
is so closely bound up with the metab-
olism of the virus-infected cell that its
study has been hindered by inability to
distinguish experimentally between the
two. The main difficulty has been the
lack of specific chemical markers which
would make possible the study of the
synthesis of virus nucleic acids and
proteins without measuring or affecting
host-cell synthesis. In the exceptional
instance of T2, T4, and T6 bacte-
riophages, which contain an unusual
nucleotide, a very beautiful and com-
prehensive picture has been obtained of
the biochemical and enzymatic changes
in the virus-infected cells (7).

In the last few years, however,
chemical compounds have been found
which can distinguish between virus-
induced and cellular processes and
thus the knowledge of virus-specific
events in the reproduction of animal
viruses has begun to advance more
rapidly. The mechanisms of action of
these virus-specific inhibitors bear
directly on questions concerning virus-
specific features of the structure, syn-
thesis, and functions of virus nucleic
acids and proteins.

Virus reproduction can occur only
inside a living cell, since the virus is
dependent on' the cell both for energy
and for the building blocks that make
up its substance. Various subcellular
structures serve specialized functions in
the mechanism of virus reproduction.
The virus particle consists of a protein
shell (the capsid) and a core of nucleic
acid (2). The nucleic acid may be
either DNA or RNA; no virus has
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both. It is the nucleic acid which
carries into host cells the genetic in-
formation needed to reproduce the
virus. Once inside the cell, the genetic
material of the virus proceeds to func-
tion in violation of the well-balanced
control mechanisms previously operat-
ing in the cell, so that new virus sub-
stance is produced. This may occur
to the detriment of, or in addition to,
the ongoing production of cell sub-
stance.

There are differences in the func-
tions of viral genetic material, depend-
ing on whether it is DNA or RNA,
but in either case virus nucleic acid
probably serves as a template in two
separate reactions. Viral DNA acts as
a template in the synthesis of virus-
specific messenger RNA’s (3). These
RNA'’s then serve as templates for the
manufacture of virus-specific proteins.
Viral DNA also must function as a
template in its own replication. Thus,
the functions of viral DNA are funda-
mentally similar to those of the chro-
mosomal DNA of the host cells.

Viral RNA functions as messenger
RNA in the synthesis of virus-specific
proteins (4). It shares this function
with the messenger RNA of host cells.
In addition, however, viral RNA must
in some way serve as a template in its
own replication. Viral RNA is unique
in its capacity as genetic determinant;
no other RNA appears to have this
function. It is possible that the RNA
of some viruses does not itself function
as messenger but serves as a template
in the synthesis of messenger RNA'’s.

The genetic material of a virus
clearly has to possess the information
for the synthesis of viral coat protein.
However, for many years there was

no evidence that animal-virus nucleic
acid also contained information for the
synthesis of virus-specific enzyme pro-
teins which would function in virus
biosynthesis. It was thought that the
host cell provided all the necessary
enzymes.

There is now evidence that the
enzymes which are responsible for the
synthesis of nucleic acids of animal
viruses may, at least in some -cases,
be new, virus-controlled proteins (5-7).
There is no evidence, however, that
any new, virus-specific enzymes which
function in the synthesis of virus pro-
tein are made in the infected cell.

The crucial fact for the study of
these processes is that, in spite of the
intimate relationship between virus and
host cell, the nucleic acid and protein
of a given virus, and also its precise
structure, are specific for that virus and
quite distinct from those of the host
cell which produces them. This fact
suggested that it might be possible to
inhibit the synthesis of virus-induced
nucleic acid and proteins in infected
cells without at the same time inter-
fering with the synthesis or function
of host-cell nucleic acids or proteins
(8, 9). The idea that it may be pos-
sible to specifically inhibit virus-
controlled macromolecular synthesis is
based on the concept that selective
compounds can be found or designed
which will recognize and combine with
an appropriate virus-specific target.
The target might be viral nucleic acid
itself, a virus-specific enzyme, or some
other virus-specific component in the
infected cell which plays an essential
role in the process of virus reproduc-
tion. The assumption is that, when
combined with the inhibitory com-
pound, the virus-specific macromolecule
would be unable to function. Probably
weak forces, such as hydrogen bonds,
would be involved in the interaction
between the inhibitor and the virus-
specific macromolecule, and the com-
plex would be expected to be a re-
versible one.

A second approach to selective in-
hibition is based on the idea that there
may be quantitative differences in the
biosynthetic mechanisms of the virus
and the host cell (9) which may pro-
vide a basis for selective inhibition of
virus multiplication by chemical com-
pounds, such as structural analogs of
metabolites (7/0) required by both virus
and host cell. Such antimetabolites
would interfere with the synthesis or
utilization of small-molecular precur-
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sors of nucleic acid or protein (11, 12).
If incorporated, a structural analog of
a metabolite might cause lethal synthe-
sis—that is, the production of inactive
viral progeny (I3).

One of the main problems in achiev-
ing specific chemical inhibition of the
replication of animal viruses is that of
finding specific inhibitors (9, 12, 14,
15). The search for such inhibitors
'has been either essentially random or

guided by enlightened empiricism; a

number of successes have come through
educated guesses as to what type of
compound might possess selective virus-
inhibiting activity. The initial findings
have then been extended through study
of related compounds. Recent develop-
ments in molecular biology give promise
that at some future date it may be
possible to design inhibitors which will
predictably and specifically interfere
with the synthesis of particular kinds
of nucleic acids (16).

We have been especially interested in
the specific inhibition of small lipid-
free RNA viruses (picornaviruses) (17)
by 2-(a-hydroxybenzyl)-benzimidazole
(HBB) and guanidine (18-23). Here
we describe selective inhibition of the
synthesis of viral RNA and protein by
these compounds (24-28) and provide
evidence which suggests that this in-
hibition may be due to inhibition of the
production of virus-induced RNA
polymerase (6). We also report
studies which show that the RNA of
drug-dependent mutant virus requires
HBB or guanidine for its replication
(26); inability of the RNA of de-
pendent virus to replicate in the absence
of these compounds may be due to
failure of synthesis of virus-induced
RNA polymerase (6).

In addition, we discuss briefly some
of the findings which have been ob-
tained with isatin B-thiosemicarbazone
(29, 30) and halogenated 2’-deoxy-
uridines (31-34). The thiosemicarba-
zone has an inhibitory effect which is
specific for one major group of DNA
viruses, the poxviruses, whereas the
deoxyuridines have selective effects on
several groups of DNA viruses.

The Picornaviruses

The small lipid-free RNA viruses or
picornaviruses are of special interest for
a number of -reasons. As was pointed
out earlier, the RNA of picornaviruses
not only carries genetic information and
functions as a template in its own
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Fig. 1.

replication but also serves as messenger
RNA in the synthesis of virus-specific
proteins. The RNA is the sole genetic
material of the virus, and since the
amount of RNA per virus particle is
equivalent to only about 2 x 10°
molecular-weight units (35), the genetic
complexity of the small RNA viruses
is severely limited (36).

The picornaviruses are about 27 to
30 millimicrons in diameter and con-
tain RNA (about 25 percent) and
protein (75 percent). The protein shell
is made up of morphological units, the
capsomeres, and has icosahedral sym-
metry (37). There may be about 60
capsomeres, each approximately 6 mil-
limicrons in diameter. The mass of
each must be equivalent to about
80,000 molecular-weight units. Since
the molecular weight of the proteins in
the coat of poliovirus is 25,000 (38),
each capsomere may contain three pro-
tein molecules. The structure of these
viruses is illustrated in Fig. 1, which
shows ECHO type 12 virus particles
stained positively with uranyl acetate.

The amount of RNA present in the
virus particle is equivalent to about
6000 nucleotides. If a sequence of
three nucleotides is necessary to code
one amino acid, then it follows that
the maximum number of amino acids
that can be organized by the viral
nucleic acid is 2000. Since the molec-
ular weight of the protein subunits of
poliovirus is 25,000 (38), each subunit
is therefore made up of about 200
amino acids. Clearly, there is more

ECHO 12 virus particles stained with uranyl acetate.

Note the interior, which
contains the RNA of the virus. The morphological units of the protein coat can be
seen especially well on the few particles whose. interior has not stained. [S. Halperen,
Rockefeller Institute]

than enough RNA in the virus to
code for the protein of the capsid, even
if more than one kind of protein is
present, as suggested by electrophoretic
heterogeneity of poliovirus protein (38).
Furthermore, unless a significant part
of the polyribonucleotide chain is
genetically nonfunctional, there appears
to be enough nucleic acid to code for
several other proteins. There is some
evidence that the nucleic acid of small
RNA viruses may direct the production
of perhaps four different proteins (39,
40), or even more.

The first step in the interaction of
any virus with a susceptible host cell
is adsorption of the virus to the cell
surface. In the attachment of virus to
cell, specific groupings on the surface
of the virus react with specific receptors
on the surface of the cell (41, 42).
The main function of the protein coat
of the virus is that of safely transmit-
ting the genetic material of the virus
from cell to cell. The receptors on the
plasma membrane of the cell not only
bind virus but also trigger an alteration
in the capsid that results in profound
changes in the biological properties of
the virus particles, changes which
culminate in an eclipse of the particles.
This alteration in the capsid, triggered
by the membrane receptor, may be the
first stage in the release of viral nucleic
acid from its very durable protein coat.
The altered particle is probably pas-
sively taken into the cell (43), and the
capsid may be digested by proteolytic
enzymes of the cell (47).
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Fig. 2. Structures of two specific inhibitors of picornavirus reproduction,

For the genetic material of the virus
this marks the beginning of a period
of vigorous activity, but for the genetic
material of the cell it is the beginning
of a chain of events that ultimately
lead to the destruction of the entire
cell, At the time when the production
of virus-induced RNA polymerase and
of new virus nucleic acid and protein
begins, or even before that time, there
is already inhibition of the RNA-
synthesizing system of the cell (39, 44,
45). Thus, cellular DNA is no longer
able to make messenger RNA’s. What
is especially remarkable is that in-
hibition of the synthesis of cellular
proteins occurs at the same time as,
or even sooner than, inhibition of syn-
thesis of cellular RNA. Therefore,
separate virus-induced inhibitors have
been postulated to account for in-
hibition of the synthesis of cellular
protein and cellular RNA (40).

While these changes in cellular
metabolism are taking place, a virus-
induced RNA polymerase becomes de-
tectable (5, 6), and virus RNA and
protein begin to appear at about the
same time, followed a short time later
by the completed virus particles (24-26,
46). The virus-induced RNA polym-
erase is probably the enzyme system
responsible for synthesis of viral RNA.
The new, mature virus particles are
released into the extracellular environ-
ment after a short delay. In natural
infections, only a few cells are initially
infected by the relatively few virus
particles which succeed in entering the
host and finding susceptible cells. The
virus released from cells initially in-
fected then attacks new cells. In
studies of the mechanism of virus re-
production and of the effects of virus
inhibitors, the culture is commonly
inoculated with large amounts of virus,
to assure nearly simultaneous infection
of all the cells.

That the multiplication of small
RNA viruses is not affected = by
actinomycin D (47) is of considerable
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interest. This antibiotic binds strongly
to DNA (48) and inhibits synthesis
of cellular RNA (49) by interfering
with the template function of cellular
DNA (50). The fact that actinomycin
D does not inhibit the growth of small
RNA viruses serves to differentiate
replication of viral RNA from synthe-
sis of cellular RNA. Experimentally,
actinomycin D makes it possible to
study virus-induced processes in cells
in which cellular synthesis has been
suppressed.

The virus-specific effects of HBB and
guanidine on the biosynthesis of virus-
induced macromolecules have opened
an approach to the study of the specific
mechanism involved in the replication
of the genetic material of the picorna-
viruses. These compounds are also
proving useful in the study of genetic
fine structure in picornaviruses, varia-
tion in picornaviruses, and virus-in-
duced changes in cell metabolism and
structure. In short, the conditions are
now particularly favorable for the study
of the molecular and cellular biology
of the small RNA viruses.

Inhibition of Replication

of Picornaviruses

Guanidine and HBB (Fig. 2) speci-
fically inhibit the reproduction of many,
though not all, picornaviruses (/8-23,
27, 51). The specific virus-inhibiting
activity of HBB was discovered as a
result of extensive investigation of the
relationship between the structure of
benzimidazole derivatives and their
virus-inhibiting activity (8, 9, 12, 14,
52, 53). The virus-inhibiting activity
of guanidine was detected in a chemo-
therapeutic screening system when the
guanidine salt of hydroxyaminomethy-
lene malononitrile was examined (21),
and also when some simple guanidine
derivatives were investigated to find
whether the guanidine moiety might
possess antiviral activity (57). Finally,

it was inferred (23) that the inhibitory
effect of 2-imino-5-methylhexahydro-s-
triazine on the growth of poliovirus
was attributable, not to the compound
itself, but rather to one of its de-
composition products—namely, guani-
dine—and experiments were carried out
to test this inference.

Studies with benzimidazole deriva-
tives were begun more than 10 years
ago (8). The initial working hypothe-
sis was quite simple: It was hoped
that selective inhibition of nucleic acid
synthesis might be obtained with
benzimidazole derivatives which would
not interfere directly with the synthesis
or utilization of low-molecular-weight
precursors of nucleic acids but would
act, rather, on some regulatory mecha-
nism that controls nucleic acid bio-
synthesis. The only experimental ap-
proach that seemed feasible was to use
as inhibitors structural analogs of those
vitamins known to play a role in
nucleic acid biosynthesis. The vitamin
B« area appeared attractive because it
was new and thus no discouraging
evidence was as yet available. Vitamin
B contains a benzimidazole nucleoside
moiety, 5,6-dimethyl-1-q-D-ribofurano-
sylbenzimidazole (a-ribazole). In the
studies with benzimidazole derivatives
which have ensued, no results have
thus far been obtained linking the virus-
inhibiting activity of such derivatives
with the function of vitamin Be in
nucleic acid biosynthesis, However, all
of the evidence is compatible with the
idea that the virus-specific inhibitors
HBB and guanidine prevent the ex-
pression of gene and messenger func-
tions of viral RNA (6, 18, 24).

Through studies of structure-activity
relationships several groups of benzi-
midazole derivates have been dis-
covered, each characterized by special
structural features and each possessing
a striking, and different, Dbiological
activity. Many of the benzimidazole
derivatives used in the early structure-
activity studies have never been used
again. However, from the results ob-
tained with them, the conclusion was
reached early that the virus-inhibiting
activity and the toxicity of benzimida-
zoles can vary independently of each
other (9, 54). The idea of making
further studies therefore seemed attrac-
tive, since it appeared that the bio-
logical activities of benzimidazoles
could be modified in remarkable ways
by alteration of their structure.

The first benzimidazole derivative
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examined (8), 2,5-dimethylbenzimida-
zole, turned out to be neither highly
active nor selective as an inhibitor of
influenza virus replication (54). How-
ever, its reversible-inhibitory effect on
cellular processes made possible the
first demonstration that a biosynthetic
product of the host is implicated in
virus interference (55). The critical
finding was that 2,5-dimethylbenzimida-
zole prevented the establishment of
virus interference by heat-killed in-
fluenza virus.

Certain structurally very different
derivatives of benzimidazole are highly
active inhibitors of cellular, and prob-
ably also of viral or virus-induced,
RNA biosyntheses. 5,6-Dichloro-1-3-p-
ribofuranosylbenzimidazole (DRB) in-
hibits incorporation of adenosine into
cellular RNA (56, 57). Structurally,
DRB is an analog of purine nucleosides.
For highest inhibitory activity, not only
must the carbohydrate be ribose but
there must be ribofuranose in the g
linkage (58). Inhibitory activity in-
creases markedly with the number of
halogen atoms substituted. DRB and
related compounds have been helpful
in the study of the role of RNA in
protein synthesis in animal cells (57).
With the aid of DRB it has also been
possible to show that synthesis of RNA
is a necessary step in the reproduction
of DNA-containing animal viruses (56,
59).

The first benzimidazole derivative to
show virus-specific effects was 5-methyl-
2-p-ribobenzimidazole (60). This com-
pound and related derivatives are
unique in that they increase the yield
..of certain. strains of. influenza virus
from infected tissue without affecting
the metabolic activities of the cells.
The presence of the hydroxyl groups
on the side chain appears to be
essential for enhancing activity.

The virus-inhibiting action of HBB
and guanidine is virus-specific; these
compounds inhibit the reproduction of
viruses belonging to a single major
group and have no effects, or only
minor effects, on host cells (18, 27, 28,
51). The structural requirements for
selective virus-inhibiting activity are
stringent for both HBB and guanidine
in that, in general, structural modifica-
tions reduce or eliminate virus-inhibit-
ing activity (14, 27, 51, 53). Guanidine
and HBB are quite different with re-
spect to molecular size, aromaticity,
steric points, number of nitrogen atoms,
and basicity. Yet, because of similar-
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Table 1. Spectrum of virus-inhibiting activity
of HBB.

Sensitive Resistant
Picornaviruses Poxvirus

(mostly enteroviruses)

Herpes simplex virus

Adenoviruses

Myxoviruses

Arthropod-borne
viruses

Reoviruses

Picornaviruses
(mostly rhino-
viruses; also some
enteroviruses and
others)

ities in their action, it seems likely
that these compounds have a feature in
common which is essential for specific
virus-inhibiting activity. The

|
>N—C=N—

sequence in both may be such a feature.
Though this may be an essential fea-
ture, it is clear that, in HBB, this
sequence is not of itself sufficient for

biological activity, since 2-(q-hydroxy-

benzyl)-imidazole and 2-hydroxymethyl-
benzimidazole are both completely in-
active. Thus, both the benzenoid ring
and the phenyl radical are also im-
portant. There is much experimental
evidence that substitution at the
a-carbon atom is also critically im-
portant.

It thus appears that the overall
configuration of HBB, the

|
SN—C=N-—

sequence, and substitution at the
a-carbon atom are all important aspects
of the structure of HBB. O’Sullivan
and Sadler (67) have suggested that the
formation of intramolecular hydrogen
bonds involving the hydroxyl group
may be of importance for the selective
virus-inhibiting activity of HBB. This

~and selective as HBB.

is unlikely, since 2-(a-methoxybenzyl)-
benzimidazole, a compound in which
such bonding cannot occur, is as active
It should be
pointed out that structural modification
of HBB has yielded some derivatives
which are even more active, but not
more selective, than HBB (74, 62).
One of the outstanding achievements
of modern virology is the grouping
of hundreds of different animal viruses’
into about eight major groups, on the
basis of their fundamental physical
and chemical properties (2, 63). The
fact that HBB, and also guanidine,
inhibit replication only of picorna-
viruses (I/8-23, 27, 51) indicates that
these compounds ‘“recognize” some
specific physical-chemical feature of
the susceptible viruses. They do not
act by inhibiting some vital metabolic
activity of host cells, because if they
did, the multiplication of several groups
of viruses would be affected by these
compounds. Among the HBB-insus-
ceptible viruses listed in Table 1 (I/8)
are some which contain DNA (pox-
virus, herpes simplex virus, the adeno-
viruses) and some which contain RNA
(myxoviruses, arthropod-borne viruses,
reoviruses, and a number of picorna-
viruses). Thus, sensitivity to HBB or
guanidine is a property of certain, but
by no means all, RNA viruses.
Although the actions of HBB and
guanidine are in many ways similar,
there is evidence that their sites of
action are not identical. As may be
seen in Table 2 (20), the spectra of
virus-inhibiting action of - HBB and
guanidine overlap to a considerable
extent but are not identical. There are
a number of picornaviruses that are
sensitive to guanidine but insusceptible
to HBB. Many Coxsackie A viruses
are sensitive to the former and in-
susceptible to the latter, as are some
rhinoviruses. Thus, the spectrum of
virus-inhibiting action of guanidine is
broader than that of HBB. Some

Table 2. Inhibition of replication of picornaviruses by guanidine and HBB. Polio, Coxsackie
A and B, and ECHO viruses make up the enterovirus group of picornaviruses; rhinoviruses
constitute a second group. Mengovirus has not yet been placed into a group.

Guanidine-sensitive

Guanidine-resistant

HBB-sensitive HBB-resistant

HBB-sensitive HBB-resistant

Coxsackie A
Rhinoviruses

Polioviruses
Coxsackie A
Coxsackie B
ECHO

Rhinoviruses
ECHO 22, 23
Mengovirus
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Table 3. Cellular activities not affected, or
only slightly affected, by HBB.

Biosynthetic process
Incorporation of adenosine-8-C* or uridine-H?
into RNA i
Incorporation of C*-L-alanine or C'-L-leucine

into proteins

Energy metabolism
Oxygen consumption
Glucose utilization
Lactic acid production
Cell growth
Rate of cell division

picornaviruses are insusceptible to both
HBB and guanidine. The fact that
HBB and guanidine can ‘“recognize”
differences in the genetic and chemical
fine structure among picornaviruses
makes it possible to subdivide the
picornaviruses into the three groups
shown in Table 2. This grouping has
many interesting aspects from the
standpoint of biology, since the groups
correspond (14, 18, 20) in a number of
ways to the previously recognized
groupings among the small lipid-free
RNA viruses.

Guanidine and HBB are virus-specific
in their action also in the sense that
they do not inhibit cellular metabolic
activities or growth at concentrations
which are markedly inhibitory for the
reproduction of sensitive viruses (I8,
24, 28, 51). There is much direct
evidence, summarized in Table 3, that

100.0

T

10.0

Virus yield, per cent of maximum
lISAHl rillllkl‘

T

Hours
111}

Fig. 3. Time course of the HBB-sensitive
process in reproduction of ECHO 12 virus.
(Solid bar) established duration; (solid
bar plus broken bar) probable duration.
[After Eggers and Tamm (24)]
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HBB has no significant effects on
cellular biosynthetic or energy-yielding
processes. There is similar, though less
extensive, evidence with respect to
guanidine.

As indicated in Table 4, HBB and
guanidine prevent virus-directed syn-
thesis of protein and RNA (6, 24-28).
Neither compound inhibits adsorption
of virus to the cell surface (I8, 24, 27),
and there is no evidence that either
affects the release of virus.

In virus replication, the HBB-sensitive
process begins after the initial steps in
virus-cell interaction have been. com-
pleted (24). The time course of the
phase of sensitivity to HBB in the
replication cycle of the enterovirus
ECHO 12 is shown in Fig. 3 (24).
The point at which virus replication
becomes inhibitable by the compound
is the mid-point of the latent period;
that is, the presence of the compound
during the first half of the latent period
has no effect on the replication cycle,
but when the compound is present at
any time thereafter, virus replication
does not proceed. Indeed, the process
of virus replication remains inhibitable
by HBB throughout the phase of ex-
ponential increase in virus.

The time course of the HBB-
sensitive process in the replication of
another enterovirus, Coxsackie A9, has
been found to be similar to that for
ECHO 12 (26). Somewhat different
results have been obtained with
guanidine. Crowther and Melnick re-
ported (27) that the replication of
poliovirus 1 becomes inhibitable by
guanidine very shortly after infection
of the cells. This is also true of
Coxsackie A9 (64). With both viruses,
the process of viral replication remains
inhibitable by guanidine throughout the
phase of exponential increase.

Of central importance for an under-
standing of the mechanism of action
of HBB and guanidine is the fact that
both compounds prevent the appear-
ance in poliovirus-infected cells of the
virus-induced RNA polymerase (6).
The compounds have no effect on the
activity of the enzyme system in vitro.
If, as the evidence suggests, the virus-
induced RNA polymerase is in fact the
enzyme system responsible for synthesis
of virus RNA, then it is clear that
synthesis of virus RNA cannot proceed
in a cell in which production of the
necessary enzyme system is inhibited.
One would also expect to find that the

.viral coat protein would not be made.

The experiments which have been
carried out show just this, We have

Table 4. Effects of HBB on steps in entero-
virus replication.

Step Effect
Adsorption of virus to cells None
Penetration and eclipse None
Appearance of virus RNA Inhibited
polymerase
Synthesis of virus RNA Inhibited
Synthesis of virus protein Inhibited
Assembly of virus particles  No direct effects
known i
Release No direct effects
known

found that HBB prevents both the
synthesis of infective viral RNA and
the incorporation of tritiated uridine
into virus-directed RNA (24, 25). We
have found, also, that HBB inhibits the
synthesis of viral coat protein, as meas-
ured by complement fixation (24). In
experiments in which different tech-
niques were used, guanidine showed
similar effects (26-28).

Guanidine and HBB not only inhibit
the production of virus-induced RNA
polymerase and of virus constituents
in infected cells but also markedly
lessen virus-induced cell damage (see
Fig. 4) (I8, 21,27, 51, 53). That gua-
nidine partially prevents virus-induced
depression of cellular RNA synthesis
may or may not be significant in this
connection (28, 65). The fact that
guanidine does not prevent (65, 66) the
rapid virus-induced depression in the
synthesis of cellular protein (45) sug-
gests that such depression is not a direct
cause of the cytopathic effects of the
virus, since these effects can be largely
prevented by guanidine.

An important aspect of the inhibitory
effect of HBB is its complete reversi-

_bility (25, 53); virus replication may

be kept in abeyance for many hours
by treatment of infected cells with
HBB, but if the compound is removed,
virus replication proceeds in the usual
manner, as if the compound had never
been present (24).

Drug Resistance and Drug Dependence

When cultures infected with virus
sensitive to HBB or guanidine are in-
cubated in the presence of either of
these compounds for a long time, virus
“breakthrough” ultimately occurs: virus
multiplies, and the particles produced
are no longer highly sensitive to the
drug but are in fact resistant (18, 67).
The speed with which drug resistance
develops depends on the virus and the
compound used, and also on the con-
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centration of each in the inoculum.
“Breakthrough,” with emergence of re-
sistant mutants, occurs sooner with
relatively large inocula of virus and low
concentrations of inhibitor. In general,
breakthrough with polioviruses occurs
sooner in the presence of HBB than
in the presence of guanidine, whereas
with Coxsackie B and ECHO viruses
the relationship is reversed: HBB causes
more prolonged suppression of these
viruses than does guanidine. When
both compounds are present, the virus-
suppressing effect of the combination
is greater than the effect of either com-
pound at double concentration - (20).
This may be explained at least in part
by the finding that only partial cross
resistance has been found between HBB
and guanidine (20). Recent experi-
ments, however, have also shown evi-
dence of synergism in the virus-inhibit-

ing actions of HBB and guanidine
(64).

The HBB-resistant enterovirus mu-
tants are stable in that the level of
drug resistance in clonal populations
derived from a single resistant virus
particle does not change with repeated
passage (14, 18). Clonal populations
which show different levels of resistance
have been isolated.

Figure 5 illustrates the emergence of
resistant Coxsackie A9 virus in the
presence of HBB at a concentration of
22 micrograms per milliliter (18). At
a concentration of 49 micrograms per
milliliter, HBB completely suppressed
the Coxsackie A9 strain used. Critical
experiments have not yet been made
to determine whether the resistance is
drug-induced or whether the resistant
mutants appear spontaneously. How-
ever, there is reason to think that HBB

and guanidine may indeed induce or
facilitate mutation to drug resistance.
As may be seen in Fig. 5, a resistant
population emerged in the presence of
HBB when fewer than 100 infective
units of sensitive wild-type parent virus
were inoculated. The emergence of a
resistant population has been regularly
observed in many such experiments.
Plating experiments with the parent
virus population have shown that, if the
parent population contains any resistant
particles at all, they are present in a
proportion smaller than 1 in 10,000.
Thus, it is probable that HBB not only
acted as a selective agent in the experi-
ment shown in Fig. 5 but that it, in
fact, caused the initial appearance of
the drug-resistant mutant particles. In
contrast to many mutagens, such as
x-ray or methylating agents, HBB, even
at high concentration, has no direct in-

Fig. 4. Effect of HBB on virus-induced cell damage. Monolayer cultures of monkey kidney cells were infected with Coxsackie B4
virus (ten infective units per cell) and incubated at 37°C. (A4) Culture treated with HBB (49,g/ml); the cells appear essentially nor-
mal. (B) Culture not treated with HBB; the cells are markedly damaged. (Phase contrast photomicrograph of unfixed-unstained cells,
taken at 48 hours; magnification, ~ X 715.) [Rostom Bablanian, Rockefeller Institute]
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Fig. 5. Emergence of resistant Coxsackie
A9 virus on prolonged incubation of in-
fected cultures in the presence of HBB.
(Solid line) No compound present; (dashed
line) HBB present (22 ug/ml); (dashed
and dotted line) HBB present (49 ug/ml).
[Eggers and Tamm (/8)]

activating effect on virus particles (78,
53) or on infective viral RNA (24).
If HBB does have direct effects on
viral RNA which lead to mutation,
they must be specific and restricted.

Of great interest is the fact that, in
addition to resistant mutants, drug-
dependent mutants of enteroviruses
have been isolated (68-71). Thus
viruses, like bacteria, can exist in the
three states of drug sensitivity, drug
resistance, and drug dependence. Stud-
ies with the HBB-dependent mutant
of Coxsackie A9 virus have shown
that infective RNA extracted from the
HBB-dependent virus is also HBB-
dependent (69, 70). Clearly, HBB
dependence is a property of the genetic
material of the viruses; the RNA of
dependent virus requires the compound
for the expression of its genetic and
reproductive potentialities. Similar re-
sults have been obtained with the
guanidine-dependent mutant of polio-
virus 1 (72).

Single-cycle growth characteristics of
the HBB-dependent Coxsackie A9
variant, growing in the presence of an
optimum concentration of HBB, are
on the whole similar to those of the
HBB-sensitive parent population grow-
ing in the absence of the compound
(70). The latent period of the de-
pendent virus is only slightly longer,
the eéxponential increase somewhat
slower, and the maximum yield of virus
particles per cell is 10-percent lower
than in the growth of the HBB-
sensitive virus.

In a variety of experiments, sensi-
tivity and dependence manifest them-
selves as the precise opposites of one
another. As Fig. 6 shows, there is a
striking similarity in the concentrations
of HBB required for maximum growth
of HBB-dependent virus or for marked
inhibition of growth of the HBB-
sensitive parent virus (69, 70). In

30

addition, the time course of the drug-
dependent process in the replication of
the dependent mutant is closely similar
to the time course of the drug-sensitive
process in the replication of the sensi-
tive parent virus (26). The compound
is not required during the first half of
the latent period, but after that, replica-
tion proceeds only if the compound is
present. Indeed, the compound is re-
quired also during the phase of ex-
ponential increase in virus. As for
the biochemical mechanism of depend-
ence, it appears that dependence is
indeed a counterpart phenomenon of
sensitivity, in that, whereas HBB pre-
vents synthesis of viral RNA of drug-
sensitive virus, it is required for replica-
tion of the RNA of drug-dependent
mutants (26). Similar results were
obtained recently with guanidine-
dependent poliovirus in HeLa cells
(26), and, in addition, it was shown
in this system that drug-dependent virus
requires the compound for production
of a virus-induced RNA polymerase
activity in the infected cells (6).

Experiments with drug-dependent or
drug-resistant mutants of poliovirus
were undertaken in order to secure
additional evidence as to the virus-
specific nature of the RNA polymerase
which appears in the cytoplasm of
poliovirus-infected cells (6). The
poliovirus—HeLa cell system was used
for reasons of convenience. The
enzyme experiments require fairly large
amounts of starting material—that is,
infected cells—which can be readily
procured by using a line of HeLa cells
adapted to growth in suspension. The
guanidine-resistant mutant of polio-
virus 1 that was used multiplied to
high vyields in the presence of 100
micrograms per milliliter of guanidine;
the dependent mutant required guani-
dine for replication. As is shown in
Table 3, virus-induced RNA polymerase
was not demonstrable in guanidine-
treated cells which had been infected
with poliovirus 1 of the drug-sensitive
wild type (6). The virus-induced
polymerase activity was demonstrable
in cells infected with the drug-resistant
virus, regardless of whether guanidine
was present in the growth medium.
Finally, the drug-dependent virus re-
quired guanidine for enzyme produc-
tion. The enzyme did not require
guanidine for activity in the cell-free
system in which it was assayed.

Certain genetic aspects of HBB
dependence are of special interest. The
rate of back mutation to HBB in-
dependence is remarkably high (69,
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Fig. 6. Effect of the concentration of HBB
on the growth of HBB-dependent and
HBB-sensitive  Coxsackie A9  virus.
[Eggers and Tamm (70)]

70). When HBB-dependent virus is
multiplying in the presence of the com-
pound, one out of every 100 to 600
particles produced is HBB-independent.
For the HBB-dependent ECHO 13
virus, the figure is lower: one out of
every 1000 to 5000 particles produced
is drug-independent. Back mutation is
toward either HBB resistance or HBB
sensitivity. The relative frequency of
occurrence of each is being investigated
through the use of unsubstituted benzi-
midazole, a compound which, at a con-
centration of 120 micrograms per
milliliter, fully supports the growth of
dependent virus but does not inhibit
that of sensitive virus. This character-
istic has made it possible to grow HBB-
dependent virus in an environment
which allows multiplication of any
HBB-sensitive virus that arises through
back mutation. In short, these condi-
tions do not selectively favor the growth
of resistant back mutants.

In addition to unsubstituted benzi-
midazole, 5-methyl-2-D-ribobenzimida-
zole (60) also supports full growth of
the HBB-dependent mutant (69, 70).
Since neither of these compounds spe-
cifically inhibits the replication of drug-
sensitive enteroviruses, we conclude that
the structural requirements for inhibit-
ing multiplication of wild-type viruses
or for enhancing multiplication of mu-
tant strains are not identical.
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Inhibition of Poxviruses

by Thiosemicarbazones

Although it has been known for over
10 years that certain thiosemicarba-
zones can protect mice against death
from experimentally induced infection
with vaccinia virus (73), it is only
recently that some understanding has
been gained of the mechanism whereby
some of them act (29, 30, 74). More-
over, recent work with the N-ethyl and
N-methyl derivatives of isatin g-thio-
semicarbazone suggests that these de-
rivatives might prove useful in the
chemoprophylaxis and possibly in the
therapy of poxvirus infections (75).

Thompson and his co-workers and
Bauer and his co-workers demonstrated
that isatin B-thiosemicarbazone (Fig. 7)
is inactive against entero-, myxo-,
arthropod-borne, herpes, and rabies
viruses (76); it is nontoxic at concen-
trations which inhibit the replication of
poxviruses (74). It inhibits the matura-
tion of vaccinia virus, a poxvirus, but
has no apparent effect on the synthesis
of its DNA. and protein (29, 30). How-
ever, studies on the time course of
the phase of drug sensitivity have
shown that the process of virus. replica-
tion becomes inhibitable by isatin
[-thiosemicarbazone shortly after infec-
tion of cells by the virus—that is, long
before the assembly of virus particles
begins (29, 30). The drug-sensitive
process is not restricted to the early
part of the multiplication cycle: it

continues for many hours. Virus parti-

cles produced in the presence of isatin
B-thiosemicarbazone are noninfective,
and morphologically they resemble im-
mature forms of vaccinia virus; they
are nearly spherical, and though they
contain material in their interiors, they
do not have a dense nucleoid structure.
Isatin B-thiosemicarbazone thus specifi-
cally interferes with a step in poxvirus
replication which is required for
maturation of the virus.

Inhibition of DNA Viruses by

Halogenated Deoxyuridines

For many years there was no evi-
dence to support the contention that
structural analogs of naturally occurring
metabolites might be discovered which
would possess selective virus-inhibiting
activity. ' Recently, however, it was
shown that 5-iodo-2'-deoxyuridine (Fig.
8) (77) is effective in treating eye
infections induced experimentally with
two DNA-containing viruses, herpes
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Table 5. Effect of guanidine on the appearance of the virus-induced RNA polymerase in

cells infected with drug-resistant or drug-dependent virus mutants.

Guanidine

Poliovirus type 1 present du;

Sensitive (wild type)
Sensitive (wild type)
Resistant mutant
Resistant mutant
Dependent mutant
Dependent mutant

(100 ug/ml) Appearance of
ring infection virus RNA polymerase
No Yes
Yes No
No Yes
Yes Yes
No No
Yes Yes

simplex and vaccinia (32). This com-
pound has indeed proved useful in
the treatment of herpes keratitis in
man (78).

In 1959 Alison Newton and one of
us (I.T.) found (31) that the 5-fluoro-

derivative of 2’-deoxyuridine (Fig. 8)

was, on a weight basis, the most active
inhibitor of virus multiplication so far
discovered. At a concentration of 10°M
or 0.0025 micrograms per milliliter, 5-
fluoro-2'-deoxyuridine caused partial
inhibition of reproduction of herpes
simplex virus and prevented the in-
crease in DNA which is regularly ob-
served in HeLa cells after infection
with herpes virus. At 107M, the virus-
inhibiting effect of the compound was
marked. At this concentration, the
compound did not have detectable toxic
effects on the appearance of cells.
However, it did reduce cell division by
80 percent (79). Infected cells which
produced little or no virus in the
presence of the compound nevertheless
showed the cytopathic effect character-
istic of this virus (31). The fluoro
compound is not therapeutically effec-
tive in herpes simplex infections of the
eye, where the iodo- and bromo-
derivatives are useful (32); this again
shows in a striking way the importance
of structural modification of promising
compounds.

The biochemical basis for the selec-
tive action of the iodo- and bromo-
derivatives on the reproduction of
herpes and vaccinia viruses is not yet
clear. The iodo- and bromo- deriva-
tives inhibit the utilization of thymine
compounds but not their syntheses,
whereas the fluoro- compound inhibits
the synthesis of thymidine mono-
phosphate (77). The iodo- and bromo-
derivatives are incorporated into DNA,
but the fluoro- derivative appears not
to be. The extent of the incorporation
of the bromo- or iodo- compound into
cellular DNA and of subsequent chro-
mosome damage depends markedly on
the concentration of the compound. At
a concentration of 10°M, the bromo-

derivative does not affect the growth
rate of cells during two to two and a
half cell divisions but inhibits the pro-
duction of herpes virus in cell culture
by 97 percent (33). In the presence of
5-bromo-2'-deoxyuridine, cells infected
with vaccinia virus yield large quan-
tities of noninfectious, malformed virus
particles; this may be a consequence of
the incorporation of the compound into
the virus DNA (34). It is also pos-
sible, however, that the iodo- and
bromo-derivatives block viral DNA
synthesis by acting selectively on a
virus-specific enzyme system, such as a
DNA polymerase, which may be in-
volved in the synthesis of viral DNA.
(32, and A. Newton, personal commu-
nication.)

Conclusions

Guanidine and HBB specifically in-
hibit the reproduction of many small,
lipid-free RNA viruses which belong to
a single large group, the picornaviruses.
The group includes polio-, Coxsackie,
ECHO, rhino-, and a number of other
viruses. Guanidine and HBB have no
significant effects on the multiplication
of viruses belonging to other groups, or
on the normal metabolic activities of
cells. These compounds block the syn-
thesis of virus-induced RNA polym-
erase and of viral RNA and viral
coat protein of drug-sensitive picorna-
viruses.

I\I-NH-CSNH2
C//
3\
2C=0
I
N
H

Isatin g-thiosemicarbazone

Fig. 7. Structure of a specific inhibitor of
poxvirus reproduction.
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A hypothesis to explain these findings
may be formulated as follows. On in-
fection of cells with a picornavirus,
viral RNA, acting as messenger RNA,
directs the production of an RNA po-
lymerase which functions in the syn-
thesis of new viral RNA. The new
viral RNA provides the messenger RNA
for the synthesis of viral coat protein.
Guanidine and HBB block the syn-
thesis of virus-induced RNA polymer-
ase and thereby prevent the manufac-
ture of new viral RNA and viral coat
protein.

The fact that both poliovirus and
Mengovirus can direct the synthesis
of virus RNA polymerase but that only
one of the two—poliovirus—is sensi-
tive to HBB and guanidine raises an
interesting question: Is the difference
in sensitivity due to a critical difference
in the biochemical mechanisms of syn-
thesis of the two RNA polymerases,
or is the mechanism of synthesis the
same but the structure of the nucleic
acid of the two viruses critically dif-
ferent? This question applies with even
greater force to the drug-resistant mu-
tants of originally drug-sensitive entero-

H OH

2’~Deoxyuridine

O
Il

C
H[?’/ \lCI—F

=C CH
W o H,COH

5—Fluoro—~2"—deoxyuridine

viruses. There is reason to believe that
picornaviruses largely utilize the cellu-
lar machinery for protein synthesis for
the synthesis of virus-directed proteins.
It seems unlikely that in the protein-
synthesizing mechanism in the cells
there exist alternative pathways for the
drug-sensitive, drug-resistant, and drug-
dependent variants of a single virus.
A more attractive idea is the sug-
gestion that differences in the structure
of the nucleic acid of picornaviruses are
directly involved in the variable re-
sponse of picornaviruses to HBB and
guanidine. There is much evidence that
the action of these compounds depends
on the genetic, and therefore chemical,
fine structure of the RNA in picorna-
viruses. Whether only the sequence of
nucleotides is concerned, or whether
some aspects of the secondary structure
of viral RNA are also involved, is not
clear, but this information is not essen-
tial to the general argument. One may
visualize the RNA of picornaviruses as
having three structural states, which
affect its function. In one state it is
sensitive to HBB or guanidine; in
another, it is drug-resistant; and in the

o
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C
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Fig. 8. Structures of two metabolic precursors in DNA synthesis, and of two structural

analogs.
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third, it depends on, or requires, the
drug. It is not possible to decide, on
the basis of the available information,
whether the effects of the compounds
are produced through direct combina-
tion with the viral nucleic acid itself
or through combination with a com-
ponent in infected cells—for example,
the ribosome—with which the viral.
RNA reacts. If HBB and guanidine
combine with viral nucleic acid, they
may inhibit not only the messenger
function of viral RNA but also its
gene function. There can be little
doubt that viral RNA must, in one
way or another, serve as a template
in its own replication. There is no
direct evidence that HBB and guani-
dine inhibit such a template function.
Theoretically, this is an interesting pos-
sibility. Selective control of the inti-
mate process of gene function has been
discussed previously by Luria (80).

An alternative hypothesis has re-
cently been proposed (81) to explain
the specific effects of guanidine on the
production of virus-induced RNA po-
lymerase in active form. Lwoff and his
co-workers (81) have suggested that
guanidine may inhibit the formation of
the active polymerase from a precursor
protein. The drug-dependent virus may
require the compound for successful
conversion of precursor protein into
active enzyme. This interesting idea is
compatible with data which are at
present available on the effects of
guanidine on the production of virus-
induced RNA polymerase.

These various hypotheses can - be
tested experimentally.

One should note that, although the
actions of HBB and guanidine are in
many ways similar, they are by no
means identical. Some Coxsackie A
and rhino- viruses are sensitive to
guanidine but completely insensitive to
HBB. Polioviruses are on the whole
more sensitive to guanidine than to
HBB, whereas Coxsackie B and ECHO
viruses are more sensitive to HBB than
to guanidine. Guanidine inhibits some
as yet unidentified process which takes
place during the first half of the latent
period of the viral growth cycle; HBB
has no effect during this period. Once
the primary sites of action of HBB and
guanidine have been established with
certainty,. all these findings should be
readily interpretable.

The study of virus-specific processes
in the reproduction of animal viruses
has barely begun, but already new in-
formation has been gained. The occur-
rence in picornavirus-infected cells of
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a virus-induced enzyme, which has the
characteristics of an RNA-dependent
polymerase, has been described.
Another finding which concerns viral
RNA, but RNA of a very different
virus, is the observation that in reovirus
the genetic material is an uncommonly
large, double-stranded RNA (82). The
process of its synthesis probably also
has special features. Lest it be thought
that these findings apply only to animal
viruses, it should be pointed out that
the RNA-containing bacteriophage also
directs the synthesis of a new RNA
polymerase (83), and the wound-tumor
virus of plants also has a double-
stranded RNA (82). These are ex-
amples of remarkable similarity in the
molecular biology of viruses affecting
widely different hosts.

To summarize, virus-specific proc-
esses occur in the reproduction of
animal viruses, and chemical inhibitors
are useful in their study. Specific
chemical inhibition of the intimate
mechanism of synthesis of virus nucleic
acid offers means of controlling virus
diseases (16, 84).
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