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Abstract Higher eukaryotic organisms have a variety of
specific and nonspecific defense mechanisms against viral
invaders. In animal cells, viral replication may be limited
through the decrease in translation. Some viruses, however,
have evolved mechanisms that counteract the response of
the host. We report that infection by HIV-1 triggers acute
decrease in translation. The human protein kinase GCN2
(eIF2AK4) is activated by phosphorylation upon HIV-1
infection in the hours following infection. Thus, infection
by HIV-1 constitutes a stress that leads to the activation of
GCN2 with a resulting decrease in protein synthesis. We
have shown that GCN2 interacts with HIV-1 integrase (IN).
Transfection of IN in amino acid-starved cells, where GCN2
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is activated, increases the protein synthesis level. These
results point to an as yet unknown role of GCN2 as an early
mediator in the cellular response to HIV-1 infection, and
suggest that the virus is able to overcome the involvement
of GCN2 in the cellular response by eliciting methods to
maintain protein synthesis.

Keywords HIV-1 - Integrase - GCN2 - Translation

Introduction

Following cell infection by retroviruses, genomic viral RNA
is copied by reverse transcriptase (RT) in a double-stranded
proviral DNA that is inserted into the host-cell nuclear
genome by the retroviral encoded enzyme integrase (IN)
[1]. In addition to RT and IN, cellular and viral proteins are
associated with proviral DNA in the preintegration complex
(PIC). IN is necessary and sufficient in vitro for the first
two steps of DNA integration: 3’-end processing, where two
nucleotides are removed from each 3’-end of the two viral
DNA LTRs; and strand transfer, where each 3’-processed
viral DNA end is integrated in the host-cell DNA.
Retroviral replication is a complex process with a
network of interactions involving viral and cellular proteins,
where protein kinases in particular play an important regu-
latory role. Specific protein phosphorylation may lead to
activation, inactivation or other functional modifications,
which are important determinants of virus-host cell inter-
regulation [2]. In mammals, four different protein kinases
responding to an environmental stress have been described:
heme-regulated inhibitor (HRI), double-stranded RNA-
dependent protein kinase (PKR), general control non-dere-
pressible-2 (GCN2 or eIF2AK4) and PKR-like endoplasmic
reticulum kinase (PERK). These enzymes regulate protein
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synthesis in response to environmental stress. Each of these
kinases is activated upon a specific cellular stress. PKR is
activated in the presence of dsRNA upon viral infection,
HRI is activated by heme starvation and PERK is sensitive
to the presence of mis-folded proteins in the endoplasmic
reticulum.

GCN2 was originally characterized in the yeast Sac-
charomyces cerevisiae as being required for the control
of amino acid levels in GCN4 mRNA translation. GCN2
is activated by autophosphorylation in amino acid-starved
cells. In these cells, uncharged tRNA accumulate and bind to
a region of GCN2 homologous to histidyl-tRNA synthetase
(HisRS), located at the C-terminus of the kinase domain [3].
This leads to conformational changes of the kinase to trig-
ger autophosphorylation and increase elF2 kinase activity.
Activated GCN2 phosphorylates the alpha subunit of the
translation initiator factor 2 (e[F2a) leading to a decrease
in protein translation in response to amino acid starvation.
A GCN2 ortholog, also activated under conditions of amino
acid starvation, was identified in drosophila and mammals
[4-6]. Moreover, the above-mentioned mechanism for
transcriptional activation of gene expression is conserved
throughout eukaryotic evolution [7, 8].

These four kinases specifically phosphorylate eIF2a on
Ser-51. Then elF2a binds to and inhibits the guanine nucle-
otide exchange factor eIF2B leading to a reduction in gen-
eral translation.

The decrease in cellular protein translation limiting viral
replication is observed in response to viral infection [11].
Nevertheless, viruses adopt various strategies to overcome
this handicap and maintain viral protein translation by limit-
ing elF2a phosphorylation. Activated PKR exerts a strong
antiviral activity on HIV-1 expression in cell culture [9].
However, cellular and viral mechanisms prevent PKR from
being activated upon HIV-1 infection, except when viral
replication is high [9]. PKR and GCN?2 are involved in inhi-
bition of Vesicular Stomatitis Virus (VSV) replication inde-
pendently of elF2a phosphorylation [10]. The mammalian
GCN2 is activated upon infection by the Sindbis Virus (SV)
[11]. The fact that mammalian GCN2 is also activated in
response to specific stress signals such as serum deprivation
[4], glucose limitation or UV irradiation [12] suggests that
GCN2 might be involved in other stress-induced pathways,
via the phosphorylation of elF2a or not.

In this study, we show that in HIV-1 infected cells, RNA
silencing of GCN2 leads to an increase in HIV-1 replication,
suggesting that GCN2 has a restriction role in HIV-1 infec-
tion. Our results show that infection by HIV-1 constitutes a
stress that leads to the activation of GCN2 with the result-
ing decrease in protein synthesis. We previously showed the
interaction of GCN2 with HIV-1 integrase (IN) [13]. Addi-
tion of IN to GCN2-activated cells restores translation of
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proteins. We propose that IN interacts with GCN2 by act-
ing as a pseudosubstrate of kinase, thus maintaining a nor-
mal cellular and viral protein translation level upon HIV-1
infection.

Viral infection of human cells activates the cellular stress
response. In this work we investigated whether the activity
of kinases other than PKR involved in environmental stress
response was affected by HIV-1 infection. Interrogation of
the resource allowing the querying of cellular responses
to HIV infection (http://www.peachi.labtelenti.org/, [14])
showed that GCN2 transcription was up-regulated 10-14 h
post HIV-1 infection, which corresponds to the integration
step of the HIV-1 cycle. Transcription of HRI and PERK
was not affected in comparison with the RNA synthesis in
non-infected cells. PKR was down-regulated during this
period. We decided to study the importance of GCN2 in
viral replication.

Materials and methods
Cell culture

Cells and virus production: HIV-1;, was obtained as
described in [15]. HeLa P4 cells [16] used for infection
experiments were maintained in DMEM medium (Invitro-
gen) supplemented with 10 % inactivated fetal calf serum
(FCS), 1 mg/ml geneticin (G418, Gibco-BRL). They encode
a Tat-inducible B-galactosidase whose expression driven by
the HIV-1 LTR is linked to the expression of the viral Tat
protein. HeLa P4 infection by HIV-1, ; is then measured by
monitoring B-galactosidase activity (4-MUG) [15]. HEK-
293T cells were used for overexpression of DDK-GCN?2 in
immunoprecipitation experiments.

siRNA experiments

GCN2 siRNA or control siRNA (Santa Cruz Biotechnol-
ogy) were transfected in HeLa P4 cells using the siRNA
transfection reagent from SantaCruz Biotechnology.
The siRNA used are composed of three different siRNA
against GCN2. Cells were plated using 400 nl of DMEM
medium/10 % FCS in 48-multiwell plates at 50,000 cells
per well. The optimal siRNA amount for GCN2 extinction
was determined after extraction of proteins in RIPA buffer
(25 mM Tris—HCl (pH 7.6), 150 mM NaCl, 1 % NP-40, 1 %
sodium deoxycholate, 0.1 % SDS) and Western blot using
anti-GCN2 antibody from Cell Signaling Technology™
according to the manufacturer’s instructions. 2.5 pmol of
GCN2 siRNA and control siRNA were used for the silenc-
ing experiments. When transfection of 500,000 cells was
performed, 20 pmol of siRNA were used.
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HIV-1,,; infectivity after siRNA transfection was
assayed on HeLa P4 cells. Cells were plated at 50,000 cells
per well. When cells reached 60-80 % confluence, trans-
fection of siRNA was performed. HIV-1, ,; (M.O.I. = 1)
was added to HeLa P4 cells 24 h post-transfection of
siRNA for 24 h. After 24 h of infection, the supernatant
was discarded and the wells were washed three times with
400 pl of NaCl 0.9 %. Each well was refilled with 400 w1
of a reaction buffer containing 50 mM Tris—HCI pH 8.5,
100 mM B-mercaptoethanol, 0.05 % Triton X-100 and
5 mM 4-methylumbelliferyl-B-D-galactoside (4-MUG)
(Sigma). After 24 h, the reaction was measured in a fluores-
cence microplate reader (Cytofluor II, Applied Biosystems)
at 360/460 nm Excitation/Emission.

Detection of GCN2 and phosphorylated GCN2

HeLa P4 cells were plated at 10,000 cells/well in 96-well
plates in DMEM/10 % FCS/gentamicin. 24 h later, HIV-1;
was added to the cells (M.O.I = 0.3). Extraction of cellular
proteins was performed in RIPA buffer 2, 4, 8, 24, and 48 h
post-infection. Irrespective of whether GCN2 was phospho-
rylated or not, GCN2 was detected by western blot using a
GCN2 antibody from Cell Signaling Technology™ accord-
ing to the manufacturer’s instructions. Phospho-GCN2 was
detected by Western blot using a Phospho-GCN2 (Thr898)
antibody from Cell Signaling Technology™ according to
the manufacturer’s instructions. Actin was revealed using
a Sigma anti-actin antibody. Normalisation of samples was
done by measure of the ratio Phospho-GCN2/actin and
GCN2/actin.

Detection of neo-synthesized proteins

HeLa P4 cells were grown in DMEM medium/10 % FCS
in 25 cm? flasks (500,000 cells) for 24 h. Methionine deple-
tion was performed by incubation of cells for 1 hin DMEM
without methionine (Sigma). Azido-homoalanine (L-AHA,
Invitrogen) was added to the cells at 50 WM final concentra-
tion. Upon addition of L-AHA, cells were either infected
with HIV-1, ,; particles or transfected with IN (purified as
described in [13]) or BSA using the peptide delivery carrier
Chariot (Active Motif™) according to the manufacturer’s
instructions. Analysis by SDS-PAGE was performed as
follows. Labeling of L-AHA incorporated in proteins was
done using TAMRA-alkyne according to the manufacturer’s
instructions (Click-iT Protein Analysis Detection Kits,
Invitrogen) followed by UV-detection (neo-synthesized pro-
teins) and Coomassie Blue staining (input) of the gel. When
using flow cytometry, labeling was performed with Alexa
Fluor® 647 alkyne (Invitrogen) and cells were analyzed
on Fortessa flow cytometer (Becton—Dickinson) (Flow
cytometry platform, SFR TransBiomed, Bordeaux Segalen

University, France). Normalisation of samples was made by
the quantification of total proteins using Coomassie blue
staining. Quantification of protein was performed by Image
J software.

Two-hybrid experiment

A two-hybrid experiment was performed using the Match-
maker™ Gold Yeast two-hybrid system from Clontech.
Three reporter genes were used to detect interaction: HIS3
(yeasts should grow on -His minimal medium), AURI-C
(interaction leads to the synthesis of inositol phosphoryl
ceramide synthase and confers strong resistance to the
toxic drug Aureobasidin A), and MELI (yeast colonies
that express Mell turn blue in the presence of the chromo-
genic substrate X-a-Gal). pPGBKT7-53 (encodes the Gal4
DNA-BD fused with murine p53) and pGADT7-T (encodes
the Gal4 AD fused with SV40 large antigen) are used as
positive control since p53 and large T antigen are known to
interact in a yeast two-hybrid assay. Negative control is per-
formed using pGBKT7-Lam (encodes the Gal4 BD fused
with lamin) and pGADT7-T. No colonies should grow on
SD/-Leu/-Trp (DDO) + Aureobasidin.

Plasmids constructions and the two-hybrid experiment
were performed as described in [13]. pGBT9.IN (Leu-
Trp+) was used as prey and pGAD.GCN2 (Leu + Trp—)
as bait. Selection of diploids was performed on SD/-Leu/
-Trp (DDO). Selection of interaction was done on SD/
-Leu/-Trp/X-a-Gal/AbA (DDO/X/A) for activation of
AUTI-C and MELI reporters. Selection on SD/-Ade/-His/-
Leu/-Trp/X-a-Gal/AbA (QDO/X/A) was performed for
activation of HIS3.

Immunoprecipitation assay

Overexpression of DDK-tagged human GCN2 was per-
formed by transfection of HEK/293T cells (50 000 cells/well,
48 multiwell plates) with a human cDNA clone (1 g) from
OriGene (Rockville, MD, USA) using lipofectamine 2000
(Invitrogen) as the transfection reagent. Cells lysates were
prepared 48 h post-transfection in RIPA buffer. Recombinant
IN (12 pmol) was added for 6 h. Immunoprecipitation was
performed by addition overnight of an anti-DDK monoclo-
nal antibody (OriGene) followed by addition of beads coated
with polyclonal sheep anti-mouse antibodies (Dynabeads,
Invitrogen) according to the manufacturer’s instructions.
Samples were separated by SDS-PAGE and transferred to
PVDF membranes before immunodetection of GCN2 and
IN. Detection of DDK-GCN2 was performed with anti-
DDK antibody according to the manufacturer’s instructions
at a 1/1000e dilution. Detection of IN was performed using
anti-HIV-1 integrase antibody from Bioproducts MD (dilu-
tion 1/2000).
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Results
GCN?2 is phosphorylated in HIV-1 infected cells

The increase in GCN2 transcription first raises the question
whether GCN2 synthesis is increased upon HIV-1 infection.
Secondly, to be active, GCN2 needs to be autophosphoryl-
ated. Experiments were performed to measure the quantity
and the phosphorylation level of GCN2 during viral infec-
tion in comparison with uninfected cells.

HeLa P4 cells were grown in the absence or presence
of HIV-1. Cells were harvested, lysed, and proteins were
separated by SDS-PAGE analysis and transferred to nitro-
cellulose membranes. Immunodetection of GCN2 was
performed with anti-GCN2 antibodies independently of
the enzyme phosphorylation status (GCN2), while phos-
phorylated-GCN2 was detected using an antibody that
specifically recognizes the phosphorylated T898 of GCN2
(GCN2-P).

When cells were harvested 24 h post-infection, phospho-
rylation of GCN2 was strongly increased in infected cells
when compared with non-infected cells (Fig. 1a), though
the level of endogenous GCN2 was the same in infected and
non-infected cells.

Next, HeLa P4 cells were grown from 0 to 48 h in the
absence or the presence of HIV-1 (Fig. 1b). Detection
of endogenous GCN2 was performed by western blot.
Increasing amounts of GCN2 were detected upon the time.
Similar amounts of GCN2 were detected in infected and
uninfected cells at 24 and 48 h post-infection. Detection of
GCN2-P was performed. Phosphorylation was detected as
early as 8 h post-infection, while it was not detected at that
time in non-infected cells. Thereafter, GCN2 phosphoryla-
tion increased over time in both infected and non-infected
cells.

Detection of actin was performed as a loading control.
The ratio GCN2/actin was plotted versus the time post
infection in infected and non infected cells (Fig. 1c). GCN2
phosphorylation increased over time with GCN2-P level
higher in infected cells than in non-infected ones. We con-
clude that GCN2 is phosphorylated in infected cells, and
is potentially active in HIV-1 infected cells. Infection by
HIV-1 may constitute a stress leading to early activation of
GCN2.

GCN2 silencing increases viral infectivity

The increase in GCN2 transcription raises the question
whether this kinase is involved in viral infectivity. We inves-
tigated the effect of GCN2 on HIV-1 infectivity in infected
cells where GCN2 expression was decreased by RNA silenc-
ing. Within the Western blot limit of detection, GCN2 was
strongly decreased 48 h after transfection of siRNA (Fig. 2a)
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Fig. 1 Effect of HIV-1 infection on GCN2 phosphorylation. a Cel-
lular proteins were extracted 24 h after infection (filled black square)
or without infection (filled grey square) with HIV-1. Immunodetec-
tion of endogenous GCN2 independently of phosphorylation and of
phosphorylated GCN2 using antibodies against phosphorylated T898
was performed by Western blot. b Cellular proteins were extracted
at several times after infection or without infection and analyzed by
Western blot. Phosphorylated GCN2, GCN2, and actin were detected
using antibodies against phosphorylated GCN2 (T898), GCN2
and actin respectively. A typical experiment is shown in b. ¢ Ratio
phospho-GCN2/actin is shown for infected (filled black square) and
uninfected (filled black diamond) cells. Quantification of phospho-
rylated GCN2 and actin was performed by Image J software. Results
are derived from blots performed together and with the same time of
exposure. A typical experiment is shown in ¢

in HeLa P4 cells. To measure the effect of GCN2 silencing
on viral infectivity, HIV-1 was added to the cells 24 h post-
transfection with the siRNA. Infectivity was measured 24 h
post-infection (48 h post-transfection). Viral infectivity was
increased in cells where GCN2 expression was silenced, in
comparison with infectivity in non-transfected cells or cells
transfected with a control siRNA (Fig. 2b). A significant
80 % increase in viral infectivity 24 h post-infection was
observed. These results suggest a restriction role of GCN2
on viral infectivity.
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Fig. 2 Effect of GCN2 extinction by siRNA on HIV-1 infectivity.
a Hela P4 cells were transfected with increasing quantities of GCN2
siRNA or control siRNA. GCN2 was detected by Western blot 48 h
after transfection with anti-GCN2 antibodies. Control of input was
performed with anti-actin antibodies. b HeLa P4 cells were trans-
fected with 2.5 pmol of siRNA. Cells were infected with HIV-1
24 h post-transfection. Infectivity was measured 24 h post-infection
(48 h post-transfection) after transfection of cells with GCN2 siRNA
(dark grey bar), control siRNA (dark bar), or without transfec-
tion (light grey bar). P-values (using Student’s test) calculated from
three experiments were 0.038 for GCN2 siRNA transfection versus
untransfected cells, 0.015 for GCN2 siRNA transfection versus con-
trol siRNA, and 0.43 for control siRNA versus untransfected cells

Translation is decreased upon HIV-1 infection

In non-infected cells, GCN2 activation is associated with
a decrease in protein synthesis. As shown above, stimu-
lation of GCN2 phosphorylation is observed upon infec-
tion of cells by HIV-1. To investigate whether activation
of GCN2 following HIV-1 infection is associated with a
decrease in translation, protein synthesis was monitored
upon infection (Fig. 3). Cells were grown in a complete
medium and then incubated in the absence of methionine
for 1 h. Incorporation of the amino acid analog azido-
homoalanine (L-AHA) into newly synthesized proteins
was allowed for 6 and 24 h. After cell lysis, labeling of
newly synthesized proteins was performed as described

in the methods section with TAMRA alkyne monitored
by SDS-PAGE analysis and visualization at 470 nm.
When performed, cells were infected at the time of addi-
tion of L-AHA for 6 and 24 h. Six hours post-addition of
L-AHA, fluorescence associated with protein translation
was observed (Fig. 3a, lane 1). As expected, a decrease
in translation was observed in the presence of HIV-1
(Fig. 3a, lane 2). Translation of proteins in the presence
of HIV-1 24 h post-infection was restored to the level of
synthesis observed without infection (Fig. 3a, lane 3 and
4). Equivalent levels of gel staining using Coomassie blue
confirmed that similar amounts of protein were present in
each lane (Fig 3 right panel).

A similar experiment was performed followed by
quantification of translation by flow cytometry instead of
SDS-PAGE analysis. For this purpose, incorporation of
L-AHA was allowed at the time of infection, and labeling
of newly synthesized proteins was obtained using Alexa
Fluor 647® alkyne instead of TAMRA alkyne (Fig. 3b).
Translation was decreased upon infection by HIV-1 at 6 h
post-infection, while at 24 h post-infection the translation
level in infected cells was similar to protein synthesis in
non-infected cells.

Detection of translation was followed after infection
by HIV-1 at different MOI. Cells were infected at differ-
ent M.O.I. for 4 h, and translation level was analyzed by
SDS-PAGE. Quantification performed by densitometry
of the gel (Fig. 3c) showed that the highest M.O.I. used
(0.3) led to the lowest level of translation. Translation level
increased when the M.O.I. decreased, and was correlated to
the M.O.I. used.

GCN2 silencing increases the translation level in infected
cells

Our results show that GCN2 was phosphorylated upon HIV-1
infection. Second, translation was decreased upon HIV-1
infection. We wondered whether the decrease in translation
upon infection was related to GCN2 activity. For this pur-
pose, silencing of GCN2 in HeLa P4 cells was performed as
described in materials and methods. 72 h post-transfection,
cells were infected with HIV-1 for 4 h and translation was
measured. Quantification of proteins performed after SDS-
PAGE analysis is shown in Fig. 4.

Protein synthesis in cells infected after silencing of GCN2
was increased by about 25 % in comparison with non-trans-
fected cells (Fig. 4a left). No increase was observed when
infection of cells transfected with a control siRNA was per-
formed. In non-infected cells, translation was not affected
by transfection of siRNA control or siRNA GCN2 (Fig. 4a
right). Coomassie staining (Fig. 4b) confirmed that equiva-
lent quantities of total proteins were loaded on the gel. These
results establish a link between the presence of GCN2 and
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Fig. 3 Effect of infection on protein translation. HeLa P4 cells
were grown for 1 h in medium without methionine, then azido-
homoalanine (L-AHA) was added upon infection with HIV-1;;
(M.O.I = 0.3). Translation was measured 6 and 24 h after infec-
tion (4) or without infection (—) as described in methods. Proteins
were analyzed by SDS-PAGE. a Left newly synthesized proteins
were visualized using Safe Illuminator blue light exposure; right
gels were stained with Coomassie blue to verify appropriate protein
loading (25 pg). b HeLa P4 cells were grown for 6 and 24 h in pres-
ence of L-AHA after infection or without infection. Same protocol as
described above in (a) was used but newly synthesized proteins were
labeled with Alexa fluor® 647 alkyne instead of TAMRA alkyne and
quantification was done by flow cytometry using fluorescence mean.
¢ HeLa P4 cells were infected with HIV-1, ; at several M.O.I. for 4 h.
Neo-synthesized proteins level was measured as described in methods
after analyze by SDS-PAGE

the decrease in translation in the first hour following HIV-1
infection. Moreover, these results are probably underesti-
mated since GCN2 transcription is up-regulated upon HI'V-1
infection.
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Fig. 4 Effect of GCN2 silencing on translation. HelLa P4 cells
were transfected with 20 pmol of GCN2 siRNA or control siRNA
as described in Methods. Cells were infected with HIV-1; ;; (M.O.L
0.3) 72 h post-transfection for 4 h, and neo-synthesized proteins were
labeled as described in Methods. Appropriate protein loading (25 pg)
was checked by Coomassie blue. staining of the gels. Translation in
infected cells and non-infected cells is shown in (a) Verification of
protein loading after Coomassie staining (b) is shown in infected (4)
and non-infected (—) cells. MW, molecular weight standards

GCN?2 interacts with HIV-1 IN

Inhibition of viral expression and replication may be coun-
teracted by mechanisms that involve viral products, cellular
factors, or cellular proteins induced by the virus. For exam-
ple, within the HIV-1 components, the viral trans-activator
Tat and large amounts of the viral TAR RNA contribute to
PKR inhibition [9].

In aprevious study [13], we identified potential partners of
HIV-1 IN by screening a yeast genomic library constructed
in a two-hybrid vector using HIV-1 IN as bait. Among the
candidates selected, interaction of yeast GCN2 with HIV-1
IN was observed by using the two-hybrid approach [13].
On the basis of the role of GCN2 in HIV-1 infection shown
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Fig. 5 Interaction between IN and GCN2. Interaction between
GCN2 and HIV-1 IN by two-hybrid experiment using IN as prey
and GCN2 as bait was performed as described in Methods. A typical
experiment is shown in a for selection on minimal media DDO, or on
selective medium DDO/X/A containing aureobasidin and X-a-Gal.
b Two-hybrid experiment results on reporter media minus His, plus
X-a-Gal, and plus aureobasidin. Minus (—) means no interaction.
Plus (4) sign means that an interaction was observed (+-++ means
strong interaction). ¢ Interaction between IN and GCN2 by co-immu-
noprecipitation. 12 pmol of recombinant IN were added for 2 h to a

above, we wonder if the interaction IN/GCN2 might have a
role in HIV-1 infection.

First, we checked the interaction between GCN2 and
HIV-1 IN by a two-hybrid experiment using IN this time
as a prey and GCN2 (residues 350-500) as bait. Diploids
were selected on minimum medium SD/-Leu/-Trp (DDO).
One hundred positive diploid clones were then selected
and allowed to grow on His-deficient medium, in the pres-
ence of the antibiotic aureobasidin (A) or on medium sup-
plemented with X-a-Gal (X). A typical experiment with 20
clones growing on DDO/X/A is presented in Fig. 5a. All
positive clones and only one negative clone was able to
grow on DDO/X/A. Diploids IN.GCN2 were able to grow

cellular lysate of cells overexpressing DDK-tagged human GCN2.
Immunoprecipitation of DDK-GCN2 and recovery of the immuno-
complex were obtained as described in Methods. Immunodetection of
GCN2 and IN was performed with anti-IN antibodies and anti-DDK
antibodies. Components added during immunoprecipitation are sum-
marized in the table inset. Lane 1, cell lysate plus anti-DDK antibod-
ies. Lane 2, cell lysate plus IN plus anti-DDK antibodies. Lane 3,
cell lysate plus IN plus anti-IN antibodies. Lane 4, cell lysate over-
expressing DDK-GCN2 plus anti-DDK antibodies. Lane 5, cell lysate
over-expressing DDK-GCN2 plus IN plus anti-DDK antibodies

on medium containing aureobasidin. Interaction of GCN2
and IN was not observed using MELI reporter gene, but
was positive on His media (not shown). Results are summa-
rized in Fig. 5b and confirm the interaction between IN and
GCN2 protein kinase.

The next issue we addressed was whether IN was able
to interact with human protein kinase GCN2. For this
purpose, human HEK-293T cells were transfected with
a vector of expression of human GCN2 with a DDK-tag
(DDK-GCN2). Lysis of cells was performed 2 days post-
transfection and human cell extracts expressing DDK-
GCN2 were then incubated for 2 h with purified IN.
Immunoprecipitation was performed using an anti-DDK
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and proteins were analyzed by SDS-PAGE and Western
blot (Fig. 5c). Co-immunoprecipitation of IN and GCN2
was observed (Fig. 5c, lane 5). IN was not detected when
incubated with cellular lysate in the absence of over-
expression of GCN2 after immunoprecipitation with anti-
DDK antibodies (Fig. 5c, lane 2). No cellular proteins
were detected after incubation with anti-tag antibodies
(Fig. 5c, lane 1).

These results confirm the interaction between IN and
human GCN2 kinase.

IN restores protein synthesis following amino acid
starvation

We observed a decrease in protein translation upon HIV-1
infection. siRNA experiments showed a role of GCN2
in the decrease in translation. As interaction of IN with
GCN2 was shown above, we investigated whether the pres-
ence of IN in human cells might have an effect on protein
translation.

A GCN2 stress-specific decrease in translation by amino
acid starvation was induced in HeLa P4 cells (Fig. 6). For
this purpose, cells were grown for 1 h in media without
cysteine and methionine to induce amino acid starva-
tion and stress-specific GCN2 activation. After addition
of L-AHA, cells were grown for 6 h in medium without
cysteine and fluorescence was analyzed by SDS-PAGE.
Transfection of recombinant IN, or of BSA as control,
at the time of addition of L-AHA was performed using a
peptide carrier. In parallel, the same experiment was con-
ducted with cells grown in medium plus cysteine (Fig. 6,
+cys).

In cells grown in medium plus cysteine, the protein trans-
lation level was similar when BSA or IN were transfected
in cells (Fig. 6a, lanes +Cys). This result indicates that IN
is not responsible for the activation of GCN2 observed in
Fig. 3 in the first hours following HIV-1 infection. Then,
cells were grown in cysteine-free medium. As expected,
cysteine starvation caused a decrease in protein synthesis
(Fig. 6a,—Cys). Interestingly, translation in cells growing
in conditions of cysteine starvation was slightly increased
when IN was transfected (Fig. 6a,—Cys, IN). Equivalent gel
staining confirmed that similar amounts of protein were pre-
sent in each lane (Fig. 6b).

To measure this effect more precisely, the same experi-
ment was performed and translation was quantified by flow
cytometry instead of SDS-PAGE (Fig. 6¢). When cells were
grown in cysteine-free media, translation was dose-depend-
ent with increasing quantities of IN (Fig. 6¢), while trans-
fection of BSA as a control showed no effect.

This suggests that IN can restore protein synthesis fol-
lowing a stress induced by amino acid starvation, which
results in GCN2-specific activation.
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Fig. 6 Effect of IN on protein translation in amino acid starva-
tion conditions. a Cells were grown in media without methionine,
+cysteine for 1 h. Transfection of 1 pwg BSA or IN was performed
using Chariot as transfection reagent and neo-synthesized proteins
were labeled with TAMRA alkyne. Proteins after SDS-PAGE analysis
were visualized under Safe Illuminator blue light exposure. +Cys and
—Clys panels were issued from the same exposure of the same gel. b
Same gel panels after Coomassie blue staining. ¢ Cells were trans-
fected with 1 and 2 g of BSA or IN and grown for 6 h in medium
plus L-AHA without methionine and with cysteine. Protein labeling
was done using Alexa fluor® 647 alkyne and protein translation was
monitored by flow cytometry

Discussion

Protein synthesis was decreased in the first hours post-infec-
tion by HIV-1 and then the level of neo-synthesized proteins
increased. GCN2 expression silencing partly restored the
translation in infected cells, thus confirming the participa-
tion of GCN2 in the decrease in translation upon HIV-1
infection.

To our knowledge, activation of GCN2 upon infection by
HIV-1hasnotyetbeenreported. However, activation of elF2a
phosphorylation upon viral infection is well established in
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the case of PKR. This kinase is induced by interferon and
is activated by double-stranded RNA (dsRNA) during viral
infection, as described for alphaviruses [17]. Although PKR
activation has not been measured in patients, PKR is tran-
siently activated during HIV-1 infection of lymphatic cell
lines [9, 18] depending upon several mechanisms, one of
them involving the level of double-stranded TAR RNA ele-
ment. Yet, while numerous studies have indicated that PKR
plays a key role in IFN-mediated host-defense against some
viruses [19, 20], the fact that PKR is not essential in the anti-
viral response suggests that alternative antiviral pathways
related to protein phosphorylation exist.

Silencing of GCN2 in HIV-1 infected cells leads to an
increase in HIV-1 infectivity. Our results suggest a restric-
tive role of GCN2 in HIV-1 infectivity. Consistent with this
result, a recent work described an increased susceptibility
to infection in mice carrying the mutation atchoum (atc)
in GCN2, and demonstrates that GCN2 contributes to the
translational arrest observed in response to viral infection
in vivo [21].

GCN2 is phosphorylated in human cells infected by HI'V-
1. Therefore, in addition to uncharged tRNAs, GCN2 can be
activated by viral factors. Similar results obtained with the
Sindbis virus could throw light on the question concerning
which factors are involved in such activation. Mammalian
GCN2 (but not PKR) is activated in cells upon Sindbis virus
(SV) infection [11]. In vitro activation was observed upon
binding of two non-adjacent regions of the Sindbis virus
(SV) genomic RNA to the histidyl-tRNA synthetase-related
domain of the kinase.

Since it is widely accepted that GCN2 phosphoryla-
tion decreases the level of translation, we expected that the

Fig. 7 N-terminal region
sequence of HIV-1 IN, yeast
elF2a and human elF2a. N-ter-
minal region sequence of HIV-1 10 20
IN, yeast elF2a and human

elF2a. Sequences SGYIE and

KGYIE are in red

HIV-1 1IN

Yeast eIF20

increase in phosphorylated GCN2 observed upon HIV-1
infection should lead to a decrease in protein synthesis.
Decrease in translation upon HIV-1 infection can be res-
cued by GCN2 silencing, establishing a link between GCN2
and translation decrease in HIV-1 infected cells. The impor-
tance of GCN2 in the decrease in translation was probably
underestimated in the silencing experiment since GCN2
transcription is itself up-regulated upon HIV-1 infection.
Whether the translation of both cellular and viral proteins
is decreased upon HIV-1 infection remains unknown. IRES-
mediated translation is a great advantage for viruses harbor-
ing an IRES, as viral proteins can continue to be generated
efficiently during cellular apoptosis or death. While cellular
IRES-mediated translation is well documented, few stud-
ies have addressed the efficiency of viral IRES-mediated
translation under cellular stresses. Licursi and collaborators
[22] found that amino acid starvation promoted translation
initiated by the IRES elements of encephalomyocarditis
virus (EMCYV) and foot-and-mouth disease virus (FMDV).
In mouse cells, GCN2 inhibits replication of Sindbis virus
by blocking early translation of the viral mRNA. However,
subgenomic RNA (SV 26S RNA) is translated efficiently
even in the presence of phosphorylated elF2a. A stable
RNA hairpin loop located downstream the AUG initiation
codon can stall the ribosome on the correct translation ini-
tiation site of SV 26S mRNA. Thus, the requirement for
the functional elF2a needed for positioning the initiator
Met-tRNA on the ribosome is bypassed [17]. A similar
hypothesis can be proposed for HIV-1. Upon HIV-1 infection,
activation of GCN2 might take place, leading to a decrease
in protein synthesis in infected cells. At this early step, there
is no need for HIV-1 to synthesize viral proteins, and reverse
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transcription catalyzed by RT carried by the infectious virus
can synthesize DNA, which in turn is integrated in the host
nuclear genome by IN carried in the virion. Nevertheless,
after integration, transcription of viral genomic into mRNA
must occur, leading to the synthesis of structural proteins
and the assembly of new viral particles.

While translation is decreased shortly after infection, the
level of protein synthesis 24 h post-infection was the same as
in uninfected cells. In cells where translation was decreased
after activation of GCN2 by amino acid starvation, addition
of IN increased protein synthesis. As HIV-1 IN is able to
interact with GCN2, IN could act as a pseudosubstrate inter-
fering with the kinase phosphorylation of elF2a. In yeast,
GCN?2 is known to interact with its substrate e[F2a through
a KGYIE motif located in the N-terminal region of the elon-
gation factor. This motif is also present in human elF2a.
Comparison of IN and elF2a sequences showed the pres-
ence of a SGYIE motif in the HIV-1 integrase, which could
be a site of interaction between IN and GCN2 (Fig. 7). The
interaction between IN and GCN2 more than the phospho-
rylation of IN by the kinase seems to be the key step in the
viral infection given that the unphosphorylated IN obtained
in bacteria is fully active in the two reactions catalyzed by
the enzyme.

Retroviruses do not possess the necessary components
for autonomous translation of viral proteins, so they use
several methods to maintain translation using the cell pro-
tein synthesis machinery. In addition to their role in viral
replication, some viral proteins are involved in such con-
trol mechanism(s). After being phosphorylated, the cellular
factor e[F2a plays a crucial role in the initiation of protein
synthesis. Several viral proteins act as pseudosubstrates for
the elF2a kinases. Thus, protein N of the respiratory syncy-
tial virus binds to PKR kinase and sequesters it away from
elF2a [23]. Upon HIV-1 infection, the retroviral transacti-
vation factor Tat inhibits PKR activity [24]. Expression in
yeast of vaccinia protein K3L inhibits yeast GCN2 [25]. The
K3L protein shares a KGYID motif with elF2a, and it is
thought to inhibit the eIF2a kinase by interaction with the
catalytic domain of the enzyme. Sequence comparison of
HIV-1 IN and elF2a shows a 3 SGYIEgs motif in the IN
sequence. In IN, two residues (S81 and E85) are different
from those described in the elF2a and K3L sequence. The
ES83 residue of elF2a was mutated and all the mutations
that were assayed led to a decrease in elF2a phosphoryla-
tion, except when the E residue was mutated in D, which
interestingly is the residue found in the IN sequence. This
observation strongly suggests that the SGYIE motif could
be involved in the interaction between GCN2 and IN.

HIV-1 integrase has been shown recently to be phospho-
rylated by JNK kinase, an enzyme that is not expressed in
resting CD4+ cells [26]. After activation of JNK, integrase
is phosphorylated in a conserved serine that becomes a

@ Springer

substrate of prolyl-isomerase (Pinl), leading to the stabi-
lization of IN. However, the latter observation involves a
very different mechanism to the one described here, which
involves GCN2 kinase acting as a restriction factor, and
HIV-1. Ligands of IN may become efficient therapeutic
agents by preventing the interaction of the retroviral enzyme
with GCN2, thus increasing the antiviral cellular response
to HIV-1 infection. Thus, we hypothesize that increasing
GCN2 activation might increase the efficiency of existing
treatments. On the other hand, our findings indicate that the
interaction between GCN2 and IN might become a new tar-
get in anti-HIV-1 therapy.
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