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Isoleucine deprivation of cellular monolayers prior to infection has been reported to result in partial
complementation of a herpes simplex virus type 1 (HSV-1) ICP0 null (ICP0™) mutant. We now report that
glutamine deprivation alone is able to enhance the plating efficiency of an ICP0™ virus and that isoleucine
deprivation has little or no effect. Because a low glutamine level is associated with stress and because stress is
known to induce reactivation, low levels of glutamine may be relevant to the reactivation of HSV-1 from latency.
Additionally, we demonstrate that arginine and methionine deprivation result in partial complementation of

the ICP0O™ virus.

The immediate-early protein ICPO of herpes simplex virus
type 1 (HSV-1) plays major roles in lytic infection and reacti-
vation from latency. During lytic infection, ICP0 functions as a
potent and broad transcriptional activator (6, 10, 13, 19, 20),
though it does not bind DNA in solution (11). ICPO also plays
important roles in the establishment of latency (9, 32) and
reactivation from latency (15, 16, 29). A further level of ICP0
complexity was reported by Cai and Schaffer, who demon-
strated that 8 h after release of an isoleucine (Ile) block to
synchronize cells in Gy/G, phase (22, 30), cells began cycling
out of G, phase and into S phase, and the peak plating effi-
ciency of the ICPO null (ICP0O™) virus occurred during this
transition (7). The conclusion from this experiment was that
ICPO ™ viruses form plaques more efficiently in late G,/early S
phase than in other phases of the cell cycle. We now believe
that this conclusion is incorrect.

In an earlier publication, we showed that the plating efficiency
of an ICP0O™ virus is enhanced following Ile deprivation or serum
starvation, but only in the absence of glutamine (GlIn) (5). In the
presence of Gln, Ile deprivation and serum starvation result in
synchrony of cells in G/G, phase, but the plating efficiency of an
ICPO™ virus is not enhanced at any stage of the cell cycle. We
have considered the following two potential explanations for
these observations: (i) Gln prevents the enhanced plating effi-
ciency that results from Ile deprivation or serum starvation or (ii)
Gln deprivation causes the enhanced plating efficiency. We
present evidence herein that the second hypothesis is correct.

GIn deprivation, but not Ile deprivation, enhances ICP0™
virus plating efficiency. Twenty-four-hour-old Vero cell mono-
layers were incubated for 72 h in media supplemented with
10% dialyzed fetal bovine serum and containing Ile and Gln or
lacking one or both amino acids. Dulbecco’s modified Eagle’s
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medium (DMEM) containing both amino acids and normal
fetal bovine serum was re-added for 8 h (to obtain peak plating
efficiency following the release of an Ile block) (5, 7), and
monolayers were infected with wild-type or ICPO™ virus.

The presence or absence of Ile and Gln had little effect on
the plating efficiency of the wild-type virus (Fig. 1A). The
plating efficiency of the ICPO~ virus was greatly enhanced
(18-fold) when Ile and Gln were both absent or when only Gln
was absent (20-fold) relative to that in the presence of both
amino acids (Fig. 1B). In contrast, the plating efficiency of the
ICPO™ virus was much lower following Ile deprivation in the
presence of Gln (fourfold enhancement over that in the pres-
ence of Ile and Gln). These observations demonstrate that the
total enhancement in plating efficiency of an ICPO™ virus can
be attributed specifically and exclusively to Gln deprivation.

Note for this and subsequent experiments that the ICPO™ virus
does not plate more efficiently than the wild-type virus, even
following GIn deprivation. ICPO™ viruses form plaques 16- to
50-fold less efficiently than wild-type virus on Vero cells (7, 8, 27,
35), so a higher input was required for the ICPO mutant.

Gln deprivation also resulted in enhanced plating efficiency
of the ICPO mutant d/1403 but not the parental wild-type strain
17 (data not shown). This result demonstrates that enhanced
plating efficiency following Gln deprivation is not restricted to
the KOS derivative n212.

In light of these findings, how do we explain the results in
Fig. 1 of the Cai and Schaffer publication (7)? It was reported
that 2 mM Gln was present in the Ile-free medium, but we have
now demonstrated that the plating efficiency of an ICPO™ virus
is not enhanced in the presence of 2 mM Gln. We believe that
the experimental medium used in the Cai and Schaffer exper-
iments initially contained 2 mM GIn but that, over time, the
amount of GlIn fell to a very low concentration due to the
instability of Gln in solution (17, 21, 31).

In addition to Gln deprivation, arginine (Arg) and methio-
nine (Met) deprivation also causes enhanced plating efficiency
of an ICP0™ virus. As noted above, depriving cells of Gln
results in enhanced plating efficiency of an ICPO™ virus. We

11472



VoL. 82, 2008

Wild type ICPO-
2500
gzooo A B
o
€ 1500
£
To]
& 1000
2
& 500
0
e + - + - + - + - lle
Gln + + - - + + - - GIn

FIG. 1. The plating efficiency of an ICPO™ virus is enhanced when
cells are incubated in the absence of Gln but not the absence of Ile.
Twenty-four-hour-old Vero cells were incubated for 72 h in media
containing Ile and Gln or lacking only Ile, only Gln, or both. Mono-
layers were infected with 10 to 100 PFU/plate wild-type (KOS) (A) or
ICPO™ (n212) (B) virus in complete DMEM. After a 1-h infection,
monolayers were overlaid with complete DMEM containing methyl
cellulose and incubated for 5 days at 37°C. Plaques were counted and
multiplied by a dilution factor of 1 to 10 to normalize all plaque counts
to infection with 100 PFU/plate. Bars represent the average numbers
of PFU/plate in three independent experiments, and error bars repre-
sent the standard deviations.

were interested to know if depriving cells of other amino acids
would affect the plating efficiency of an ICPO™ virus.

To test this possibility, 24-h-old Vero cell monolayers were
incubated for 1 to 4 days in media lacking a single amino acid.
All 15 amino acids included in DMEM were tested. Each day,
a monolayer incubated in each type of medium was refed with
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complete medium for 8 h and infected with wild-type or ICPO™
virus.

The plating efficiency of the wild-type virus was not affected
by the absence of any of the amino acids (Fig. 2A). However,
for most amino acids, the plating efficiency of the wild-type
virus decreased over time as cells died due to amino acid
deprivation, and the density of the monolayers decreased. For
the ICPO™ virus, deprivation of Gln, Arg, or Met resulted in
the greatest number of plaques (Fig. 2B). For these three
amino acids, the plating efficiency increased with an increasing
duration of amino acid deprivation. For the remaining amino
acids, a measurable decrease in plating efficiency was evident
with increasing time of deprivation, or no change was ob-
served. The decrease in plating efficiency corresponded with
cell death due to amino acid deprivation and was observed as
decreased cell densities of the monolayers.

The simultaneous absence of both Arg and Met increases
the plating efficiency of an ICP0™ virus to the same extent as
that by GIn deprivation. Having shown that Arg or Met depri-
vation can enhance the plating efficiency of an ICPO ™ virus, we
were interested to know if deprivation of both amino acids in
combination would further increase the plating efficiency of
the virus.

To test this possibility, 24-h-old Vero cell monolayers were
incubated for 72 h in the presence of all amino acids or in the
absence of Arg, Met, Gln, or combinations of these three
amino acids. Media were replaced with complete DMEM for
8 h, and monolayers were infected with wild-type or ICPO~
virus (Fig. 3). The plating efficiency of the wild-type virus was
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FIG. 2. Deprivation of Gln, Arg, or Met results in enhanced ICPO™ virus plating efficiency. Twenty-four-hour-old Vero cell monolayers were
incubated in media lacking 1 of the 15 amino acids included in the DMEM formulation. Each day for 4 days, monolayers were infected with 5 to
100 PFU of wild-type (KOS) (A) or ICPO™ (n212) (B) virus in complete DMEM. After a 1-h infection, monolayers were overlaid with complete
DMEM containing methyl cellulose and incubated for 5 days at 37°C. Plaques were counted and multiplied by a dilution factor of 1 to 20 to
normalize all plaque counts to infection with 100 PFU/plate. Bars represent the average numbers of PFU/plate in three independent experiments,

and error bars represent the standard deviations.
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FIG. 3. Deprivation of Arg and Met results in enhanced plating efficiency of an ICPO™ virus to a similar extent to that with Gln deprivation.
Twenty-four-hour-old Vero cells were incubated for 72 h in media containing Arg, Met, and Gln or lacking one, two, or all of these amino acids.
Monolayers were infected with 100 PFU wild-type (KOS) (A) or ICP0™ (n212) (B) virus in complete DMEM. After a 1-h infection, monolayers
were overlaid with complete DMEM containing methyl cellulose and incubated for 5 days at 37°C. Plaques were counted and multiplied by a
dilution factor of 1 to 20 to normalize all plaque counts to infection with 100 PFU/plate. Bars represent the average numbers of PFU/plate in three
independent experiments, and error bars represent the standard deviations.

not affected by deprivation of any of these three amino acids,
individually or in combination (Fig. 3A). The ICPO™ virus
exhibited sevenfold and eightfold enhanced plating efficiencies
following deprivation of Arg or Met, respectively, relative to
the plating efficiency on monolayers incubated with all three
amino acids (Fig. 3B). Gln deprivation resulted in a 20-fold
enhanced plating efficiency relative to that in medium with all
amino acids. However, when cells were deprived of both Arg
and Met simultaneously, a synergistic effect resulting in a plat-
ing efficiency similar to that with GIn deprivation was noted. In
contrast, deprivation of Gln and Arg, Gln and Met, or all three
amino acids did not enhance the plating efficiency relative to
that with Gln deprivation alone.

Enhanced plating efficiency of ICP0™ viruses following Gln
deprivation is not due to a decrease in cell density. The plating
efficiency of ICPO™ viruses decreases as the cell density in-
creases (5). Because a high cell density results in decreased
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FIG. 4. The enhanced plating efficiency of an ICPO™ virus following
Gln deprivation is not due to reduced cell density. Vero cells were
seeded at initial densities of 5 X 10 to 1 X 10° cells/35-mm plate.
Twenty-four hours later, the monolayers were infected with 100 PFU/
plate of wild-type (KOS) or ICPO™ (n212) virus in complete DMEM.
After a 1-h infection, monolayers were overlaid with complete DMEM
containing methyl cellulose. Plaques were counted after a 5-day incu-
bation at 37°C. Plaques did not form in monolayers seeded with 2.5 X
10* or fewer cells. Data points represent the average numbers of
PFU/plate in three independent experiments, and error bars represent
the standard deviations.

plating efficiency, it is possible that reduced cell density result-
ing from the death of cells during Gln deprivation could result
in enhanced plating efficiency.

To test this possibility, Vero cells were seeded in 35-mm
plates with 5 X 10® to 1 X 10° cells/plate in complete DMEM.
Twenty-four hours later, the monolayers were infected with
100 PFU/35-mm plate of wild-type or ICPO™ virus. For cell
densities of 2.5 X 10* and lower, there were not enough cells
for plaques to form (Fig. 4). The number of plaques resulting
from wild-type infection increased as the cell density increased
to 4 X 10° cells/plate and then decreased very slightly. The
plating efficiency of the ICPO™ virus increased as the cell den-
sity increased to 2 X 10° cells/plate and then decreased sharply
as cell density increased. For the Gln deprivation experiments
presented in Fig. 1 to 3, 35-mm plates were seeded with 1.5 X
10° cells/plate. These results demonstrate that cell death due to
Gln deprivation cannot account for the increase in plating
efficiency.

We have shown previously that heat shock and UV irradia-
tion are stresses that result in enhanced plating efficiency of an
ICPO™ virus (5). Both of these stresses are able to induce
reactivation of wild-type HSV-1 from latency in humans (25).
Together, these observations show a possible correlation be-
tween treatments that complement an ICPO™ virus and those
that cause reactivation from latency. In this study, we have
demonstrated that Gln deprivation results in enhanced plating
efficiency of an ICPO ™ virus. An interesting question that arises
is whether Gln deprivation can also cause reactivation from
neuronal latency.

In humans, GlIn levels decrease as a result of exercise,
trauma, burns, extended bed rest, viral stress, and other
stresses (1-4, 14, 23, 24, 26, 33, 34). Many of these conditions
also cause reactivation from latency (12, 18, 28). Is Gln a
common denominator in these observations? We are currently
performing experiments to examine whether Gln deprivation
can cause reactivation from latency.
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