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In response to a range of environmental stresses, phosphorylation of the alpha subunit of the translation
initiation factor 2 (eIF2a) represses general protein synthesis coincident with increased translation of
specific mRNAs, such as those encoding the transcription activators GCN4 and ATF4. The eIF2a kinase
GCN2 is activated by amino acid starvation by a mechanism involving GCN2 binding to an activator
protein GCN1, along with association with uncharged tRNA that accumulates during nutrient deprivation.
We previously showed that mammalian IMPACT and its yeast ortholog YIH1 bind to GCN1, thereby pre-
venting GCN1 association with GCN2 and stimulation of this eIF2a kinase during amino acid depletion.
GCN2 activity is also enhanced by other stresses, including proteasome inhibition, UV irradiation and lack
of glucose. Here, we provide evidence that IMPACT affects directly and specifically the activation of GCN2
under these stress conditions in mammalian cells. We show that activation of mammalian GCN2 requires
its interaction with GCN1 and that IMPACT promotes the dissolution of the GCN2–GCN1 complex. To a
similar extent as the overexpression of YIH1, overexpression of IMPACT in yeast cells inhibited growth
under all stress conditions that require GCN2 and GCN1 for cell survival, including exposure to acetic
acid, high levels of NaCl, H2O2 or benomyl. This study extends our understanding of the roles played
by GCN1 in GCN2 activation induced by a variety of stress arrangements and suggests that IMPACT
and YIH1 use similar mechanisms for regulating this eIF2a kinase.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Translational control of gene expression in eukaryotic cells
ensures a rapid response to changing environmental conditions,
such as nutrient limitation [1]. An evolutionarily conserved
mechanism for sensing the availability of amino acids involves
the protein kinase GCN2, which specifically phosphorylates eIF2a,
thus lowering protein synthesis. Decreasing protein synthesis con-
serves cellular nutrients and energy and facilitates reprogramming
of gene expression to alleviate nutrient depletion. In mammals,
the GCN2 signaling pathway has additionally evolved to control
responses in the central nervous system, providing the means to
regulate memory and feeding behavior [2–4].

eIF2 is responsible for the delivery of the aminoacylated
initiator tRNA to the translational machinery. In this process,
eIF2 combines with GTP, which is hydrolyzed to GDP upon recog-
nition of the initiator codon and joining of the large and small ribo-
somal subunits. To facilitate subsequent rounds of translation
initiation, the GDP associated with eIF2 is exchanged for GTP by
a guanine nucleotide exchange factor, eIF2B. Phosphorylation of
eIF2a on Ser51 blocks this exchange, resulting in the inhibition
of general translation initiation [1]. At the same time, translation
of specific mRNAs is enhanced by relief of inhibitory upstream
open reading frames (uORFs) located in the 50-portions of targeted
transcripts. Among the preferentially translated mRNAs are those
encoding GCN4 in yeast and ATF4 in mammals, transcriptional
activators that mediate the recovery of cells from the stress insult.
Mammals express four eIF2a kinases, GCN2 (here dubbed mGCN2),
PERK, HRI and PKR, activated by distinct stress conditions, but
some overlap of function may occur [5]. The mechanism of GCN2
activation has been mostly studied in the yeast Saccharomyces
cerevisiae, where GCN2 (here dubbed yGCN2) is the sole eIF2a
kinase [6]. Uncharged tRNAs that accumulate when cells are
deprived of amino acids bind to a domain in yGCN2 with
homology to histidyl tRNA synthetases (HisRS), altering the
conformation of the protein and consequently allowing for yGCN2
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autophosphorylation and activation. yGCN2 further requires the
interaction with an activator protein, yGCN1, with both yGCN2
and yGCN1 being tethered to ribosomes [7–9]. It is proposed that
GCN1 is directly involved in transferring uncharged tRNAs that
enter the A site of the ribosome to the HisRS-related domain of
GCN2 [7,8]. GCN2 is activated by other stresses, that directly or
indirectly affect the levels of charged tRNAs.

Two proteins were described that, when overexpressed, inhibit
GCN2 activation upon amino acid starvation: YIH1, in yeast, and its
mammalian ortholog IMPACT [10,11]. The physiological role of
YIH1 for yeast cells is unclear since the deletion of YIH1 does not
increase basal eIF2a phosphorylation. IMPACT is highly abundant
in neurons [11–13]. In neuronal cells, endogenous IMPACT lowers
basal mGCN2 activation and promotes neuritogenesis, opposing an
inhibitory action of mGCN2 [14].

YIH1 and IMPACT share with GCN2 an amino terminal RWD do-
main that in yGCN2 mediates its interaction with yGCN1
[10,15,16]. YIH1 competes through its RWD domain with yGCN2
for binding to yGCN1, thus lowering yGCN1 association with
yGCN2 and reducing activation of this eIF2a kinase [10,17].
IMPACT binds to mGCN1 [11]. However, there is no reported direct
experimental evidence that mGCN2 requires binding to mGCN1 for
activation.

The present study shows that overexpression of IMPACT inhib-
its activation of mGCN2 during several stress conditions in which
mGCN1–mGCN2 interaction was found to be required, and we pro-
vide evidence that IMPACT disrupts this interaction. We also show
in yeast cells that overexpression of IMPACT, to the same extent as
YIH1, inhibits growth in all stress conditions that require yGCN2
and yGCN1 function for cell survival, suggesting that IMPACT and
YIH1 are functional homologues.
2. Materials and methods

2.1. Plasmids

pIRES-IMPACT (pF281) was constructed by transferring a NotI/
Klenow/EcoRI fragment from plasmid pBE514 [11] into plasmid
pIRES-2-EGFP (Clonetech) treated with BamHI/Klenow/EcoRI. The
sequence of GCN1 encoding amino acid residues 2204–2651 [11]
was introduced into pCDNA3 for expression in mammalian cells
(pBE578). Plasmids for the galactose-inducible overexpression of
genes in yeast were derived from the plasmid pEMBLyex4 [18],
including pES128-9-1 overexpressing GST [8], pES187-B1
overexpressing GST-YIH1 [10] and ES234-6-2 overexpressing
GST-IMPACT [11].
2.2. Mammalian cell cultures, transfection and stress conditions

Mouse embryonic fibroblasts (MEF) were cultured as described
[11] and transfected at 60% confluency using Lipofectamine
(Invitrogen). Six hours later, cells were treated as indicated and ex-
tracts prepared as described [14].
2.3. Yeast strains and growth conditions

S. cerevisiae strains used in these studies were strain H1511
(MATa ura3-52 trp1-63 leu2-3,112 GAL2+ [19] and its isogenic deriv-
atives deleted for GCN1 (H2556) [8], GCN2 (H2557) [8] or YIH1
(ESY11001b) [20]), and strain MSY-WT1 (a HIS3+ version of
BY4741, MATa leu2D0 met15D ura3D0) and its isogenic derivatives
deleted for GCN1, GCN2, or YIH1 (MSY-1-1, EMSY6053-3, MSY-Y2,
respectively) [10]. Yeast strains were grown as described [17].
2.4. Immunoblots and immunoprecipitation

Immunoblots were performed as described [14]. Immunopre-
cipitations were performed as described [11], using 500 lg total
protein from cell extracts. Densitometric analyses were performed
with Image J.
3. Results and discussion

3.1. Overexpression of IMPACT inhibits mGCN2 autophosphorylation
and activation under a variety of stress conditions

Overexpression of IMPACT in MEF cells results in the inhibition
of eIF2a phosphorylation elicited by leucine deprivation [11]. To
provide more direct evidence that IMPACT inhibits mGCN2 activa-
tion, we analyzed the activated status of mGCN2 using antibodies
that specifically recognize the phosphorylated Thr898 residue
(GCN2-P), which is located in the so-called activation loop of
GCN2, a well characterized measure of the activity of this kinase
[21–23]. As shown in Fig. 1A, in cells transfected with the vector,
the levels of mGCN2-P increase readily after transfer to medium
lacking leucine; however, the presence of IMPACT significantly
diminished phosphorylation of mGCN2 and of its substrate eIF2a
upon amino acid starvation.

We next addressed whether IMPACT inhibits mGCN2 activation
by stresses that do not directly involve amino acid depletion,
including UV-C irradiation, treatment with the proteasome inhibi-
tor MG132, and glucose deprivation [24–26]. Overexpression of
IMPACT resulted in decreased mGCN2 activation and of eIF2a
phosphorylation in these additional stress conditions (Fig. 1, panels
B, C and D). Although, the extent of inhibition of eIF2a phosphor-
ylation varied between the stresses, IMPACT over-expression led
to a decrease in mGCN2-P. We next addressed whether other eIF2a
kinases could also be affected by overexpression of IMPACT.
Thapsigargin treatment specifically activates PERK by depleting
ER calcium stores in the endoplasmic reticulum that elicit a stress
in this organelle [27]. Activation of PERK can be monitored by the
lower mobility of its autophosphorylated active form during SDS–
PAGE [27,28]. In the MEF cells, the presence of IMPACT had no
effect on PERK phosphorylation (Fig. 1, panel E). Altogether, these
results indicate that IMPACT is a specific inhibitor of mGCN2 under
a variety of stress conditions.
3.2. mGCN2–mGCN1 interaction is required for mGCN2 function and is
disrupted by IMPACT

In yeast, expression of a portion of yGCN1 (residues 2052–
2428), necessary and sufficient to bind to yGCN2, causes a domi-
nant-negative effect, inhibiting yGCN2 [8]. To address whether
mGCN1 is an effector of mGCN2, we expressed in MEF cells an
analogous fragment of the mGCN1 protein (residues 2204–2651)
and determined whether it can also trigger a dominant-negative
phenotype [8,11]. The transfected cells expressed two polypeptides
that react with the antiserum raised against mGCN1(2204-2651) [11]
(Fig. 2, panel A). The upper band corresponds to the expected size
of mGCN1(2204-2651); the lower band is likely a partial degradation
product or a polypeptide initiating at a downstream in frame AUG
codon. The cells were then submitted to leucine withdrawal or to
treatment with MG132 for the indicated times and cell extracts
used for immunoblot analyses (Fig. 2, panel A). Because differences
in eIF2a phosphorylation were subtle, we analyzed the down-
stream effect of mGCN2 activation, i.e., increased expression of
ATF4 and its downstream target gene, CHOP, which are induced
by and magnify the effect of eIF2a phosphorylation. The presence
of mGCN1(2204-2651) sharply reduced levels of ATF4 and CHOP after



Fig. 1. Specific inhibition of mGCN2 by IMPACT overexpression. (A–D) MEF cells transfected with the vector or with the plasmid expressing IMPACT (+IMPACT) were
subjected to (A) leucine starvation, (B) UV irradiation (80 J/m2), (C) proteasome inhibition (2 lM MG132) or (D) glucose starvation. At the indicated time points, cell extracts
were prepared and immunoblots performed using antibodies against IMPACT, and total and phosphorylated (-P) forms of eIF2a and mGCN2. The bands corresponding to
eIF2a-P in the bottom C panel are indicated with asterisks. Figures are representative of at least 3 independent experiments. Ratios of phosphorylated/total protein levels for
mGCN2 and eIF2a, calculated from at least 3 independent experiments, are indicated in the graphs; the bars indicate +SD. (E) MEF cells transfected with the vector or with the
plasmid expressing IMPACT (+IMPACT) were treated with 2 lM thapsigargin for the indicated times and cell extracts analyzed by immunoblots using antibodies against total
PERK and IMPACT.

Fig. 2. mGCN1–mGCN2 interaction required for mGCN2 activity is impaired by IMPACT. (A) MEF cells expressing mGCN1(2204-2651) and control cells transfected with the
empty vector where subjected to leucine starvation or to treatment with MG132, and after the indicated times, cell extracts were prepared and immunoblots performed with
antibodies against ATF4, CHOP and mGCN1(2204-2651). Total levels of eIF2a were used for normalization. The figures are representative of at least two independent
experiments for each treatment. (B) Extracts (500 lg) of MEF cells transfected with the vector (�) or with the plasmid expressing IMPACT (+) were immunoprecipitated with
anti-mGCN2 antibodies or with an irrelevant IgG. The immunoprecipitated material and the supernatant (10%) were subjected to immunoblots with anti-mGCN1 or anti-
mGCN2 antibodies. The quantification of mGCN1 associated with mGCN2 from two independent experiments is shown in the graph; the bar indicates +SE. The expression of
IMPACT in the cell extracts was determined by immunoblot of the input material using anti-IMPACT antibodies (lower panel).
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both treatments, suggesting the attenuation of the translational
control directed mGCN2 activation and eIF2a phosphorylation.
These results support the idea that activation of mGCN2 by amino
acid starvation and proteasome inhibition depends on its interac-
tion with mGCN1.
We then analyzed whether IMPACT competes with mGCN2 for
mGCN1 binding by performing co-immunoprecipitation
experiments of mGCN2 and mGCN1 in the presence of low or high
levels of IMPACT (Fig. 2, panel B). The amount of mGCN1 co-immu-
noprecipitating with mGCN2 decreased with the overexpression of



T.D. Cambiaghi et al. / Biochemical and Biophysical Research Communications 443 (2014) 592–597 595
IMPACT, as predicted from the yeast model. These observations,
taken together, indicate that YIH1 and IMPACT are functionally
identical, competing with GCN2 for binding to its activator GCN1.

3.3. Evolutionary conservation of IMPACT function

We previously reported that IMPACT inhibits yGCN2 function
under amino acid starvation [11]. YIH1 and IMPACT show high
sequence conservation in the C-terminal half [17]. For YIH1, part
of the N-terminal half of the molecule mediates its ability to inhibit
yGCN2 [15,17]. However, as YIH1 and IMPACT show low sequence
conservation in the N-terminal domain, one cannot exclude the
possibility that YIH1 and IMPACT diverged during evolution in
regards to modulating yGCN2 function. Thus, in order to determine
and compare the ability of YIH1 and IMPACT to inhibit yGCN2
under a variety of conditions described to require yGCN2 activa-
tion for cell survival, these proteins were overexpressed as GST
fusions from a galactose inducible promoter in two yeast strains
of different genetic backgrounds, BY4741 and H1511, both lacking
endogenous YIH1. We included as control, cells of the same
genetic backgrounds devoid of yGCN2. Sensitivity of these yeast
strains to a variety of compounds was then investigated. Drug
concentrations were adjusted for each background in order to
score for phenotypic differences.

3-amino-2,4-triazole (3AT) inhibits histidine biosynthesis, and
the resulting activation of yGCN2 is required for cells to grow on
3AT. As reported previously, overexpression of YIH1 or IMPACT
Fig. 3. IMPACT substitutes for YIH1 in inhibiting yGCN1-dependent yGCN2 function un
genetic background, grown to saturation, were subjected to 10 fold serial dilutions if n
followed by 2 fold serial dilutions), and 5 ll of each dilution were transferred to indicated
30 �C and growth monitored and documented with a document scanner. (A) Growth on
(B) growth on SD medium of cells deleted for the genes indicated; (C) growth on YPD m
impaired cell growth in the presence of 3AT, as found for strains
lacking yGCN2 (Fig. 3, A1) [9,11,15]. L-Methionine-S-sulfoximine
(MSX), a glutamine synthase inhibitor, activates yGCN2, phosphor-
ylating eIF2a which then promotes cell survival on MSX [10]. YIH1
or IMPACT overexpression caused MSX sensitivity, as expected
(Fig. 3, A2). Acetic acid results in intracellular acidification,
reducing the activity of aminoacyl-tRNA synthetases leading to
yGCN2 activation [29]. The requirement of yGCN2 for cell survival
on acetic acid was more evident in the H1511 background.
Nevertheless, overexpression of YIH1 or IMPACT led to impaired
growth on acetic acid for both strain backgrounds (Fig. 3, A4).

We found in this study that cells require yGCN2 for growth in
the presence of the microtubule destabilizing drug, benomyl, a
phenotype not described before, and for which no clear link to
the levels of aminoacylated tRNAs is currently known. This finding
indicates that we still do not know the full suite of GCN2 functions.
Importantly, strains overexpressing YIH1 or IMPACT also displayed
hypersensitivity to benomyl (Fig. 3, A3).

Overexpression of YIH1 or IMPACT inhibited growth in the
presence of high concentrations of NaCl or KCl, similarly to the
phenotype of the same strains lacking yGCN2 (Fig. 3, A5,6). It has
been described that yGCN2 promotes sodium toxicity [30,31].
However, the lack of yGCN2 in the two genetic backgrounds re-
sulted in increased sensitivity to excess NaCl on SGal medium.
Interestingly, when grown on YPD medium, the same strains
displayed the reported yGCN2-mediated impairment of growth
on high NaCl concentration (Fig. 3, C5). It is noteworthy that
der a variety of stress conditions. Cultures of yeast cells, in the H1511 and BY4741
ot indicated otherwise (⁄denotes that the overnight culture was diluted 100 fold
medium containing drugs at the indicated concentrations; plates were incubated at

SGal medium of cells overexpressing the indicated proteins in a yih1D background;
edium of cells deleted for the indicated genes.
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sensitivity to KCl or to NaCl was affected differently by IMPACT and
YIH1 in the two genetic backgrounds. YIH1 overexpression ren-
dered H1511-derived cells sensitive to excess KCl or NaCl, whereas
in the BY4742 background, overexpressed IMPACT rendered cells
sensitive to excess KCl or NaCl.

yGCN2 has been described to be required for growth in the
presence of H2O2 [32]. In our assays on SGal medium, however,
the effect was subtle. Overexpression of YIH1, but not of IMPACT,
increased the sensitivity to H2O2 in the BY4741 strain background
(Fig. 3, A7). Differences in the strength of YIH1- or IMPACT-medi-
ated yGCN2 inhibition observed between the two backgrounds
could be explained by genetic differences in other cellular compo-
nents affecting the interaction of YIH1/IMPACT with yGCN1. This is
supported by previous studies, where we showed that yGCN1
binding to YIH1 is modulated by actin [17]. Strain backgrounds
may carry different gene variants that in combination with the
amino acid differences between YIH1 and IMPACT may make them
more susceptible to either YIH1 or IMPACT function. Alternatively
the galactose-induced expression levels of YIH1 versus IMPACT
may differ between these strain backgrounds. This is unlikely,
however, since the sensitivity to 3AT and MSX conferred by IM-
PACT or YIH1 overexpression are similar between the two strains
(Fig. 3, A1,2).

Taken together the data from both strain backgrounds, in prin-
ciple, overexpression of YIH1 and IMPACT increased the sensitivity
to the same drugs, supporting the notion that these proteins are
functional homologues. In addition, overexpression of YIH1 or
IMPACT mimics the phenotype of the strains lacking yGCN2,
indicating that YIH1 and IMPACT negatively affect yGCN2 function
under all stress arrangements tested.

Because the effect of YIH1/IMPACT is predicted to depend on
yGCN1 being required for yGCN2 activation, we then studied the
effect of the lack of yGCN1 on growth under similar conditions to
those used above, in both genetic backgrounds. As expected, both
strains were hypersensitive to 3AT, MSX and acetic acid (Fig. 3,
B1,2,4). Importantly, yGCN1 was required for resistance to the
microtubule destabilizing drug benomyl, indicating that yGCN2
activation by this drug requires yGCN2–yGCN1 interactions
(Fig. 3, B3).

yGCN1, as observed for yGCN2, mediates sodium toxicity on
YPD medium but sodium resistance on SD medium (Fig. 3, C5).
For excess KCl, the absence of yGCN1 in SD medium had a similar,
yet subtle phenotype as that seen for the absence of yGCN2 (Fig. 3,
B6). But on YPD, ygcn1D strains displayed increased sensitivity to
excess amounts of KCl (Fig. 3, C6). This may suggest that this phe-
notype is the result of a yGCN1 activity different than its yGCN2-
effector function, in agreement with similar predictions published
previously [17]. We also show here that yGCN1 is required for
H2O2 resistance (Fig. 3, B7). Thus, in all cases studied here, both
in mammalian cells and in yeast cells, GCN1 is required for GCN2
function, giving support for the idea that the phenotypes of
YIH1/IMPACT overexpression result from the disruption of the
GCN2–GCN1 interaction.

Although overexpressed YIH1 inhibits yGCN2, the absence of
YIH1 does not increase basal levels of eIF2a phosphorylation as
detectable on immunoblots of whole cell extracts [10]. Previous at-
tempts at finding a direct phenotype for strains lacking YIH1 had
no clear results. Because important strain differences and growth
media effects were clear in the assays shown above, we then inves-
tigated whether these same strains constructed to lack YIH1 would
reveal a phenotype under the conditions used here. These should
affect cell growth of yih1D strains in a manner that is reciprocal
to that of gcn2D or gcn1D strains.

In the presence of excess NaCl in YPD, strain H1511 lacking
YIH1 showed a decreased growth, consistent with the opposite
phenotype caused by the absence of yGCN2 and yGCN1 (Fig. 3, C5).
This raises the possibility that excess NaCl is a physiological condi-
tion that promotes YIH1-mediated yGCN2 inhibition, in order to
reduce, to some extent, NaCl toxicity in YPD medium. The absence
of YIH1 in the H1511 background caused hypersensitivity to acetic
acid (Fig. 3, B4); given that the absence of yGCN2 or yGCN1 also
inhibited growth under this condition, this result suggests an addi-
tional YIH1 function that is independent of yGCN1/yGCN2. For
other growth conditions, the absence of YIH1 did not result in a
phenotype. However, other genetic arrangements may uncover
other players in the ability of endogenous YIH1 to regulate yGCN2.
Indeed, we previously described that a deletion of YIH1 partially
suppressed the inability of cells with a genetic reduction of actin
levels to overcome amino acid starvation [10]. It was then sug-
gested that YIH1 resides in a YIH1-actin complex and under
specific conditions and/or cellular location YIH1 is released from
monomeric actin for inhibition of yGCN2. A localized increase in
eIF2a phosphorylation by yGCN2 would not likely be detected by
immunoblots of whole cell extracts.

This study showed that in both model systems and in all condi-
tions tested, IMPACT and YIH1 function as inhibitors of GCN2, and
that GCN2 requires GCN1 for sensing and overcoming these stress
conditions. mGCN1–mGCN2 interaction is then suggested to be
integral to mGCN2 function and IMPACT disrupts this interaction,
as described for YIH1. The similarities described here between
IMPACT and YIH1 provide strong support for the notion that they
are functional homologues, allowing further comparative studies.
Our novel finding that yGCN2 is required for providing resistance
to benomyl indicates that we still do not understand the full range
of GCN2 roles.
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