
Remodeling mTORC1 Responsiveness to Amino Acids by the
Herpes Simplex Virus UL46 and Us3 Gene Products Supports
Replication during Nutrient Insufficiency

Elizabeth I. Vink,a Sora Lee,a James R. Smiley,c Ian Mohra,b

aDepartment of Microbiology, New York University School of Medicine, New York, New York, USA
bLaura and Isaac Perlmutter Cancer Center, New York University Langone Medical Center, New York, New York,
USA

cLi Ka Shing Institute of Virology, Department of Medical Microbiology and Immunology, University of Alberta,
Edmonton, Alberta, Canada

ABSTRACT By sensing fundamental parameters, including nutrient availability,
activated mechanistic target of rapamycin complex 1 (mTORC1) suppresses cata-
bolic outcomes and promotes anabolic processes needed for herpes simplex vi-
rus 1 (HSV-1) productive growth. While the virus-encoded Us3 Ser/Thr kinase is
required to activate mTORC1, whether stress associated with amino acid insuffi-
ciency impacts mTORC1 activation in infected cells and virus reproduction was
unknown. In contrast to uninfected cells, where amino acid withdrawal inhibits
mTORC1 activation, we demonstrate that mTORC1 activity is sustained in HSV-1-
infected cells during amino acid insufficiency. We show that in the absence of
Us3, the insensitivity of mTORC1 to amino acid withdrawal in infected cells was
dependent on the host kinase Akt and establish a role for the HSV-1 UL46 gene
product, which stimulates phosphatidylinositol (PI) 3-kinase signaling. Signifi-
cantly, virus reproduction during amino acid insufficiency was stimulated by the
viral UL46 gene product. By synergizing with Us3, UL46 reprograms mTORC1
such that it is insensitive to amino acid withdrawal and supports sustained
mTORC1 activation and virus reproduction during amino acid insufficiency. This
identifies an unexpected function for UL46 in supporting virus reproduction dur-
ing physiological stress and identifies a new class of virus-encoded mTORC1 reg-
ulators that selectively uncouple mTORC1 activation from amino acid sufficiency.

IMPORTANCE Mechanistic target of rapamycin complex 1 (mTORC1) is a multi-
subunit cellular kinase that coordinates protein synthesis with changing amino
acid levels. During amino acid insufficiency, mTORC1 is repressed in uninfected
cells, dampening protein synthesis and potentially restricting virus reproduction.
Here, we establish that HSV-1 alters the responsiveness of mTORC1 to metabolic
stress resulting from amino acid insufficiency. Unlike in uninfected cells, mTORC1
remains activated in HSV-1-infected cells deprived of amino acids. Synergistic ac-
tion of the HSV-1 UL46 gene product, which stimulates PI 3-kinase, and the Us3
kinase supports virus reproduction during amino acid withdrawal. These results
define how HSV-1, a medically important human pathogen associated with a
range of diseases, uncouples mTORC1 activation from amino acid availability.
Furthermore, they help explain how the virus reproduces during physiological
stress. Reproduction triggered by physiological stress is characteristic of herpes-
virus infections, where lifelong latency is punctuated by episodic reactivation
events.
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In addition to its fundamental role maintaining homeostasis in living cells, tissues, and
organisms, amino acid (AA) availability can exert a powerful influence on virus

reproduction by regulating protein production (1). To coordinate fluctuating environ-
mental AA levels with protein synthesis, cells rely in part upon mechanistic target of
rapamycin complex 1 (mTORC1), a multisubunit kinase whose activation is dependent
upon AA sufficiency (2). By phosphorylating the translational repressor 4E-BP1 and
ribosomal protein p70S6-kinase (S6K1), activated mTORC1 stimulates cap-dependent
mRNA translation (3, 4). While viruses often activate mTORC1 signaling, how this
pathway responds to AA insufficiency, which normally restricts mTORC1 activation, in
virus-infected cells is not well understood (4, 5). Significantly, monitoring amino acid
sufficiency offers viruses a window into host cell fitness. During acute infections,
metabolic stress responses associated with nutrient insufficiency or induced by infec-
tion could limit virus replication and function as a cell-intrinsic host defense (1, 6–10).
Virus infection, however, often remodels host stress responses, impacting how funda-
mental parameters of cellular homeostasis, including energy and AA availability, are
sensed. Subverting metabolic stress responses thereby facilitates completion of the
viral replicative cycle. For example, mTORC1 activation is sustained during energy
insufficiency in cells infected by herpes simplex virus 1 (HSV-1) (11) or human cyto-
megalovirus (HCMV) (12, 13). In addition, HCMV infection maintains mTORC1 activity
during AA deprivation (14, 15). Although specific viral gene products required to
remodel mTORC1 responses to AA insufficiency have not been identified, they may also
enable replication of latent viruses, like herpesviruses, whose reproductive growth
program is triggered by physiological stress (16, 17).

HSV-1 establishes a permanent, latent infection in peripheral nervous system neu-
rons (18, 19). While viral genes required for reproduction are repressed during latency,
episodic virus productive growth in response to environmental and physiological stress
results in infectious virus production and shedding from mucosal surfaces (20). Signif-
icantly, physiological stress that suppresses mTORC1 signaling in latently infected
neurons promotes virus reproductive growth (16, 17). In contrast, mTORC1 activation is
enforced during the HSV-1 productive growth cycle by the virus-encoded Us3 gene
product, an alphaherpesvirus subfamily-specific Ser/Thr kinase (Fig. 1A) (21–23). De-
spite lacking primary sequence homology, other than an ATP-binding motif, with the
host kinase Akt, Us3 directly phosphorylates tuberous sclerosis complex subunit 2
(TSC2) and other Akt substrates on sites targeted by Akt (21). TSC2 S939/T1462
phosphorylation catalyzed by Us3 stimulates Rheb-GTP accumulation and constitutive
mTORC1 activation, which subsequently stimulate viral protein synthesis and repro-
duction (21). Inhibiting mTORC1 reduced viral protein production and virus reproduc-
tion; furthermore, virus replication was restricted by TSC2 in the absence of Us3 (21).
This exposed a potential paradox whereby inhibiting mTORC1 triggers virus reproduc-
tion, yet mTORC1 is needed for efficient virus protein production and replication.

To reconcile these findings, the possibility that a viral function expressed during the
reproductive cycle might modify how stress regulates mTORC1 activity in infected cells
was considered. While we recently showed that Us3 subverts the host energy-sensing
program to support replication during energy insufficiency (11), the responsiveness of
mTORC1 signaling to AA availability in cells productively infected with HSV-1 was
unknown. Here, we demonstrate that HSV-1 infection alters the responsiveness of
mTORC1 to metabolic stress resulting from AA insufficiency. Unlike in uninfected cells,
where mTORC1 is inhibited by AA withdrawal, mTORC1 activation is unexpectedly
sustained in HSV-1-infected cells deprived of AAs. We show that the HSV-1 UL46 gene
product, which stimulates phosphatidylinositol (PI) 3-kinase signaling, supports virus
reproduction during AA insufficiency and synergizes with Us3 to facilitate productive
replication during AA withdrawal. UL46 and Us3 define a new class of virus-encoded
mTORC1 regulators that can selectively uncouple mTORC1 activation from AA suffi-
ciency to support virus replication during metabolic stress resulting from limited AA
availability.
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RESULTS
Insensitivity of mTORC1 to AA insufficiency in HSV-1-infected cells. To deter-

mine how mTORC1 responds to AA insufficiency in HSV-1-infected cells, phosphoryla-
tion of mTORC1 substrates S6K1 and 4E-BP1 was evaluated in the presence and
absence of AA in the growth medium. Triplicate normal human dermal fibroblast
(NHDF) cultures were mock infected or infected with wild-type (WT) HSV-1. While one
replicate remained in AA-replete medium for the duration of the experiment, the
remaining duplicate cultures were challenged with AA-free medium (AA withdrawal) at
9 h postinfection (hpi). After 50 min, one culture was subsequently stimulated with
AA-replete medium for an additional 30 min (AA stimulation). Analysis of S6K1 and
4E-BP1 phosphorylation by immunoblotting revealed that AA withdrawal decreased
the abundance of phosphorylated S6K1 and stimulated the accumulation of hypophos-
phorylated 4E-BP1 in mock-infected cells (Fig. 1B, compare lane 1 to lane 2). As
expected, AA stimulation resulted in phospho-S6K1 accumulation and increased hy-
perphosphorylated 4E-BP1 levels (Fig. 1B, compare lanes 2 to lane 3). In agreement with
previously published results, HSV-1 infection stimulated mTORC1, resulting in increased
phospho-S6K1 and 4E-BP1 hyperphosphorylation (Fig. 1B, compare lane 1 to lane 4).
However, phosphorylated S6K1 and 4E-BP1 persisted following AA withdrawal in
HSV-1-infected cells compared to mock-infected cells (Fig. 1B, compare lane 2 to lane
5). Moreover, AA stimulation of infected cultures after AA withdrawal did not increase
S6K1 phosphorylation or 4E-BP1 hyperphosphorylation to the extent observed in
mock-infected cells under these conditions (Fig. 1B, compare lanes 2 and 3 to lanes 5
and 6). This establishes that mTORC1 signaling in HSV-1-infected cells is relatively
insensitive to changes in the AA concentration and resists stress induced by AA
insufficiency compared to mock-infected cells. This further suggested that virus-
encoded functions responsible for controlling mTORC1 in HSV-1-infected cells might
influence the responsiveness of mTORC1 signaling to AA levels.

FIG 1 Sensitivity of mTORC1 activation to AA insufficiency in uninfected and HSV-1-infected cells. (A) Cartoon
illustrating how HSV-1 manipulates mTORC1 activation in virus-infected cells. The HSV-1-encoded Ser/Thr kinase
Us3 enforces mTORC1 activation during infection by phosphorylating TSC2 residues S939 and T1462, the same
residues targeted by Akt. This phosphorylation event inhibits TSC Rheb-GAP activity, allowing Rheb-GTP to activate
mTORC1. VP11/12, which is encoded by the HSV-1 UL46 gene, stimulates PI 3-kinase (PI3K) to activate Akt. Akt
inhibitor VIII (AKTVIII) is a small molecule that specifically inhibits Akt. Activation of mTORC1 in uninfected cells
requires amino acid sufficiency. By promoting assembly of GTP-bound RagA/B with GDP-bound RagC/D, amino
acids stimulate binding of mTORC1 to the RAG complex on the lysosomal membrane surface and position mTORC1
proximal to its activator Rheb. Once activated, mTORC1 phosphorylates substrates, including 4E-BP1 and p70S6K1,
to stimulate productive virus replication. (B) NHDFs growth arrested by serum deprivation were mock infected (M)
or infected with the WT HSV-1 F strain (WT-F). At 9 hpi, cells were incubated in AA-free RPMI 1640 for 50 min (�),
incubated in AA-free RPMI 1640 for 50 min followed by a 30-min restimulation in AA-replete RPMI 1640 (�), or left
in AA-replete DMEM for 50 min (�). Total protein was isolated and analyzed by immunoblotting using the
indicated antibodies. Migration of hyperphosphorylated (Hyper-) and hypophosphorylated (Hypo-) 4E-BP1 is
indicated to the left of the panel. HSC70 serves as a loading control. pS6K1, S6K1 phosphorylated at Thr389.
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Responsiveness of mTORC1 to AA withdrawal is antagonized by multiple viral
functions. To investigate if the HSV-1 Us3 Ser/Thr kinase influenced mTORC1 activation
in infected cells during AA insufficiency, NHDFs were either mock infected or infected
with WT or Us3-deficient (ΔUs3) HSV-1. At 9 hpi, duplicate cultures were exposed to
AA-free medium prior to harvesting or restimulated with AA-replete medium. A control,
unmanipulated culture remained in AA-replete medium until collection at 10 hpi.
Cell-free lysates were fractionated by SDS-PAGE, and phosphorylation of mTORC1
substrates 4E-BP1 and S6K1 was evaluated by immunoblotting. In contrast to mock-
infected cells, phospho-S6K1 and hyperphosphorylated 4E-BP1 remained detectable
during AA withdrawal in cells infected with either WT HSV-1 or ΔUs3 (Fig. 2A, compare
lanes 5 and 8 to lane 2). Unexpectedly, levels of S6K1 and 4E-BP1 phosphorylation
during AA withdrawal and restimulation were similar in cells infected with WT and
Us3-deficient viruses (Fig. 2A, compare lanes 5 and 6 to lanes 8 and 9). This raised the
possibility that the insensitivity of mTORC1 in HSV-1-infected cells to AA insufficiency
is not solely dependent upon Us3.

To separate any contribution of the host kinase Akt, which can also activate
mTORC1, from the HSV-1 kinase Us3, the experiment was repeated in the presence of
an Akt inhibitor (Akt inhibitor VIII [Akt VIII]). Phosphorylation of S6K1 and 4E-BP1 in Akt
VIII-treated cells infected with WT HSV-1 was relatively insensitive to AA withdrawal and
restimulation (Fig. 2B, lanes 4 to 6). However, compared to cells infected with WT HSV-1,
phosphorylation of S6K1 was reduced and higher levels of hypophosphorylated 4E-BP1
were detected in cells infected with ΔUs3 (Fig. 2B, compare lane 4 to lane 7). Further-
more, phosphorylation of both mTORC1 substrates was sensitive to AA withdrawal/
restimulation in ΔUs3-infected cells (Fig. 2B, compare lanes 4, 5, and 6 to lanes 7, 8, and

FIG 2 Responsiveness of mTORC1 to AA withdrawal in infected cells is regulated by the HSV-1 Us3 and
host AKT Ser/Thr kinases. NHDFs growth arrested by serum deprivation were mock infected or infected
with the WT HSV-1 F strain (WT-F) or a Us3-deficient virus (ΔUs3-F). At 4 hpi, cultures were treated with
dimethyl sulfoxide (DMSO) (A) or the AKT inhibitor Akt VIII (B, left). At 9 hpi, cultures were either
incubated in AA-free RPMI 1640 for 50 min (�), incubated in AA-free RPMI 1640 for 50 min followed by
a 30-min restimulation in AA-replete RPMI 1640 (�), or left in AA-replete DMEM for 50 min (�). Total
protein was isolated and analyzed by immunoblotting using the indicated antibodies. Migration of
hyperphosphorylated (Hyper-) and hypophosphorylated (Hypo-) 4E-BP1 is indicated to the left. HSC70
serves as a loading control. pS6K1, S6K1 phosphorylated at Thr389. (B, right) Control showing the efficacy
of Akt inhibitor VIII treatment. Total protein isolated from NHDFs mock infected (M) or infected with WT
HSV-1 strain F in the presence (�) or absence (�) of Akt inhibitor VIII (AKTVIII) was analyzed by
immunoblotting using the indicated phosphospecific anti-Akt antibodies (AKTpS473 and AKTpT308) or
an antibody recognizing total Akt (AKT). HSC70 is a loading control.
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9) compared to cells infected with WT HSV-1. These results were consistent with a
model where Us3 and/or a host Akt-dependent function was required to sustain
mTORC1 signaling during AA insufficiency in HSV-1-infected cells.

As both Us3 and Akt inhibit TSC GAP activity by phosphorylating the TSC2 subunit,
whether TSC controls mTORC1 responsiveness to AAs in HSV-1-infected cells was
investigated. To address this, NHDFs treated with control, nonsilencing (NS) small
interfering RNA (siRNA) or siRNA specific for TSC2 (21) were mock infected or infected
with ΔUs3. Akt inhibitor VIII was added at 5 hpi to exclude any contribution of Akt.
Figure 3A shows that mTORC1 activation in cells infected with ΔUs3 and treated with
NS siRNA remained sensitive to AA withdrawal, as evidenced by reduced S6K1 phos-
phorylation and accumulation of hypophosphorylated 4E-BP1 (compare lane 1 to lane
2). In addition, increased S6K1 and 4E-BP1 phosphorylation following AA addition
indicated that they were likewise responsive to restimulation by AAs (Fig. 3A, compare
lane 2 to lane 3). In contrast, S6K1 and 4E-BP1 phosphorylation mostly persisted in
TSC2-depleted, ΔUs3-infected NHDFs upon AA withdrawal and restimulation, indicat-
ing that mTORC1 activity was insensitive to AA insufficiency (Fig. 3A, compare lane 4 to
lanes 5 and 6). Significantly, TSC2 depletion in mock-infected cells, however, did not
detectably change mTORC1 responsiveness to AA insufficiency (Fig. 3B, compare lane
1 to lanes 2 and 3 and compare lane 4 to lanes 5 and 6). This demonstrates that the
insensitivity of mTORC1 to AA withdrawal in HSV-1-infected cells is regulated by TSC2.
That TSC2 depletion in HSV-1-infected, but not uninfected, cells is sufficient to alter
mTORC1 responsiveness to AAs is consistent with the possibility that additional viral
functions regulate this pathway.

While Us3 stimulates TSC2 phosphorylation to activate mTORC1 (21), the HSV-1
UL46 gene product VP11/12 stimulates PI 3-kinase and can activate Akt (22, 23). To
investigate the contribution of UL46 to mTORC1 signaling during AA insufficiency,
experiments were performed in the absence of Akt inhibitor VIII. NHDFs were either
mock infected or infected with the WT, ΔUs3, or a virus doubly deficient for both Us3
and UL46 (ΔUs3 ΔUL46). Analysis of cell-free lysates by immunoblotting revealed that
while WT HSV-1 stimulated 4E-BP1 phosphorylation and S6K1 phosphorylation (Fig. 4A,
compare lanes 1 and 2), less phosphorylated p70S6K1 and more hypophosphorylated
4E-BP1 accumulated in ΔUs3-infected cells (Fig. 4A, compare lanes 2 and 3). Phosphor-
ylation of 4E-BP1 on T37/46 is a prerequisite for subsequent S65 phosphorylation,
which subsequently results in eIF4E release and stimulates cap-dependent translation
(24). Reduced 4E-BP1 phosphorylation in ΔUs3-infected cells primarily reflected reduc-
tions in levels of both phospho-T37/46 and phospho-S65 (Fig. 4A). In contrast, phospo-
S6K1, 4E-BP1 phospho-S65, T37/46, and hyperphosphorylated 4E-BP1 were not detect-

FIG 3 Insensitivity of mTORC1 to AA withdrawal in HSV-1-infected cells is controlled in part by TSC.
Growth-arrested NHDFs treated with TSC2 siRNA (siTSC2) or control, nonsilencing siRNA (NS) were
infected with the F strain ΔUs3 mutant (ΔUs3-F) (A) or mock infected (B). At 12 hpi, cultures were treated
with Akt VIII, and at 15 hpi, they were either incubated in AA-free RPMI 1640 (�) for 50 min, incubated
in AA-free RPMI 1640 for 50 min followed by a 30-min stimulation in AA-replete RPMI 1640 (�), or left
in AA-replete DMEM for 50 min (�). Total protein was isolated, fractionated by SDS-PAGE, and analyzed
by immunoblotting using the indicated antibodies. The � subunit of eukaryotic initiation factor 2 (eIF2�)
and HSC70 served as loading controls for panels A and B, respectively.
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able in cells infected with a virus doubly deficient for Us3 and UL46 (Fig. 4A, lane 4).
Thus, while mTORC1 activity is reduced in cells infected with ΔUs3 compared to the WT,
mTORC1 activity is greater in cells infected with ΔUs3 than in cells infected with ΔUs3
ΔUL46. Stimulation of Akt by UL46 likely accounts for mTORC1 activation in ΔUs3-
infected cells.

To determine whether UL46 contributes to mTORC1 activation during AA insensi-
tivity, NHDFs were either mock infected or infected with a UL46-deficient virus or a
ΔUs3 ΔUL46. At 17 hpi, duplicate cultures were exposed to AA-free medium prior to
harvesting, one of which was restimulated with AA-replete medium. A control, unma-
nipulated culture remained in AA-replete medium. Cell-free lysates were fractionated
by SDS-PAGE, and phosphorylation of mTORC1 substrates 4E-BP1 and S6K1 was
evaluated by immunoblotting. As expected, while AA withdrawal in mock-infected
NHDFs reduced S6K1 phosphorylation and 4E-BP1 hyperphosphorylation, the addition
of AAs stimulated both S6K1 and 4E-BP1 phosphorylation (Fig. 4B, lanes 1 to 3).
However, differences in S6K1 and 4E-BP1 phosphorylation in ΔUL46-infected cells were
not detected irrespective of whether AAs were withdrawn or added back to depleted
cultures (Fig. 4B, lanes 4 to 6). In contrast, hypophosphorylated 4E-BP1 was more
abundant in cells infected with ΔUs3 ΔUL46 (Fig. 4B, compare lanes 4 and 7), and this
was reduced even further by AA withdrawal (Fig. 4B, compare lanes 7 and 8). Moreover,
AA stimulation did not detectably increase 4E-BP1 phosphorylation in ΔUs3 ΔUL46-
infected cells (Fig. 4B, compare lanes 8 and 9). Phosphorylated S6K1 was not detected
in ΔUs3 ΔUL46-infected cells under any conditions, preventing any assessment of how
this mTORC1 substrate responded to AA withdrawal and stimulation.

Synergy between Us3 and UL46 supports HSV-1 productive replication during
AA insufficiency. To evaluate the relative contributions of Us3 and UL46 to HSV-1
reproduction under conditions of AA insufficiency, NHDFs were infected with WT
HSV-1, the Us3 deletion mutant ΔUs3, the UL46 deletion mutant ΔUL46, or the doubly
deficient mutant ΔUs3 ΔUL46 (multiplicity of infection [MOI] � 10�2). At 5.5 hpi, the
culture medium was replaced with AA-replete or AA-free RPMI 1640. The cell-free lysate
was prepared at 48 hpi, and titers were determined by a plaque assay using permissive
Vero cells. Us3-deficient viruses ΔUs3 and ΔUs3 ΔUL46 showed an �10-fold reduction
in yield compared to Us3-expressing WT HSV-1 and ΔUL46 in AA-replete medium (Fig.
5). Replication of all tested viruses declined in response to AA withdrawal. While the
growth of WT HSV-1 and ΔUs3 was reduced between 13- and 17-fold by AA withdrawal,
the growth of ΔUL46 was reduced 32-fold, and that of the ΔUs3 ΔUL46 doubly deficient

FIG 4 Regulation of mTORC1 sensitivity to AA insufficiency by UL46 and Us3. (A) NHDFs growth arrested
by serum deprivation were mock infected or infected with HSV-1 Kos37 strain-derived viruses (wild type
[WT], Us3-deficient virus [ΔUs3], or Us3/UL46 doubly deficient virus [ΔUs3 ΔUL46]). At 18 hpi, the cell
lysate was fractionated by SDS-PAGE and analyzed by immunoblotting with the indicated antibodies. (B)
Growth-arrested NHDFs were mock infected or infected with ΔUL46 or ΔUs3 ΔUL46. At 17 hpi, cells were
either incubated in either AA-free RPMI 1640 for 50 min (�), incubated in AA-free RPMI 1640 for 50 min
followed by a 30-min restimulation in AA-replete RPMI 1640 (�), or left in AA-replete DMEM for 50 min
(�). Total protein was isolated and analyzed by immunoblotting using the indicated antibodies.
Migration of hyperphosphorylated (Hyper-) and hypophosphorylated (Hypo-) 4E-BP1 is indicated to the
left. pS6K1, S6K1 phosphorylated at Thr389.
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virus was reduced by 72-fold (Fig. 5A). Under these conditions, the reductions in growth
of WT and Us3-deficient HSV-1 upon AA withdrawal were similar, whereas the yield of
UL46-deficient virus was markedly reduced. Significantly, a deficiency for both Us3 and
UL46 displayed a synthetic genetic interaction and resulted in the greatest reduction of
virus reproduction in response to AA withdrawal (Fig. 5A). Thus, HSV-1 deficient in both
ΔUs3 and ΔUL46 is more sensitive to AA insufficiency than either single mutant virus
or than WT HSV-1. This synthetic genetic interaction between Us3 and UL46 is consis-
tent with their acting within a common pathway to support virus reproduction during
AA insufficiency.

DISCUSSION

Perturbations in homeostasis resulting from infection often trigger cell-intrinsic
stress responses that can restrict virus reproduction (1, 25). By sensing fundamental
parameters, including nutrient availability, activated mTORC1 suppresses catabolic
outcomes and promotes anabolic processes needed for virus growth (4, 5, 25, 26). In
HSV-1-infected cells, the virus-encoded Us3 Ser/Thr kinase is required to activate
mTORC1 (21). Here, we establish that the inhibition of mTORC1 in response to AA
withdrawal is remodeled by productive HSV-1 infection. Unexpectedly, virus reproduc-
tion during AA insufficiency was stimulated by the viral UL46 gene product, which
stimulates PI 3-kinase signaling and synergizes with the Us3 Ser/Thr kinase. By working
together, Us3 and UL46 undermine the host response to suppress mTORC1 activation
by AA insufficiency and reprogram mTORC1 such that it is insensitive to AA withdrawal.
This identifies a new class of virus-encoded mTORC1 regulators that selectively uncou-
ple mTORC1 activation from AA sufficiency to support virus replication during meta-
bolic stress resulting from limited AA availability.

Normally, physiological stress associated with nutrient and energy insufficiency
limits anabolic responses and restricts mTORC1 activation (27–29). In HSV-1-infected
cells, the constitutively active Us3 Ser/Thr kinase enforces mTORC1 activation by
targeting TSC2 to sustain virus reproduction during energy insufficiency (11). While Us3
in part contributes similarly to mTORC1 activation during AA insufficiency, virus repro-
duction is augmented by the UL46 gene product, a second virus-encoded function that
synergizes with Us3 to sustain mTORC1 activation during AA withdrawal. Importantly,

FIG 5 Us3 and UL46 synergistically promote HSV-1 reproduction during AA insufficiency. NHDFs were
infected with HSV-1 Kos37 strain-derived viruses (wild type [WT], a Us3 deletion mutant [ΔUs3], a UL46
deletion mutant [ΔUL46]), or HSV-1 doubly deficient in Us3 and UL46 [ΔUs3 ΔUL46] at an MOI of 10�2.
At 5.5 hpi, culture medium was replaced with AA-replete (�) or AA-free (�) RPMI 1640. At 48 hpi, cell-free
lysates were prepared by freeze-thawing, and infectious virus was quantified by a plaque assay on Vero
cells. (n � 4) (***, P � 0.001; ****, P � 0.0001 [as determined by 2-way analysis of variance {ANOVA} with
multiple comparisons]). Error bars indicate standard errors of the means (SEM).
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HSV-1-enforced mTORC1 activation during energy insufficiency required Us3 kinase
activity but was not detectably dependent upon UL46 (11). This suggests that UL46
plays a specific role in maintaining mTORC1 activation in response to a discrete stress
resulting from AA but not energy insufficiency. Although the exact reason underlying
the differential requirement for UL46 in response to AA but not energy insufficiency is
unknown, it might reflect the fact that energy insufficiency is sensed exclusively
through a TSC-dependent pathway effectively countered by Us3, whereas AA sensing
requires TSC-dependent and -independent inputs, with the latter likely involving the
Ras-related GTP binding (RAG) proteins. Besides stimulating PI 3-kinase-dependent Akt
activation in the absence of Us3, UL46 might conceivably influence the TSC-
independent pathway via either PI 3-kinase or an additional presently uncharacterized
mechanism. This could include targeting the cellular RAG proteins, which transduce
AA-dependent signals to mTORC1, or interfering with TSC subcellular localization on
Rheb-containing cytoplasmic membrane surfaces, which impairs mTORC1 inactivation
in response to AA withdrawal (30, 31). Nevertheless, the synthetic genetic interaction
between Us3 and UL46 supports their action within a common pathway to support
virus reproduction during AA insufficiency. The molecular basis for the observed
synergy between UL46 and Us3 in sustaining mTORC1 activation during AA withdrawal,
however, remains unknown and requires further investigation.

The capacity to reproduce during physiological stress is an important characteristic
of herpesvirus infection biology. Indeed, sustained mTORC1 activation during AA
withdrawal has been documented in HCMV-infected fibroblasts (14, 15). By manipulat-
ing mTORC1 subcellular localization and redistributing it to the perinuclear virus
assembly compartment in infected cells, HCMV removes mTORC1 from host mem-
branes containing the RAG proteins, which regulate mTORC1 activity in response to AA
(14). While the assembly compartment is a subcellular structure not found in
alphaherpesvirus-infected cells, a related mechanism involving altering mTORC1 sub-
cellular distribution in relation to its regulatory molecules remains possible.

Amino acid starvation can induce a panoply of responses that have a profound
impact on infection biology, including activation of innate cell-intrinsic responses, and
trigger reproduction of latent viruses (32, 33). In the case of HSV-1, continuous mTORC1
signaling is required to maintain latency in neurons (16). By interfering with mTORC1
signaling, physiological stress signals to relieve epigenetic repression of latent genomes
stimulate lytic virus gene expression and promote virus reproduction (16, 20). Synergy
among multiple viral functions, including Us3 and UL46, likely plays critical roles,
enabling HSV-1 to complete the reproductive growth cycle during episodes of physi-
ological stress, like AA and/or nutrient insufficiency, which if unchecked would restrict
mTORC1 activation, virus protein synthesis, and virus replication.

MATERIALS AND METHODS
Cell culture, viruses, and chemicals. Vero cells (ATCC) were grown in Dulbecco’s modified Eagle

medium (DMEM) supplemented with 5% calf serum. Fibroblasts (NHDFs) (purchased from Lonza,
Walkersville, MD) were grown in DMEM supplemented with 5% fetal bovine serum (FBS), and growth was
arrested by serum deprivation in 0.2% fetal bovine serum as described previously (34). The WT HSV-1
Kos37 strain and ΔUs3, ΔUL46, and ΔUs3 ΔUL46 viruses were described previously (23). F strain HSV1
wild type (WT) and HSV1ΔUs3 (R7041) were described previously (35, 36). RPMI 1640 (catalog number
R8999-04A) was purchased from U.S. Biological. Commercially dialyzed FBS (catalog number 26400-036),
minimum essential medium (MEM) nonessential amino acid solution (catalog number 11140-50), and
MEM amino acid solution (catalog number 11130-051) were purchased from Gibco. Akt VIII (catalog
number 124018) was purchased from Calbiochem/Millipore.

Antibodies and siRNAs. S6K1-pThr389 (catalog number 9234), S6K1 (catalog number 9202), Akt
(catalog number 9272), phospho-Akt (catalog number 9271), and TSC2 (catalog number 3612) were
purchased from Cell Signaling Technology. The HSC70 antibody (catalog number 10011384) was
obtained from Cayman, anti-4E-BP1 (catalog number A300-501A) was obtained from Bethyl Laboratories,
and the tubulin antibody (catalog number T5168) was obtained from Sigma. The Us3 antibody was a gift
from B. Roizman (University of Chicago). AllStars negative-control siRNA was purchased from Qiagen, and
the TSC2 siRNA (CCAAUGUCCUCUUGUCUUU) was chemically synthesized by Sigma. TSC2 was depleted
as described previously (21). In summary, NHDFs were seeded in a 12-well dish and then transfected with
siRNA using Lipofectamine RNAi Max (Invitrogen) according to the manufacturer’s instructions. The
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following day, the transfection protocol was repeated. Approximately 24 h later, cells were growth
arrested by serum deprivation in 0.2% FBS for 72 h and then infected with HSV-1.

Amino acid starvation. Commercially available dialyzed fetal bovine serum was subjected to
extensive further dialysis against phosphate-buffered saline (PBS) to ensure removal of AAs as described
previously (14). NHDFs were growth arrested in 0.2% dialyzed FBS for 72 h and then infected at an MOI
of 5. At the indicated time points postinfection, cells were washed twice in PBS and then incubated in
AA-free RPMI 1640 supplemented with dialyzed FBS for 50 min. A subset of these AA-starved cells was
restimulated with RPMI 1640 supplemented with dialyzed FBS, essential amino acids, nonessential amino
acids, and L-glutamine for an additional 30 min before collection.

Multicycle virus growth assay. NHDFs were seeded in a 12-well tissue culture dish. Upon reaching
confluence, cells were infected at an MOI of 10�2 in a volume of 0.3 ml per well for 1.5 h, after which the
virus inoculum was removed and replaced with fresh medium. At 5.5 hpi, cells were washed twice and
incubated in RPMI 1640 supplemented with 5% dialyzed FBS or in RPMI 1640 supplemented with 5%
dialyzed FBS, MEM nonessential amino acids, MEM essential amino acids, and L-glutamine. At 48 hpi,
cultures were collected and freeze-thawed three times, and infectious virus was quantified by a plaque
assay on Vero cells.
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