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Transient protein synthesis inhibition, mediated by phosphoryla-
tion of the a subunit of eukaryotic translation initiation factor 2
(elF2w), is an important protective mechanism cells use during
stress conditions. Following relief of the stress, the growth arrest
and DNA damage-inducible protein GADD34 associates with the
broadly acting serine/threonine protein phosphatase 1 (PP1) to de-
phosphorylate elF2a. Whereas the PP1-binding motif on GADD34
has been defined, it remains to be determined how GADD34 di-
rects PP1 to specifically dephosphorylate elF2a. In this report, we
map a novel elF2a-binding motif to the C terminus of GADD34 in a
region distinct from where PP1 binds to GADD34. This motif is
characterized by the consensus sequence Rx[Gnl]x1_,Wxxx[Arlv]x
[Dn][RgIxRFxx[RIvk][lvc], where capital letters are preferred and x
is any residue. Point mutations altering the elF2a-binding motif
impair the ability of GADD34 to interact with elF2«, promote elF2a
dephosphorylation, and suppress PKR toxicity in yeast. Interest-
ingly, this elF2a-docking motif is conserved among viral orthologs
of GADD34, and is necessary for the proteins produced by African
swine fever virus, Canarypox virus, and Herpes simplex virus to
promote elF2a dephosphorylation. Taken together, these data in-
dicate that GADD34 and its viral orthologs direct specific dephos-
phorylation of elF2a by interacting with both PP1 and elF2a
through independent binding motifs.
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he reversible phosphorylation of proteins is one of the most
common posttranslational modifications and plays an im-
portant role in regulating many cellular processes including
protein synthesis, glycogen metabolism, and cell division (1-3).
In mammals, four kinases, PKR, PERK, GCN2, and HRI, are
known to down-regulate protein synthesis by phosphorylating the
a subunit of eukaryotic translation initiation factor 2a (eIF2x) on
Ser51 following their activation under specific stress conditions
including amino acid deprivation, heat shock, and viral infection
(4). The factor eIF2, composed of a, B, and y subunits, binds
GTP and Met-tRNAM®' to form a ternary complex (TC) and
then delivers the Met-tRNA;M®! to the small ribosomal subunit.
After the resulting complex binds an mRNA and scans to select a
start codon for protein synthesis, hydrolysis of the GTP bound to
elF2 is completed and an eIF2-GDP binary complex is released
from the ribosome. To participate in another round of translation
initiation, the GDP on elF2 must be exchanged for GTP by the
guanine-nucleotide exchange factor eIF2B (5). This eIF2 recycling
step is an important control point in the translation pathway.
Phosphorylation of elF2a converts eIF2 from a substrate to
a competitive inhibitor of eIF2B. The resultant block of elF2
recycling and TC formation prevents the subsequent steps in the
translation initiation pathway (5). Although eIF2a phosphory-
lation inhibits general protein synthesis, it also promotes the
translation of mRNAs encoding specific stress response factors
including GCN4 in yeast and the activating transcription factor 4
(ATF4) in mammals. Like GCN4, the ATF4 protein induces the
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transcription of downstream genes like CHOP that are critical
for the cellular stress response (6). A further downstream target
of ATF4/CHOP is the growth arrest and DNA damage-inducible
protein GADD34 (PPP1R15A). As indicated by its alternate name,
GADD34 is a protein phosphatase 1 (PP1) targeting protein that
directs PP1 to dephosphorylate eIF2a (7-11). Consistent with this
function, expression of GADD34 is correlated with elF2a de-
phosphorylation during later stages of the stress response (7, 10).
GADD34 is composed of 674 residues organized in several
functional regions (Fig. 14)—a highly basic N terminus, which
has been shown to be important to direct the localization of
GADD34 to the endoplasmic reticulum (ER) (7), enhance the
rate of the GADD?34 protein turnover (12), and enable GADD34
induction of apoptosis in mammalian cells (13); a central domain
containing four repeated sequence elements rich in proline, acidic,
serine, and threonine residues. Sequences enriched in these amino
acids are commonly known as PEST motifs and usually have an
important role in protein turnover (14). Although these repeated
sequences in GADD34 are highly conserved across species, and are
important for interaction with the regulator termed inhibitor-1 (8),
they do not appear to impact GADD34 turnover (12). Because
their function appears distinct from typical PEST motifs, we refer to
these sequences simply as repeated sequences. Another character-
istic of GADD34 is a well-conserved C-terminal region whose
precise role is not yet understood (Fig. 14). Finally, within this
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C-terminal region, GADD34 contains a degenerate amino acid
sequence motif commonly simplified as RVxF. This motif is es-
sential to recruit PP1 to dephosphorylate eIF2a (7, 8).

In addition to GADD34, mammalian cells encode a consti-
tutively expressed protein named CReP (PPP1R15B) that also
interacts with PP1 and is responsible for maintaining the basal
levels of elF2a phosphorylation in unstressed cells (15). Like-
wise, the Herpes simplex virus (HSV) y34.5 protein (16) and the
African swine fever virus (ASFV) DP71L protein (17), which
both share sequence similarity with GADD34 and CReP, recruit
PP1 to dephosphorylate elF2a in infected cells. Whereas the
interaction of PP1 with GADD34, CReP, y34.5, and DP71L has
been shown to depend on the RVxF motif (7, 8, 15-17), it re-
mains to be determined how these regulatory subunits direct PP1
to specifically dephosphorylate elF2a.

Besides controlling translation initiation, PP1 regulates a great
variety of cellular processes through its interaction with many
different regulatory subunits (18). Most of these subunits contain
the conserved RVxF motif, which has been proposed either to
allosterically affect the activity and/or substrate specificity of PP1
or to more simply target PP1 to its substrates (19-23). Notably,
the latter idea is favored because binding of the RVxXF motif has
not been found to induce a conformational change in PP1 (22-24).
To determine how GADD34 promotes the specific dephosphory-
lation of eIlF2a by PP1, we established a yeast cell-based assay
to monitor the dephosphorylation of human eIF2a mediated by
the human GADD34-PP1 complex. Here, we present in vitro and
in vivo evidence that GADD34 directly interacts with eIF2a.
Moreover, we map an elF2a-binding site to the C terminus of
GADD34 in a region distinct from where PP1 binds to GADD34.
This elF2a-binding motif is highly conserved in several viral
orthologs of GADD34 and is essential to promote dephosphory-
lation of elF2a. Finally, we provide evidence that the N-terminal
region of elF2a is required for proper recognition by GADD34.
Our studies indicate that GADD34 functions as a scaffold to di-
rect the specific dephosphorylation of eIF2a by interacting with
both PP1 and elF2a.

Results

GADD34 Promotes Dephosphorylation of elF2« in Yeast Cells. In
mammalian cells, the specific dephosphorylation of elF2a is
mediated by the GADD34-PP1 and CReP-PP1 complexes (7, §,
15). However, no homologs of GADD34 or CReP are found in
yeast. We recently found that an N-terminal extension on yeast
elF2y contains a PP1-binding motif (KKVAF) (Fig. 1B), which
facilitates the recruitment of GLC7, the yeast ortholog of PP1, to
dephosphorylate yeast eIF2a (SUI2) (25). To determine whether
GADD34 can functionally substitute for the N-terminal exten-
sion on yeast eIF2y and direct GLC7 to dephosphorylate elF2a
(SUI2) in yeast, whole-cell extracts (WCEs) from yeast strains
expressing different versions of eIF2y and GADD34 were sub-
jected to immunoblot analysis with antibodies specific for the
phospho-Ser51 form of elF2a. Consistent with our previous
findings (25), deletion of residues 1-60, eliminating most of the
N-terminal extension, or mutations designed to eliminate the
KKVAF motif in yeast eIF2y (Fig. 1B) impaired elF2a (SUI2)
dephosphorylation in cells grown under nonstarvation conditions
where the elF2a kinase GCN2 has low activity (Fig. 1C, lanes
3 and 5 versus 1). Of interest, we found that expression of
GADD?34 was able to reduce the high levels of phosphorylated
elF2a (SUI2) observed in cells expressing the KKAAA and Al-
60 mutant forms of eIF2y (Fig. 1C, lanes 4 and 6). The decrease
in elF2a phosphorylation observed in cells expressing GADD34
could result from decreased GCN?2 kinase activity, the sole elF2a
kinase in yeast, or increased elF2a dephosphorylation mediated
by a GADD34-GLC7 complex. To distinguish between these
possibilities, we assayed the phosphorylation level of Thr882 in the
GCN2 activation loop as an indicator of GCN2 activation (26).
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Fig. 1. GADD34 promotes elF2a dephosphorylation in yeast. (A) Schematics
of GADD34 and two N-terminally truncated derivatives. Positions of the ER
targeting domain, destabilizing element, four repeated sequence elements,
PP1-binding motif (KVRF sequence), and the highly conserved region are in-
dicated. (B) Schematic diagram showing S. cerevisiae elF2y. The PP1-binding
motif (KKVAF sequence) in the N-terminal extension of elF2y, the locations of
the GTP-binding (G) domain and domains Il (DIl) and Il (DIll), and elF2y muta-
tions designed to alter or eliminate the KKVAF motif are indicated. (C) Deriva-
tives of yeast strain YM103 expressing elF2y, or its KKAAA or A1-60 derivative,
and carrying either an empty vector (-) or a plasmid expressing GADD34 (+)
under the control of a galactose-inducible promoter were grown in synthetic
galactose (SGal) medium to log phase under nonstarvation conditions, and then
equivalent amounts of WCEs were subjected to SDS/PAGE, followed by immu-
noblot analysis with antibodies to detect phosphorylated elF2a-P. The mem-
brane was then sequentially stripped and probed with antibodies against total
yeast elF2a (SUI2), the Myc-tag on GLC7, and the Flag-tag on GADD34. The
relative level of phosphorylated to total elF2a was determined by quantitative
densitometry by using Imagel) software and normalized to the ratio obtained
in lane 1, mean and SEs (in brackets) were calculated from at least three
independent experiments. GCN2 was immunoprecipitated from yeast and
subjected sequentially to immunoblot analysis by using antibodies against
phosphorylated Thr882-P or total GCN2. (D) The humanized yeast strain YM100
expressing human elF2« and human PP1 in place of yeast elF2a (SUI2) and
GLC7 was transformed with empty vector or plasmids expressing the indicated
variant of GADD34. Cells were grown in SGal medium and then incubated for
1 h under nonstress control (C) conditions (lane 1) or in the presence of 1 pg/mL
SM to induce (I) activation of GCN2 (lanes 2-8); equivalent amounts of WCEs
were subjected to sequential immunoblot analysis by using phosphospecific
antibodies against phosphorylated Ser51 of elF2a (elF2a-P), monoclonal anti-
bodies against the Myc-tag on human elF2a, monoclonal antibodies against
the Flag-tag on GADD34, and monoclonal antibodies against human PP1.
GCN2 was immunoprecipitated and analyzed as described for C. The relative
levels of phosphorylated to total elF2a were determined as described above.
(E) Transformants of yeast strain YM77 (+PKR) bearing an empty vector or a
plasmid that expresses the indicated version of GADD34 were grown to con-
fluence on synthetic dextrose (SD) plates and then replica-plated to SD plates
or SGal plates to induce PKR and GADD34 expression. To limit the appearance
of revertants, plates were incubated at 18 °C for 6 or 12 d.

GCN2 was immunoprecipitated from WCEs prepared from yeast
either lacking or expressing GADD34, and then subjected to
immunoblot analysis by using phospho-specific anti-Thr882 an-
tibodies. Interestingly, expression of GADD34 did not appear to
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alter the amount of GCNZ2 or its autophosphorylation on Thr882
(Fig. 1C), thus the reduction in eIF2a phosphorylation is not due
to reduced GCN2 kinase activity in cells expressing GADD34.
Notably, expression of GADD34 also did not alter GLC7 levels
(Fig. 1C). These data indicate that human GADD?34 is functional
in yeast and is able to recruit GLC7 to dephosphorylate yeast
elF2a (SUIL2).

While previous studies suggested that the four repeated se-
quence elements near the middle of GADD34 collaborate with
the conserved C-terminal region of GADD34 to assemble a
functional eIF2a phosphatase (12), it remained to be determined
how GADD34 directs PP1 to specifically promote dephosphor-
ylation of eIF2a. To identify the minimal functional domain of
GADD34 that is essential to promote dephosphorylation of
elF2a, and to analyze the functional interactions of GADD34
with its partner proteins from humans, we designed deletions to
eliminate most of the N-terminal region of GADD34 (Fig. 14).
The full-length and truncated forms of GADD34 were then
expressed in a humanized yeast strain in which human eIF2aq,
under the control of the SUI2 promoter, and human PP1, under
the control of the yeast PGKI promoter, were expressed in place
of yeast elF2a (SUI2) and GLC7. As expected, in yeast trans-
formed with an empty vector, el[F2a phosphorylation was low in
the absence of stress (Fig. 1D, lane 1) and increased when cells
were grown in medium containing the drug sulfometuron methyl
(SM) that causes Ile and Val starvation and activation of GCN2
(Fig. 1D, lane 2). Notably, the activation of GCN2 was marked
by enhanced autophosphorylation on Thr882 (Fig. 1D, GCN2-P
panel, lanes 1 and 2). Yeast expressing full-length GADD34 with
an intact PP1-binding motif (KVRF) and grown in the presence
of SM showed reduced levels of eIF2a phosphorylation com-
pared with the control strain lacking GADD34 (Fig. 1D, lane 3
versus 2). Like GADD34, the GADD34**"* and GADD34°1*7
proteins containing the KVRF motif were able to promote elF2a
dephosphorylation (Fig. 1D, lanes 5 and 7). When normalized for
the total amount of eIF2« in the extracts, GADD34°'3" was no-
ticeably less efficient in lowering elF2a phosphorylation levels
(Fig. 1D, lane 7); however, this reduced activity could be due to the
poorer expression of GADD34°'3¢™ compared with full-length
GADD34 or GADD34***%7 (Fig. 1D, Upper). Importantly, the
KARA mutation that impairs PP1 binding to GADD34 (7, 8
(Fig. 2B, lane 14) reduced the ability of GADD34, GADD34**67,
and GADD34°*™ to promote dephosphorylation of elF2« (Fig.
1D, lanes 4, 6, and 8). As observed previously, expression of
GADD34 had no impact on the GCN2 autophosphorylation
on Thr882 or on PP1 levels (Fig. 1D). These results support
the idea that GADD34 recruits PP1 to dephosphorylate elF2a
without affecting GCN2 kinase activity. Previously, it was shown
that overexpression of human PKR is lethal in yeast because of the
high levels of eIF2a phosphorylation and inhibition of translation
(27, 28). To test whether expression of GADD34 would suppress
the toxicity associated with high-level expression of PKR in yeast,
vectors encoding different variants of GADD34 were introduced
into a yeast strain containing one copy of the human PKR gene.
Expression of both GADD34 and PKR in this strain is under the
control of the galactose-inducible GAL1 promoter. Accordingly,
GADD34 and PKR expression is repressed when cells are grown
on synthetic dextrose (SD) medium and induced when cells are
grown on galactose (SGal) medium. As shown in Fig. 1E, yeast
cells expressing PKR exhibited a severe growth defect on ga-
lactose medium (row A), and coexpression of full-length
GADD34 (row B) or the truncated protein GADD34*20%74
(row D) with intact KVRF motifs restored cell growth. In con-
trast, cells expressing GADD34°137 failed to grow by 6 d, but
showed growth after 12 d of incubation (Fig. 1E, row F). The
impaired growth of the cells expressing the GADD34%!3674
mutant could reflect poorer expression of this GADD34 mutant
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A GADD34
GADD34420674 [31T4] KVRF |
KARA [3] KARA |
GADD34°15%°
GADD34 o
GADD34°704%
R1
R2 2]
R3
R
B Input Pellet
&r&‘é\b‘ ‘;&&;\u
of o}
< P A P° o
SR DS IE S QD @
— -
GST :
D e w— - - e -
— L 3
eIF2a|_ — - u || .-- T —_ -I
S ——— - |

1 23 45 6 7 8 9 10 11 12 13 14

C Input Pellet
o o S
L FFFFE s T S
CF FFTFIE X P X FE
- e |
GST - ‘ -
- - -

CIF 20| v w——] | — ]
PP1|—-————|| — |
1 2 3 4 5 6

7 8 9 10 11 12

Fig. 2. Multiple elF2a binding sites in GADD34. (A) Schematic diagram il-
lustrating serial deletions of GADD34 that were fused in-frame with GST. (B and C)
GST or the indicated GST-GADD34 fusion protein was overexpressed in the
yeast strain YM100 that expresses human elF2a and human PP1. WCEs were
mixed with glutathione-Sepharose beads, and after washing, bound proteins
were eluted with SDS-loading buffer, separated by SDS/PAGE, and detected by
immunoblotting with antibodies against GST, PP1, or the Myc-epitope on elF2q;
5% (vol/vol) of input and 20% (vol/vol) of pellet fractions were analyzed; white
lines indicate splicing of lanes from the same original blot to generate the final
figure. A longer exposure of the input blot from B is presented in Fig. S2.

(Fig. 1D and Fig. S1) or could indicate that this protein is less
efficient at promoting dephosphorylation of elF2a. The latter
idea is consistent with the notion that the four repeated sequence

Rojas et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1501557112/-/DCSupplemental/pnas.201501557SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1501557112/-/DCSupplemental/pnas.201501557SI.pdf?targetid=nameddest=SF2
www.pnas.org/cgi/doi/10.1073/pnas.1501557112

L T

/

1\

BN AS  PNAS D)

Highly conserved region

elF2a-binding
o motif
PP1-binding
motif RXGX-WXXXAXDRXRFXXRI
n r ng 1v
v 1 1 ve
RVXF s v k
GADD34 (Homo sapiens) 553 ARK| E 560.577 GPEQL. |ARRETOAQEEESPCHTPAARARAWA 617
PP1 regulatory subunit 15A-like (Camelus ferus) 502 TRK] E 509..526 GP-WEQF. YEITP! 566
PP1 regulatory subunit 15A-like (Astyanaz mexicanus) 288 TKK E 295..312 GS YlMOLA! BrSQHRARVHD 353
PP1 regulatory subunit 15A-like (Lepisosteus oculatus) 229 GKK D 236..253 GAQWOEMA] ORRWMOC RVWE 294
. By Vertebrates
LOC797943 (Danio rerio) 246 GKKMCESE 253..270 GSQWLO RRRUQTLEPVEKPC] 311
CReP (Homo sapiens) 638 RKK| E 645..657 GP-WEEF. QKR! TFEHRERMFN 697
PP1 regulatory subunit 158-like (Haplochromis burtoni) 480 TKKURECD 487..502 DRRGP-NEELA LRR CEOPOHRRRVYE 542
) 550 LKKi E 557..569 GP WEEIA] RRI BSPNFRLDIFQ 609

PP1 regulatory subunit 15B-like (Danio rerio,

PP1 regulatory subunit 15A-like (Ciona intestinalis). 523 PSKWREMD 530..547 ARKGR-MI

1va 587 |Urochordates

GADD34 (Drosophila melanogaster) 246 VKK M 253..270 BE: Qleggmiﬂg:m?VHmﬂv‘lQ 310 ‘ Arthrops

TcasGA2_TC015594 (Tribolium castaneum) 138 DKKI S 145..165 GP-MEEY:

504 KKK D 511..526 LFA] RKRENEAEP

DEHRSKIYQ 205

PNHRIKMAE 566

)
CAPTEDRAFT_197933 (Capitella teleta) 473 Pss K 480..503 GE-JJEMFA! JASRUOSEEK IESPIBSEEHROHIRO 543 | Apnelid
) i 4 e § ok o elds

HELRODRAFT_166576 (Hellobdella robusta;

Dentin in-like (Aplysia

ifornii 599 AVK 606..620 GE: YA GRUEOOCGDVESPVESQSHRAKMFE 660
LOC101861786 (Aplysia californica) 741 NTK| 748..762 GE SYA GRVEQOCGDANSPIBOPGHRDKVYE 802
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)
) Fig. 3. ldentification of a conserved elF2a-binding
434.5 (HSV-1) 190 197..214 R LA 254 motif in GADD34. Multiple sequence alignment of
ICP34.5 (HSV-2) 150 RGK P 157..174 RER RRRVA RARA 214 . .

ICP34.5 (MaHV) 71 HSIUREBAT 78.. 95 EPPL LBGPSEOPHIRACVAE 135 the C-terminal portion of human GADD34 and 31

DP71L-l (ASFV) 122 DVKMYEAT 129..143 P -WEQAA ORREADTEKTBSAVELRKKLNPMEH 183 . . . -
DP71L's (ASFV) 13 TRHUREAR 20.. 31 bt | o W roxRirEGe 71 related proteins was built by using the Tco_ffee
SGHV144 (SGHV) ~ 52 NKKREDP 59.. 77 E-fE1IV: HIEDPEYRNKIYT 117 web server (48, 49). Numbers correspond to residue

MyD116-like domain protein (AMIV) 8 ROK Q 15.. 26 P -WEML HHREONINNEMGWIBSPTHRTKIVK 66 e . . .
WIV-gp103 (WIV) 32 FRKUKETL 39.. 52 IFA NRRELNVESOGWCEQPKERENTFN 92 | Viruses positions in the full-length proteins. Residues are
MyD116-like domain protein (IIV-22) 39 KHKMTEAP 46.. 57 YA INCREKD! NILI 97 H o
Putative (IV-25) 33 FRKUTBAL 40.. 52 DEKGP-WEILA' NRRELNVESQEGWC IFN 92 colored according to conservation. The consensus
Putative protein phosphatase 1 (IIV-30) 40 KHKMT} 47.. 58 P-WETY. HRREKD NIFN 98 PP‘].binding RVxF motif and the eIFZa-binding motif
COGV-gp036 (COGV) 25 KRKIMTEDI 32.. 50 H-WONYA: [KTREARVAK W1 RHRIKINN 90 . . . .

TNAV2c_gp086 (TNAV2c) 44 LKRUKESD 51.. 69 ARVGE-WDRYA RRRIAEVDSAMSWI IML 109 are indicated; uppercase letters indicate the most

Protein phosphatase 1 (EeGV) 4 NKR P 11.. 28 ARSNY-WEQCA' HRREKEVGL] INK 68 . B H B .
AMEPV193 (AMEPV) 80 SKK 87..105 TRKEY BoKEA KRRENDEDI SESWVETPHERHKTHK 145 preferred re_s'dl_le in th.e elF2o-binding motif. The
CNPV231 (CNPV) 92 99..110 e EXREKERAE TEF IKT 150 green box highlights residues that have been shown
to be important for the interaction between y34.5

+ - Conservation and elF2a (29).

elements, which are missing in GADD34°13%  contribute to the
function of GADD?34, but are not essential to promote elF2a de-
phosphorylation. In agreement with the idea that GADD34 sup-
presses PKR toxicity in yeast by recruiting PP1 to dephosphorylate
elF2a, the KARA mutation impaired the ability of full-length
GADD34, GADD34*%"™ and GADD34°*"* to restore cell
growth (Fig. 1E, rows C, E, and G, respectively). In addition, ex-
pression of GADD34 or its truncated derivatives did not alter PKR
autophosphorylation on Thr446 (Fig. S1), indicating that GADD34
did not impair PKR activation. Despite the significant suppression
of PKR toxicity in the yeast replica-printing assays (Fig. 1E),
Western blot analysis of WCEs from the same strains grown in
liquid cultures failed to detect a change in eIF2a phosphorylation
on Ser51 (Fig. S1). This lack of correlation between elF2a phos-
phorylation and yeast growth may reflect differences in the levels or
kinetics of PKR and GADD34 expression in yeast grown in liquid
cultures versus on plates or may reflect the heightened sensitivity of
the replica-plating assay to detect PKR suppression following a
modest reduction in e[F2a phosphorylation that is not detectable in
the Western blot analyses.

Multiple Elements in GADD34 Bind elF2a. Previously, it was shown
that GADD34-GFP fusion proteins lacking one or more of the
repeated sequence elements exhibited reduced PP1 binding and
impaired ability to promote elF2a phosphatase activity (12),
suggesting that the repeat region of GADD34 contributes to
elF2a phosphatase activity; however, the role of this region in
binding eIF2u has not been reported. To test whether GADD34
interacts with elF2a, a set of GST-GADD34 fusion proteins
(Fig. 24) was expressed in the humanized yeast strain containing
human eIF2a and human PP1. WCEs from the strains were in-
cubated with glutathione beads, and the products of the pull-
down reactions were subjected to immunoblot analysis. As shown
in Fig. 2B, a GST-GADD34***7 fysion protein readily inter-
acted with both PP1 and elF2a (Fig. 2B, lane 13 and Fig. S2).
Consistent with the idea that the KVRF motif in GADD34
mediates the interaction with PP1 (7), the KARA mutation in
the GST-GADD34***67 fusion impaired binding of PP1 (Fig. 2B,
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compare lanes 13 and 14). Interestingly, the KARA mutation
in GST-GADD34*°%7 did not affect its interaction with eIF2a
(Fig. 2B, compare lanes 13 and 14), indicating that GADD34
interacts with elF2a in a PP1-independent manner. Because the
data in Fig. 1 D and E suggested that the four repeated sequence
elements might contribute to the function of GADD34 in vivo,
we tested the hypothesis that these repeats interact with elF2a.
Following expression in yeast, GST fusion proteins containing
repeats R1, R2, or R3, but not R4, bound to elF2a (Fig. 2B,
lanes 9-12). Because these repeated sequence elements are not
essential to promote eIF2a dephosphorylation (Fig. 1 D and E),
we predict that there must be an additional, functionally im-
portant interaction between GADD34 and elF2a, and that these
repeated sequence elements contribute to the function of
GADD34 by increasing the local concentration of eIF2a. To test
the idea that another region(s) of GADD34 binds elF2q,
we produced GST fusion proteins containing the regions of
GADD34 flanking the KVRF motif. As shown in Fig. 2C, GST-
GADD34°'35% fajled to interact with either PP1 or eIF2a (lane
9); however, the GST-GADD34°7%-67 fusion, which includes the
C-terminal highly conserved region of GADD?34, interacted with
elF2a but not with PP1 (lane 10). Following removal of 40 res-
idues from the C terminus, the GST-GADD34%7%%% fusion
retained the ability to bind eIF2a (Fig. 2C, lane 11). Taken to-
gether, these results suggest that GADD34 either directly or
indirectly (via other proteins in the yeast WCE) interacts with
elF2a and that this interaction is independent of PP1.

An elF2a-Binding Motif Is Conserved Among Viral Orthologs of
GADD34. If the primary function of the C-terminal region of
GADD34 is to bind elF2a, then we reasoned it should be pos-
sible to find an eIF2a-binding site in this region that facilitates
the formation of the eIF2a—~GADD34-PP1 complex. Consistent
with this idea, deletion of residues 233-248 of the HSV y34.5
protein (Fig. 3, green box), which shows similarity to GADD34,
was shown to impair eIF2a binding (29). To determine whether
there is an elF2a-binding motif in the C-terminal region of
GADD34, the amino acid sequences of CReP, y34.5, and DP71L
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Fig. 4. The C-terminal region of GADD34 contains an elF2a-binding motif
that is essential to promote dephosphorylation of elF2a. (A) Schematic of
GADD34. The elF2a-binding motif (residues 578-596 of GADD34) is indi-
cated; numbers indicate positions of mutated residues. (B) E. coli cells
expressing GST or the indicated GST-GADD34°785% fusion protein were
mixed with E. coli cells expressing human elF2a. WCEs were prepared and
mixed with glutathione-Sepharose beads, and after washing, bound pro-
teins were eluted with SDS-loading buffer and subjected to immunoblot
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were compared with the GADD34 sequence (Fig. 3). Surprisingly,
only a few residues of the y34.5 233-248 peptide were highly
conserved in GADD34 (Fig. 3, green box). In contrast, residues
578-596 of GADD34, located immediately N-terminal to the
y34.5 peptide, are highly conserved in CReP, y34.5, and ASFV
DP71L (Fig. 3). To test whether these residues are conserved in
other proteins, the GADD34°7%5% peptide sequence was used as
a query for a BLAST search against the nonredundant GenBank
database, and matching motifs were identified in proteins from a
variety of organisms including most, if not all, vertebrates, uro-
chordates, annelids, arthropods, and molluscs. For simplicity, only
a few representative sequences are presented in Fig. 3. In-
terestingly, besides HSV and ASFV, this motif was also found in
proteins from other viruses including Canarypox virus (CNPV),
Macropoid herpes virus (MaHV), human herpes virus 2 (HSV-2),
and the invertebrate viruses: Amsacta moorei entomopoxvirus “L”
(AmEPV), Wiseana iridescent virus (WIV), Anopheles minimus
irodovirus (AMIV), Trichoplusia ni ascovirus 2c (TNAVZ2c),
Choristoneura occidentalis granulovirus (COGV), Erinnys ello
granulo virus (EeGV), Glossina pallidipes salivary gland hyper-
trophy virus (GpSGHYV), Invertebrate iridescent virus 22 (IIV-22),
Invertebrate iridescent virus 25 (II'V-25), and Invertebrate irides-
cent virus 30 (ITV-30). Based on the conservation of the sequence,
we defined a 19-residue motif with the consensus sequence
Rx[Gnls]x; , Wxxx[Arlv]x[Dn][Rg]xRFxx[RIvk][Iv], where capital
letters are preferred and x is any residue. Interestingly, all these
proteins also have a conserved PP1 binding motif (Fig. 3).

Point Mutations Altering the elF2a-Binding Motif of GADD34 Impair
elF2a Dephosphorylation. In an effort to map the eIF2a-bindin

motif in GADD34, we tested the ability of a GST-GADD34°7%>°

fusion protein (Fig. 44) to bind elF2a. The GST fusion and
elF2a were independently expressed in Escherichia coli, the
bacterial cells were then mixed, lysed together, and then the
WCEs were mixed with glutathione-Sepharose beads. Immuno-
blot analysis of the pull-down products revealed that GST-
GADD34°7%5% readily and directly interacted with eIF2a (Fig.
4B, lane 10). In addition, because PP1 and elF2a kinases are not
present in the reaction, these results show that GADD34 in-
teracts with eIF2a in a PP1-independent manner, and that this
interaction does not require phosphorylation of eIF2u (Fig. 4B,
lane 10). To test the importance of conserved residues in
the elF2a-binding motif of GADD34, alanine residues were
substituted for residues Trp582, Asp588, Arg591, Phe592, and
Arg595 of the GST-GADD34°7%%% fusion protein. As shown in
Fig. 4B, alanine substitutions at Arg591, Phe592, and Arg595
reduced the interaction between GST-GADD34>"*>% and elF2«
by 70%, 60%, and 50%, respectively (lanes 13-15), highlighting the
importance of the conserved motif for binding eIF2a. In contrast to
the important role of these residues, the alanine substitution at
Trp582 did not affect the interaction with eIF2a (Fig. 4B, lane 11),
whereas the alanine substitution at As§)588 increased the binding
between elF2a and the GST-GADD34°7%% fusion by up to 200%

analysis by using monoclonal antibodies against the His-tag on elF2a and
polyclonal antibodies against the GST tag on GADD34. (C) Derivatives of the
yeast strain YM100 expressing full-length GADD34, GADD3442%%74 or the
indicated GADD34%2%67% mutant were grown in SGal medium, and then
shifted to SGal medium supplemented with 1 pg/mL SM for 1 h to trigger
activation of GCN2. Equivalent amounts of WCEs were subjected to immu-
noblot analysis to detect phosphorylated elF2a-P, total elF2a-Myc, human
PP1, and Flag-GADD34. GCN2 was immunoprecipitated from yeast and
subjected sequentially to immunoblot analysis by using antibodies against
Thr882-P or total GCN2. elF2a phosphorylation ratios were calculated from
three independent experiments as described for Fig. 1C. (D) Transformants
of yeast strain YM77 (+PKR) expressing the indicated form of GADD34 as
described in C were grown to confluence on SD plates, and then replica-
plated to SD or SGal plates and incubated for 2, 6, or 12 d at 18 °C.
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(Fig. 4B, lane 12). We also attempted to determine whether the
conserved repeat element R1 directly interacted with elF2a;
however, the instability of the GST-R1 fusion protein in bacteria
(Fig. 4B, lanes 8 and 16) prevented the test. These results provide
strong evidence that GADD34 directly interacts with eIF2a through
an elF2u-binding motif located near the C terminus of GADD34.

We next asked whether the elF2a-binding motif in GADD34
was important to promote eIF2a dephosphorylation. To this end,
the alanine mutations described above were introduced into
GADD34*%7 (Fig. 44). The mutants were expressed in the
humanized yeast strain containing human elF2a and PP1 and
tested for the ability to reduce eIF2a phosphorylation under amino
acid starvation conditions where the eIF2a kinase GCN2 is acti-
vated. Importantly, expression of the various forms of GADD34
did not affect PP1 levels or GCN2 autophosphorylation (Flg 4C
Whereas expression of full-length GADD34 or GADD34**
resulted in lower elF2a phosphorylation levels (Fig. 4C, lanes
2 and 3), all of the alanine mutations blocked the ability of
GADD34*%7* to promote dephosphorylation of eIF2a in vivo
(Fig. 4C). Thus, the C-terminal elF2a-binding motif in GADD34
is critical to promote elF2a dephosphorylation. In further support
of this idea, the alanine mutations blocked the ability of
GADD34**- 674 to suppress the growth inhibition due to expres-
sion of PKR in yeast (Fig. 4D, compare rows D-H versus C). As
described previously, the ability of GADD34 to suppress PKR
toxicity in yeast was not due to inhibition of PKR autophosphor-
ylation or to an increase in PP1 levels (F1§ Sl The fact that all of
the Ala mutant forms of the GADD34%%°™ construct retained
two of the four repeated sequence elements but still failed to
promote elF2a dephosphorylation provides further support for
the idea that the four repeats, while able to bind elF2«, are not
essential for GADD34 to promote elF2o dephosphorylation.
Notably, aside from the D588A mutation, the Ala mutations did
not affect GADD34 protein levels in yeast (Fig. 4C, Bottom), in-
dicating that the mutations were likely affecting the proper bind-
ing of elF2a to the C-terminal region of GADD34 rather than
abundance of GADD34 in the cell. Because the W582A and
D588A mutations in GADD34 did not impair eIF2« binding (Fig.
4B, lanes 11 and 12) but blocked the ability of GADD34 to pro-
mote elF2a dephosphorylation (Fig. 4C) and suppression of PKR
toxicity (Fig. 4D), we suggest that W582 and D588 are required to
properly orient elF2a in the eIF2a-GADD34-PP1 complex such
that the Ser51 residue can access the PP1 active site.

Viral Targeting Subunits of PP1 Promote elF2a Dephosphorylation.
Our database search revealed that the elF2a-binding motif in
GADD?34 is highly conserved in proteins produced by different
viruses (Fig. 3), and we hypothesized that in addition to HSV
(y34.5) and ASFV (DP71L), other viruses produce PP1-targeting
proteins that are able to interact with eIF2a and, thereby, pro-
mote its dephosphorylation. To test this idea, we first con-
structed bacterial expression vectors to produce GST fusion
proteins containing the full-length forms of the CNPV protein
CNPV231 or the ASFV protein DP71L, both of which include
a predicted PP1 binding motif (Fig. 54). In addition, vectors
were constructed to express GST proteins lacking the PP1-
binding motif and containing only the highly conserved region
of GADD34, CNPV231, DP71L, or y34.5 (Fig. 54). Bacteria
expressing the various GST fusions were mixed with bacteria
expressing human elF2aq, the cells were broken together, and the
ability of the GST fusions to pull down elF2a was examined by
immunoblot analysis. As shown in Fig. 5B, the CNPV231 pro-
tein, and DP71L, bound eIF2a (Fig. 5B, lanes 9 and 13), and this
interaction did not require the PP1-binding site, because the
truncated proteins CNPV231''!"158 and DP71L22 71 were also
able to bind elF2a $F1g 5B, lanes 10 and 14). Similarly, trun-
cated GADD34°7%%7 and y34.5%9°2%% were able to bind elF2a
(Fig. 5B, lanes 11 and 12) To test whether the viral proteins
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Fig. 5. Viral GADD34-related proteins directly bind elF2a. (A) Schematic dia-
gram of GST fusion proteins containing the indicated full-length or truncated
versions of GADD34 or related viral proteins. The RVxF motifs in CNPV231
(sequence VVTF) and DP71L (sequence HVRF) are indicated. (B) E. coli cells
expressing the indicated GST fusion protein were mixed with E. coli cells
expressing human elF2a. WCEs were prepared and mixed with glutathione-
Sepharose beads, and after washing, bound proteins were eluted with SDS-
loading. Five percent (vol/vol) of input and 20% (vol/vol) of pellet fractions
were subjected to immunoblot analysis by using monoclonal antibodies
against the His-tag on elF2a and polyclonal antibodies against GST.

containing both a PP1-binding motif and an eIF2a-binding site
can substitute for GADD34 and function to subvert the antiviral
response mediated by eIF2a phosphorylation, we expressed full-
length forms MaHV ICP34.5 protein, ASFV DP71L protein,
AmEPV AmEPV193 protein, CNPV CNPV231 protein, HSV
y34.5 protein, or the control proteins CReP or GADD34 (Fig.
6A4) in our yeast strain expressing human eIF2a and human PP1.
Following activation of GCN2, high levels of eIF2a phosphory-
lation were detected in the control strain containing an empty
vector (Fig. 6B, lane 1), and eIF2a phosphorylation was reduced
to different levels in cells expressing GADD34, CReP, or the
indicated viral protein (Fig. 6B). Markedly, as shown in Fig. 6B
(Flag panel), even when DP71L was expressed at undetectable
levels (lane 3) and CNPV231 was e yressed at very low levels
(lane 5), compared with GADD34***™ (lane 7), the viral proteins
efficiently promoted elF2a dephosphorylation (Zop). However,
expression of the AmMEPV AmEPV193, MaHV ICP34.5, and HSV
y34.5 proteins only modestly lowered elF2a phosphorylation levels
(Fig. 6B). Importantly, expression of these viral proteins did not
alter GCN2 autophosphorylation on Thr882 (Fig. 6B). Consistent
with the ability of the viral proteins, GADD34, and CReP to lower
the level of elF2a phosphorylation under starvation conditions
where GCN2 is activated, expression of DP71L, CNPV231, CReP,
and GADD34 reduced PKR toxicity in yeast as observed by growth
after 6 d of incubation at 18 °C (Fig. 6 C, Left). After 12 d of in-
cubation, yeast expressing AmEPV193, y34.5, or ICP34.5 exhibited
weak growth, although greater than that observed in the vector
control strain (Fig. 6C, Middle), indicating that all of the viral
proteins have the ability to reverse growth inhibition due to elF2a
kinase activity. As expected, high levels of elF2a phosphorylation
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(B) Derivatives of yeast strain YM100 containing an empty vector or expressing Flag-tagged versions of GADD34 or the indicated viral protein were grown in
SGal medium and then incubated for 1 h in the presence of 1 pg/mL SM. Equivalent amounts of WCEs were subjected to SDS/PAGE followed by immunoblot
analysis to detect elF2a-P, elF2a-Myc, and the indicated Flag-tagged protein. The relative level of phosphorylated to total elF2a was determined by quan-
titative densitometry as described for Fig. 1C. White lines indicate splicing of lanes from the same original blot to generate the final figure. GCN2 was
immunoprecipitated from yeast cells and subjected sequentially to immunoblot analysis with antibodies against Thr882-P or total GCN2. (C) Transformants of
yeast strain YM77 (+PKR) carrying an empty vector or expressing GADD34, CReP, or the indicated viral protein were grown to confluence on SD plates, and
then replica-plated to SD or SGal plates and incubated for 2, 6, or 12 d at 18 °C. (D) Yeast strains described in C were grown in SD medium and then incubated
for 1 h in SGal medium to induce expression of PKR and the indicated viral protein. Equivalent amounts of WCEs were subjected to SDS/PAGE followed by
immunoblot analysis to detect elF20—P, elF2a-Myc, PP1, and the indicated Flag-tagged protein. The relative level of phosphorylated to total elF2a was de-
termined as described for Fig. 1C. In parallel, PKR was immunoprecipitated from the WCEs and subjected sequentially to immunoblot analysis with antibodies

against phosphorylated Thr446-P or total PKR.

were detected in cells expressing wild-type PKR (Fig. 6D, lane 2),
but not in cells expressing catalytically dead PKR-K296R (Fig. 6D,
lane 1). Consistent with the abilities of DP71L and CNPV231 to
suppress PKR toxicity in the replica-plating assay (Fig. 6C), lower
levels of elF2a, but not PKR, phosphorylation were detected in
WCE:s prepared from these strains when they were grown in liquid
cultures (Fig. 6D, lanes 4 and 6). However, DP71L and CNPV231
did not reduce elF2a phosphorylation mediated by PKR as effi-
ciently as they reduced phosphorylation of elF2a mediated by
GCN2 (compare Fig. 6B versus 6D). As described previously, the
level of eIF2a phosphorylation in WCEs prepared from yeast
grown in liquid cultures does not always correlate with cell
growth in replica-printing assays. Accordingly, despite the ability
of GADD?34, CReP, and the viral proteins AmEPV193, y34.5,
and ICP34.5 to suppress PKR toxicity (Fig. 6C, Middle), there
was no detectable reduction in eIF2a phosphorylation (Fig. 6D).
We suggest that the replica-printing assay, which requires only a
few cell doublings to score positive growth, is a more sensitive
reporter on reversal of PKR functions than the Western blot
analyses of elF2a phosphorylation in extracts prepared from
cells grown in liquid cultures. Taken together, these results in-
dicate that the primary function of C-terminal conserved region
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in GADD34 and its viral orthologs is to bind elF2a and enable
its dephosphorylation by PP1.

The N-Terminal Domain of elF2«a Is Sufficient for GADD34 Recognition.
Human elF2a is composed of three domains: an N-terminal
B-barrel (Fig. 7D, cyan), followed by a helical domain (Fig. 7D,
green), and a C-terminal a-p domain (30). The Ser51 phosphory-
lation site is located in domain 1 of elF2x; however, mutational
analyses of elF2a revealed that substrate recognition by the elF2a
kinases, as well as binding of eIF2a to elF2B, requires residues that
are remote from the phosphorylation site (31, 32). Moreover, bio-
chemical and structural studies revealed that the two N-terminal
domains of eIF2a assemble into a stable ~200-residue protein and
that further truncations lead to instability (30-35). We anticipated
that this N-terminal region of eIF2a might also be important for
GADD34 recognition, although we could not rule out contributions
from the elF2a C-terminal domain. To define the GADD34 rec-
ognition domain in elF2a, GST or a GST-GADD34°7%% fusion
protein containing the eIlF2a-binding motif (Fig. 74) was expressed
in E. coli and tested for its ability to bind recombinant, purified
C-terminally truncated eIF2a2% in vitro. In contrast to the GST
control, the GST-GADD34°785% fusion was able to pull down
elF2q1200 (Fig. 7B, lane 5), indicating that GADD34 interacts
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were subjected to immunoblot analysis by using monoclonal antibodies
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Plasmids encoding WT human elF2q, elF2a'2%, and the indicated form of
GADD34 were introduced into the strain YM107, in which human PP1 and
the phosphorylation site mutant elF2a-S51A are expressed in place of yeast
GLC7 and elF2a (SUI2). WCEs were prepared from cells grown in SGal me-
dium and treated with 1 pg/mL SM to induce activation of GCN2. Proteins
were separated by SDS/PAGE and analyzed by immunoblotting to detect
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The relative level of phosphorylated elF2a was determined as described for Fig.
1C. GCN2 was immunoprecipitated from yeast cells grown in the presence of
SM and subjected sequentially to immunoblot analysis by using antibodies
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with the N-terminal domain of eIF2a. As stated above, we were
unable to test larger C-terminal truncations in eIF2a because of
protein instability (31, 32). To determine whether GADD34 or
GADD34*%67 was able to promote eIlF2a' 2" dephosphorylation
in vivo, vectors encoding GADD34, GADD4342-674 full-length
human eIF2x, or human elF2a'?® were introduced into a yeast
strain expressing human PP1 in place of GLC7 and also expressing
a nonphosphorylatable (S51A) mutant of human elF2« to maintain
cell viability. As shown in Fig. 7C, activation of GCN2 by growth in
amino acid starvation conditions resulted in high-level phosphory-
lation of full-length human eIF2« (lane 1) and elF2a'=® (lane 4).
Expression of full-length GADD34 or truncated GADD34**7
resulted in an ~50% reduction in the level of phosphorylation for
both full-length and truncated elF2q!200 (Fig. 7C, lanes 2, 3, 5,
and 6). Accordingly, we conclude that the C-terminal region of
GADD34 functionally interacts with PP1 and the N-terminal
region of eIF2a to assemble a trimeric PP1-GADD34—-eIF2a
complex and promote eIF2a dephosphorylation (Fig. 7D).

Discussion

Phosphorylation of Ser51 on elF2a integrates many cellular
signals and results in rapid attenuation of protein synthesis,
producing both positive and negative consequences for cells. For
example, during the early phase of the unfolded protein response
(UPR) (reviewed in ref. 36), transient phosphorylation of eIF2a
is protective as it represses translation initiation to reduce the
protein load in the ER. Moreover, phosphorylation of elF2a
induces ATF4 production leading to increased expression of ER
chaperones and enabling cells to deal with the accumulation of
unfolded proteins (36). However, sustained eIF2a phosphoryla-
tion triggers apoptosis (37). Therefore, dephosphorylation of
elF2a is required to restore protein synthesis, terminate the
stress signal, and maintain cell viability.

To dephosphorylate eIF2a, mammalian cells express the pro-
teins GADD34 and CReP. Whereas CReP is expressed consti-
tutively to provide basal levels of elF2a phosphatase activity
(38), GADD34 expression is induced by eIF2a phosphorylation
to provide a negative feedback loop and limit eIF2a phosphor-
ylation (7, 10, 11). Both CReP and GADD34 contain the PP1-
binding motif RVXF that is required for the formation of the
functional GADD34-PP1 and CReP-PP1 complexes that de-
phosphorylate elF2a. However, how these complexes direct the
specific dephosphorylation of eIF2a was unknown. PP1-targeting
subunits have been proposed to activate the phosphatase activity
of PP1 or to target the phosphatase to its substrate (21). Because
binding of an RVxXF peptide does not appear to alter the con-
formation of PP1 (22-24), it seems likely that binding of a reg-
ulatory subunit containing an RVxF motif to PP1 is not sufficient
to activate PP1 to dephosphorylate a specific substrate. How-
ever, in support of the scaffolding role of the PP1-targeting
subunits, we previously showed that yeast eIF2y contains a PP1-
binding motif that enables recruitment of the phosphatase PP1/
GLC7 to its substrate eIF2a via the eIF2 complex (25). A similar
idea has been proposed for the HSV y34.5 protein, which is able
to interact with both PP1 and eIF2a (29).

Because y34.5 shares significant homology with GADD34,
we hypothesized that GADD34 also functions as a scaffold to
physically link PP1 and eIF2a. Consistent with this idea, we
found that GADD34 directly interacts with elF2a (Figs. 2 and
4B). First, three of four of the repeated sequence elements in the

against Thr882-P or total GCN2. (D) Model depicting the PP1-GADD34-elF2a
complex. The PP1-binding motif in GADD34 (KVRF) is indicated. Residues in
red are conserved among multiple orthologs of GADD34; arrows indicate
residues that are critical for GADD34 binding and Ser51 dephosphorylation.
The ribbons image presents the N-terminal p-barrel (cyan) and the helical
(green) domains of elF2a'2%; Ser51 in elF2« is shown in magenta.
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middle of GADD34 were able to pull down elF2a from yeast
WCEs, indicating that these repeats directly or indirectly bind
to elF2a. Nevertheless, eliminating these repeats only partially
impaired the ability of GADD34 to promote elF2a dephos-
phorylation in yeast cells (Fig. 1 D and E). These findings are
consistent with the notion that the repeats contribute to the
function of GADD?34 by increasing the local concentration of
elF2a, but that they are dispensable for triggering elF2a de-
phosphorylation. Given that GADD34 is polyubiquitinated
and rapidly degraded by the 26S proteasome (12), the ability
of GADD34 to increase the local concentration of elF2a
could enhance the ability of GADD34 to efficiently promote
dephosphorylation of elF2a in a short time frame. Second, we
identified a key elF2a-binding motif at the C terminus of
GADD?34 in a region distinct from where PP1 binds to GADD34.
Based on sequence conservation among a variety of cellular
and viral proteins, we characterized the consensus sequence
Rx[Gnl]x; ,Wxxx[Arlv]x[Dn][Rg|xRFxx[RIVk][Iv], where capital
letters are preferred and x is any residue (Fig. 3). This eIF2a-
binding motif allows direct interaction between GADD34 and
elF2a and is essential for GADD34 to promote the specific
dephosphorylation of eIF2a (Fig. 4). In agreement with this idea,
point mutations altering this elF2a-binding site in GADD34
impaired the ability of GADD34 to interact with eIF2« in a pull-
down assay and blocked the ability of GADD34 to promote
elF2a dephosphorylation and suppress PKR toxicity in yeast
(Fig. 4). Interestingly, we also identified mutations in the eIF2a-
binding motif of GADD34 (e.g., D588A) that either did not alter
or, in fact, increased the binding of GST-GADD34°785% to
elF2a, yet still reduced the ability of GADD34 to promote de-
phosphorylation of eIF2a. This second class of mutations in the
elF2a-binding motif of GADD34 suggests that the scaffolding
role of GADD34 to promote elF2a dephosphorylation is more
complex than a simple tether linking PP1 to eIF2a.

Because elF2a phosphorylation impairs both cellular and viral
protein synthesis, many viruses have evolved mechanisms to in-
activate eIF2a kinases (39). As an alternative, HSV and ASFV
circumvent the deleterious effects of elF2a phosphorylation
expressing of y34.5 and DP71L, respectively, which stimulate
dephosphorylation of eIF2a. The C-terminal region of these viral
proteins shares homology with GADD34, and here we showed
that the elF2a-docking site in GADD34 is well conserved in
y34.5, DP71L, and proteins produced by other viruses including,
CNPV, AmEPV, and MaHV (Fig. 3). Based on the strong
conservation of the PP1- and eIF2a-binding motifs, we proposed
that these viral proteins function as scaffolds to recruit PP1 and
promote specific dephosphorylation of elF2a. Consistent with
this hypothesis, we demonstrated that DP71L, as well as
CNPV231, directly interact with eIF2a (Fig. 5B). Furthermore,
we found that in addition to y34.5 and DP71L, the viral pro-
teins CNPV231, AmEPV193, and ICP34.5 (from MaHV) are
able to promote dephosphorylation of eIlF2a and reduce the
associated PKR toxicity in yeast (Fig. 6 B and C). Thus, rather
than directly inhibiting the activity of PKR (Fig. 6D), our work
demonstrates that a variety of viruses have adopted the tactics
of HSV and ASFV and express targeting subunits that direct
PP1 to dephosphorylate elF2a.

In conclusion, our results show that GADD34 and its viral
orthologs function as scaffold proteins that promote specific
dephosphorylation of elF2a by interacting with both PP1 and
elF2a (Fig. 7D). Whereas GADD34 is a complex protein and
targets PP1 to other substrates in addition to elF2a, our work
reveals that a conserved C-terminal motif in GADD34 func-
tionally interacts with the N-terminal region of eIF2a (Fig. 7D).
Given that inhibition of PP1 results in the inactivation of a large
number of holophosphatase complexes with a broad range of
substrate specificities, one implication of our findings is that a
drug able to block the specific interaction of eIF2a with GADD34-
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related viral proteins could be a useful approach for the devel-
opment of antiviral therapies. Notably, salubrinal has been shown
to inhibit GADD34-PP1 and CReP-PP1 complexes (40), and
guanabenz specifically inhibits formation of the GADD34-PP1
complex (41), suggesting that PP1 regulatory subunits are a
druggable target. Finally, although we have identified orthologs
of GADD34 containing both the elF2a-binding site and the PP1-
binding motif in different animals and viruses, clear orthologs of
GADD?34 are absent in plants and fungi. We propose that the
direct targeting of PP1 to elF2 via the N terminus of eIF2y that
we discovered in Saccharomyces cerevisiae (25) has been replaced
during evolution by an unknown mechanism in plants and other
fungi, and by the metazoan scaffolding proteins GADD34 and
CReP, which, in turn, have been mimicked by viruses to thwart
the mammalian antiviral response.

Materials and Methods

Plasmids and Strains. Plasmid and strain construction are described in S/
Materials and Methods. Plasmids are listed in Table S1; strains are listed in
Table S2.

Immunoblot Analysis. Yeast cells were grown in 5 ml of SD medium with
minimal supplements at 30 °C to midlogarithmic phase, then cells were
harvested and washed with SGal medium [synthetic medium containing 2%
(wt/vol) galactose]. Cells were then seeded in 5 mL of SGal medium and
incubated overnight to induce expression of the indicated protein. To acti-
vate GCN2, cells were again harvested and seeded in 5 mL of fresh SGal
medium for 1 h in the presence of 1 pg/mL SM. Finally, cells were harvested
by centrifugation, mixed with 2 vol 20% (wt/vol) trichloroacetic acid, and
then broken by agitation with glass beads. Proteins were extracted with SDS
loading buffer [2% (wt/vol) SDS, 2 mM EDTA, 50 mM Tris-HCl (pH 6.8), 10%
(vol/vol) glycerol, 0.01% bromophenol blue]; following neutralization with
1 M Tris base, samples were boiled for 5 min and then subjected to SDS-
polyacrylamide gel electrophoresis (SDS/PAGE) and immunoblot analysis by
using rabbit polyclonal antibodies specific for phospho-Ser51 on elF2a
(BioSource International). Blots were stripped and reprobed with polyclonal
anti-yeast elF2a antiserum (3). Monoclonal anti-Myc (9E10), anti-His (H-5),
and anti-FLAG (F-tag-01) antibodies and polyclonal anti-GST (Z5) antibodies
were purchased from Santa Cruz Biotechnology. GCN2 and PKR were
immunoprecipitated from WCEs prepared as described (26). The immuno-
precipitates were subjected to immunoblot analysis by using antibodies
against phosphorylated Thr882 on GCN2 (26) or antibodies against phos-
phorylated Thr446 on PKR (Santa Cruz), respectively. The blots were then
stripped and reprobed with polyclonal antibodies against GCN2 or PKR
(Santa Cruz), respectively. Immune complexes were detected by using
horseradish peroxidase-conjugated anti-rabbit and anti-mouse second-
ary antibodies (GE Healthcare) and enhanced chemiluminescence.

Yeast GST Pull-Down Assays. Yeast strain YM100 expressing various GST-
GADD?34 fusion proteins was grown in 50 mL of SD medium at 30 °C to midlog
phase, harvested, and washed with SGal medium. Cells were then seeded in
50 mL of SGal medium and incubated for 6 h to induce expression of the GST
fusion protein, harvested, and frozen at —80 °C until further use. Cells were
suspended in 500 pL of lysis buffer [20 mM Tris-HCl (pH 7.4), 100 mM Nacl,
0.2 mM EDTA, 1 mM DTT, 12.5% (vol/vol) glycerol, 1% Triton X-100, con-
taining one tablet of complete protease inhibitor mixture (Roche) and 2 uM
each aprotinin, leupeptin, and pepstatin], and WCEs were prepared by ho-
mogenizing the cells by vigorous mixing with glass beads on a vortex. Glu-
tathione-Sepharose 4B beads (Amersham Biosciences) were washed several
times with binding buffer [20 mM Tris-HCI (pH 7.4), 100 mM Nacl, 0.2 mM
EGTA, 1 mM DTT, 0.1% Triton X-100, containing protease inhibitor mixture
as described above], suspended in 1 mL binding buffer plus 5% (wt/vol) BSA,
incubated with rotation at 4 °C for 1 h, and then washed several times with
binding buffer. WCEs were mixed with 50 uL of the treated glutathione-
Sepharose beads and incubated with rotation at 4 °C for 2 h. Proteins
attached to the beads were washed three times with binding buffer,
resuspended in SDS loading buffer, boiled for 5 min, separated by SDS/PAGE,
and then analyzed by immunoblotting.

Bacterial GST Pull-Down Assays. BL21-CodonPlus (DE3)-RIL competent cells
(Stratagene) harboring a vector encoding a GST-GADD34 fusion protein or
human Hisg-elF2a were grown overnight at 37 °C in 5 mL of LB medium
containing the required antibiotic. Then, 500 puL of the overnight culture was
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used to inoculate 5 mL of LB medium supplemented with 0.1 mM IPTG and
50 mg/L kanamycin or 100 mg/mL ampicillin, as required. Following in-
cubation overnight at 18 °C, 5 mL of cells expressing the GST fusion protein
were mixed with 5 mL of cells expressing Hisg-elF2o. The cells were har-
vested, washed, resuspended in 1 mL of lysis buffer, and then disrupted by
sonication. The WCEs were clarified by centrifugation, mixed with gluta-
thione-Sepharose 4B beads, which had been pretreated as described above,
and then incubated with rotation at 4 °C for 2 h. Proteins attached to the
beads were washed three times with binding buffer, resuspended in SDS
loading buffer, and boiled for 5 min. Finally, the eluted proteins were sep-
arated by SDS/PAGE and then analyzed by immunoblotting. Alternatively,
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