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Eukaryotic translation initiation factor 2B (eIF2B) is a five-subunit complex that catalyzes guanine nucle-
otide exchange on elF2. Phosphorylation of the o subunit of eIF2 [creating eIF2(aP]) converts elF2 - GDP
from a substrate to an inhibitor of eIF2B. We showed previously that the inhibitory effect of eIF2(aP) can be
decreased by deletion of the eIF2B « subunit (encoded by GCN3) and by point mutations in the § and &
subunits of eIF2B (encoded by GCD7 and GCD2, respectively). These findings, plus sequence similarities
among GCD2, GCD7, and GCN3, led us to propose that these proteins comprise a regulatory domain that
interacts with eIF2(«P) and mediates the inhibition of eIF2B activity. Supporting this hypothesis, we report
here that overexpression of GCD2, GCD7, and GCN3 specifically reduced the inhibitory effect of eIF2(aP) on
translation initiation in vivo. The excess GCD2, GCD7, and GCN3 were coimmunoprecipitated from cell
extracts, providing physical evidence that these three proteins can form a stable subcomplex. Formation of this
subcomplex did not compensate for a loss of eIF2B function by mutation and in fact lowered eIF2B activity in
strains lacking elF2(aP). These findings indicate that the trimeric subcomplex does not possess guanine
nucleotide exchange activity; we propose, instead, that it interacts with eIF2(«P) and prevents the latter from
inhibiting native eIF2B. Overexpressing only GCD2 and GCD?7 also reduced eIF2(aP) toxicity, presumably by
titrating GCN3 from eIF2B and producing the four-subunit form of eIF2B that is less sensitive to eIF2(aP).
This interpretation is supported by the fact that overexpressing GCD2 and GCD7 did not reduce elF2(aP)
toxicity in a strain lacking GCN3; however, it did suppress the impairment of eIF2B caused by the gcn3°-R104K
mutation. An N-terminally truncated GCD2 protein interacted with other eIF2B subunits only when GCD7 and
GCN3 were overexpressed, in accordance with the idea that the portion of GCD2 homologous to GCD7 and
GCN3 is sufficient for complex formation by these three proteins. Together, our results provide strong evidence

that GCN3, GCD7, and the C-terminal half of GCD2 comprise the regulatory domain in eIF2B.

One of the best-characterized mechanisms for regulating the
rate of protein synthesis in eukaryotic cells involves phosphor-
ylation of translation initiation factor 2 (eIF2) and down-reg-
ulation of elF2B, the guanine nucleotide exchange factor for
elF2. eIF2 plays a central role in translation initiation, forming
a ternary complex with GTP and charged initiator tRNAM*
that delivers the Met-tRNAM®* to 40S ribosomes. Following
recognition of the AUG codon by tRNAM®!, the GTP in the
ternary complex is hydrolyzed and eIF?2 is released in a binary
complex with GDP. To re-form the ternary complex and par-
ticipate in subsequent rounds of initiation, eIF2 must be recy-
cled from the GDP-bound form to the GTP-bound form, and
this guanine nucleotide exchange reaction is catalyzed by
elF2B. Phosphorylation of the o subunit of eIF2 on serine 51
[creating eIF2(aP)] inhibits nucleotide exchange by eIF2B; in
addition, eIF2(aP) interferes with the recycling of nonphos-
phorylated eIF2 by eIF2B. According to one proposed mech-
anism, dissociation of the eIF2B - eIF2(aP) - GDP complex is
extremely slow, and thus eIF2B is bound irreversibly by phos-
phorylated eIF2. Because elF2 is present in considerable ex-
cess of elF2B, this mechanism can explain how phosphoryla-
tion of a small proportion of eIF2 is sufficient to sequester all
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of the eIF2B in inactive complexes (25). Alternatively, it has
been suggested that eIF2(aP) has a much greater association
rate with eIF2B than does nonphosphorylated elF2, allowing
elF2(aP) to interfere with the recycling of nonphosphorylated
elF2 as a competitive inhibitor without forming a long-lived
elF2B - eIF2(aP) - GDP complex (30). This latter hypothesis
is more consistent with the in vivo effects of overproducing
elF2 in yeast cells, in which case it was found that the ratio of
phosphorylated to nonphosphorylated eIF2 was more impor-
tant than the absolute amount of eIF2(aP) in determining the
extent of eIF2B inhibition (11). Little is known at the molec-
ular level about how phosphorylation of eIF2 affects its affinity
for eIF2B or how elF2(aP) interferes with nucleotide ex-
change by elF2B.

Three protein kinases, HRI, PKR, and GCN2, that specifi-
cally phosphorylate Ser-51 under different stress conditions
have been identified (19). HRI and PKR (also known as DAI
and p68 kinase) phosphorylate eIF2 in mammalian cells to an
extent that shuts off total protein synthesis by complete inhi-
bition of eIF2 recycling by eIF2B. In Saccharomyces cerevisiae,
GCN2 phosphorylates eIF2 in response to starvation for amino
acids or purines by an amount that does not inhibit total
protein synthesis but does lead to a specific increase in trans-
lation of GCN4 mRNA. GCN4 encodes a transcriptional acti-
vator of genes encoding amino acid biosynthetic enzymes.
Translation of GCN4 mRNA is inversely coupled to the con-
centration of eIF2+ GTP - Met-tRNAM®! ternary complexes
by the presence of four small open reading frames (WORFs) in
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the GCN4 mRNA leader. Translation of these uORFs pre-
vents ribosomes from reaching the GCN#4 start codon in non-
starved cells. Phosphorylation of eIF2 under starvation condi-
tions reduces the abundance of ternary complexes, enabling
ribosomes to bypass the uORFs and initiate translation at
GCN+4 instead (21). Mutationally activated forms of GCN2
that generate much higher amounts of eIF2(«P) than are seen
in starved wild-type yeast cells have been isolated. In these
GCN2° mutants (10, 28) or in yeast cells expressing human
PKR (5, 9), general translation and cellular growth are also
greatly inhibited.

All five subunits of eIF2B, encoded by GCD6 (g), GCD2 (3),
GCDI (y), GCD7 (B), and GCN3 (w), were first identified
genetically by mutations that impair GCN4 translational con-
trol. The four GCD genes encoding eIF2B subunits are essen-
tial, and nonlethal mutations in each that result in derepressed
levels of GCN4 translation (Ged™ phenotype) and reduced
cellular growth on nutrient-rich medium have been obtained.
These ged mutations presumably lead to decreased concentra-
tions of the ternary complex independently of eIF2 phosphor-
ylation by impairing the catalytic activity of eIF2B. In contrast,
the GCN3-encoded subunit of eIF2B is dispensable, and its
inactivation in otherwise wild-type strains impairs only the
ability to stimulate GCN+4 translation under starvation condi-
tions. This is the same (Gen™) phenotype observed upon in-
activation of the protein kinase GCN2 or the replacement of
Ser-51 in elF2a with nonphosphorylatable alanine. On the
basis of this finding, it was proposed that GCN3 is a regulatory
subunit of eIF2B required to mediate the inhibitory effect of
elF2(aP) on eIF2B function (21). In accord with these inter-
pretations of mutant phenotypes, it was shown recently that the
effects of eIF2 phosphorylation on GCN4-specific and general
translation initiation are reversed by overproducing all five
subunits of eIF2B or, even more effectively, by overexpressing
a four-subunit complex containing the essential proteins
GCD6, GCD2, GCD1, and GCD7 but lacking GCN3 (11).
These results confirmed that eIF2B function is impaired in
yeast cells when eIF2 is phosphorylated on Ser-51 and lent
further support to the idea that GCN3 makes eIF2B more
sensitive to the inhibition by eIF2(aP).

In addition to GCN3, the GCD7- and GCD2-encoded sub-
units of eIF2B have important roles in the regulation of eIF2B
by elF2(aP). GCD7 and GCN3 are similar in sequence over
nearly their entire lengths, and the C-terminal half of GCD2 is
similar in sequence to both GCD7 and GCN3 (3, 26). These
sequence similarities raise the possibility that GCD7 and
GCD?2 act in concert with GCN3 to mediate the inhibition of
elF2B by eIF2(aP). This idea was supported by the isolation of
point mutations in GCD7 and GCD?2 that reverse the toxicity
of eIF2 phosphorylation on cell growth. These mutations ap-
pear to have no effect on eIF2B catalytic activity but decrease
its ability to be inhibited by eIF2(aP) (35). More recently,
saturation mutagenesis of GCD2, GCD7, and GCN3 has
shown that the critical regulatory sites in GCD2 are located in
the C-terminal half of the protein, which is related in sequence
to GCD7 and GCN3. Moreover, some of the regulatory mu-
tations map to similar, or even identical, positions in all three
proteins, particularly in the extreme C-terminal segments
where the sequence identity is greatest. These results strongly
suggest that structurally similar segments in GCD2, GCD7,
and GCN3 are involved in their regulatory functions, implying
that these functions are closely related. We suggested that
regulatory segments in each protein are involved in making
subunit-specific contacts with e[F2« in the vicinity of the phos-
phorylation site and that contacts made by each protein are
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required to mediate the inhibitory effects of eIF2(aP) on
elF2B catalytic activity (27).

By analogy with other multisubunit-regulated enzymes that
contain regulatory and catalytic subunits, e.g., cyclic AMP-
dependent protein kinase (34), we reasoned that the GCD2,
GCD7, and GCN3 subunits might physically interact with one
another in eIF2B and comprise a regulatory domain that di-
rectly interacts with the phosphorylated a subunit of eIF2. If
this were true, it might be possible to prevent eIF2(aP) from
inhibiting eIF2B by individually overproducing GCD2, GCD7,
or GCN3. Alternatively, if GCD2, GCD7, and GCN3 comprise
a surface that contacts elF2a at several points, it might be
necessary to overproduce two of the three or all three proteins
simultaneously to neutralize the inhibitory effects of eIF2(aP)
on translation initiation. If GCD1 and GCD6 comprised the
catalytic core of eIF2B, then overexpression of only these sub-
units might produce a functional eIF2B complex that is insen-
sitive to inhibition by eIF2(«P). In this study, we tested these
predictions by overexpressing numerous combinations of
elF2B subunits and examining each for the ability to suppress
the growth-inhibitory effects of eIF2 phosphorylation catalyzed
by a GCN2° kinase. We found that overexpressing GCD?2,
GCD7, and GCN3 in yeast cells led to formation of a stable
subcomplex containing these three proteins that substantially
reduced the growth-inhibitory effects of eIF2(aP). We present
evidence that the overexpressed GCD2-GCD7-GCN3 trimeric
subcomplex did not increase the level of functional eIF2B in
the absence of the inhibitor eIF2(«P), nor did it reduce the
level of eIF2 phosphorylation in the cell. Together, these re-
sults strongly suggest that the trimeric subcomplex can seques-
ter eIF2(aP) and prevent it from inhibiting native eIF2B. We
also present genetic and biochemical evidence that the C-
terminal portion of GCD2, which is similar in sequence to
GCD7 and GCN3, is sufficient for interaction with GCD7 and
GCN3. These findings support the idea that GCN3, GCD7,
and the C-terminal half of GCD2 comprise a regulatory sub-
domain in eIF2B that interacts with eIF2 and mediates the
inhibitory effects of eIF2(«P) on eIF2B catalytic activity.

MATERIALS AND METHODS

Yeast strains and genetic methods. Standard methods were used for transfor-
mation (22) and genetic manipulation (32) of yeast strains. Methods used for
testing sensitivity to the amino acid analogs 3-aminotriazole (3-AT) and 5-fluoro-
pL-tryptophan (5-FT) have been described previously (18). The yeast strains used
in this work were H1402 (MAT« leu2-3 leu2-112 ura3-52 inol) (14), H1608
(MATo leu2-3 leu2-112 ura3-52 inol GCN2°-M719V-E1537G HIS4-lacZ) (28),
H1489 (MAT« leu2-3 leu2-112 ura3-52 gen3°-R104K) (14), H1728 (MAT« leu2-3
leu2-112 ura3-52 ged6-1) (3), BJ1995 (MATa leu2 ura3-52 trpl gal2 pep4-3 prbl-
1122) (23), GP3040 (MATa leu2-3 leu2-112 ura3-52 trp1-A63 gcd2A::hisG bearing
plasmid pCP62 containing URA3 and GCD2) (27), and GP3153 (MATa leu2-3
leu2-112 ura3-52 trpI1-A63 gen3A::LEU2) (27). Strain H2526 (MAT o leu2-3 leu2-
112 ura3-52 inol HIS4-lacZ gecn2A) was constructed by a two-step gene disrup-
tion of GCN2 in strain H1402 as follows. Plasmid p1144, an integrating URA3
plasmid containing a gen2A allele (10), was digested with BstEIl and used to
transform H1402 to Ura™. The transformants were grown on 5-fluoroorotic acid
plates (29), and strain H2526 was isolated as a Ura~ derivative showing a
3-AT-sensitive phenotype. Strains H1402, H1608, H1489, and H2526 are iso-
genic.

The various plasmid-borne HA-GCD?2 alleles shown in Fig. 8A were tested for
complementation of the lethal phenotype of a chromosomal deletion of GCD2
by introducing them into strain GP3040, containing chromosomal gcd2A and
GCD2 on a URA3-containing plasmid, and culturing the resulting transformants
on 5-fluoroorotic acid plates. Only the transformants containing hemagglutinin
gene (HA)-tagged GCD2(A4-26) or a plasmid bearing untagged GCD2 were able
to grow on 5-fluoroorotic acid medium, indicating that the episomal wild-type
GCD?2 was essential for growth in the strains containing truncations in GCD2 to
residue 189, 288, or 403.

Plasmids. pRS425 and pRS426 are 2um plasmids described previously (6) and
pJB115 (3). Plasmid p1873 is a derivative of pRS425 containing GCDI and
GCD6, p1871 is a derivative of pRS426 that contains GCD2, GCD7, and GCN3,
and p1872 contains only GCD2 and GCD7. All three plasmids were described
previously (11). Plasmid p1421 (9) encoding human PKR-K296R mutant kinase
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was described previously. Plasmid p1545, encoding wild-type PKR, was con-
structed by inserting the Apal-Pst] fragment containing PKR isolated from p1420
(9) between the Apal and PstI sites of pRS425 (28a). Plasmid p2298 was con-
structed by ligating the 2.1-kb Eagl-EcoRI GCD7 fragment (11) with the 4.0-kb
EcoRI-BamHI GCN3 fragment from Ep69 (14) and Eagl-BamHI-digested
pRS426. p2299 was constructed by removing GCD7 from p1871 by digesting with
Spel and then religating the 1.9-kb GCN3 fragment with the 8.0-kb fragment
containing GCD2 and the pRS426 vector DNA. p2297 was made by religating
Notl-cleaved p1871 to remove GCD7 and GCN3. p2304 was created by digesting
p1871 with Nhel and Xhol to remove GCD2 and GCD?7, end filling the fragment
with Klenow polymerase, and religating. p2305 was created by digesting p2298
with EcoRI to remove GCN3 and leave only GCD?7. p1874, was constructed by
subcloning the 2.6-kb Eagl-Clal GCD?2 fragment into pRS425.

Plasmids p1875, p1876, p1877, and p1878 were derived from p1874 by pro-
gressive truncation of the GCD2 coding sequences from the N terminus, begin-
ning with the fourth codon, and fusion of the hemagglutinin (HA) epitope tag
(13) at the deletion junction. Construction of these plasmids involved the fol-
lowing four steps: (i) isolation of a 126-bp Bg/II-PstI fragment containing 61 bp
of the 5’ untranslated leader of GCD2 mRNA, the first three codons (Met-Ser-
Gly) of GCD2, and the coding sequences for the HA epitope (Tyr-Pro-Tyr-Asp-
Val-Pro-Asp-Tyr-Ala) (this fragment was prepared by PCR amplification of the
5" region of GCD2 by using the top-strand primer D2 [S’"GATAATCAGC
GTAAGTGCAT AAGATC3' {italics indicate a portion of the Bg/II site}] and
the bottom-strand primer D2HA [5'GTCCCGGAT CCTGCAGCGT AATCTG
GAAC ATCGTATGGG TAGCCGCTCA TAGCAATTTG ATTATCGACG
C3' {boldface and underlining indicate the sequences encoding the first three
amino acids of GCD2 and the HA epitope, respectively}]); the PCR-amplified
fragment was digested with Bg/II and PstI); (ii) isolation of 9.0- and 9.5-kb
fragments produced by digesting p1874 completely with Bg/II and partially with
Pstl; (iii) ligating the 126-bp PCR-amplified DNA with the 9.0- and 9.5-kb DNA
fragments described in step ii to create p1875 and p1876, respectively; and (iv)
confirming the sequence of the 126-bp PCR-amplified fragments in p1875 and
p1876 by the dideoxyribonucleotide chain termination method (31). p1877 was
derived from p1875 by digestion with PstI and BamH]I, end filling with Klenow
fragment in the presence of dGTP, dATP, and dTTP (dCTP was omitted to
produce an in-frame fusion at the deletion junction in the GCD2 coding se-
quence), and religation. p1878 was constructed by digesting p1875 with Ndel and
Pst1, end filling with Klenow fragment in the absence of deoxyribonucleotide
triphosphates (in order to construct an in-frame fusion at the deletion junction
in GCD?2), and religation. p2234, which encodes residues 1 to 323 of Escherichia
coli TrpE fused to residues 136 to 288 of GCD2, was produced by BamHI and
Clal digestion of p748 (26), end filling with Klenow fragment in the presence of
all four deoxyribonucleotide triphosphates, and religation. p1999 was con-
structed by inserting the 4.0-kb EcoRI-BamHI GCN3 DNA fragment (14) into
pRS425. Plasmid p2339 was made by subcloning the 8.0-kb Sa/I-Xbal fragment
containing the GCN2°-516 allele from p1056 (28) onto the low-copy-number
TRPI plasmid pRS314 (33).

Immunoblot analysis of strains overexpressing subunits of eIF2B. Transfor-
mants of strain H1402 containing the appropriate plasmids were grown in SD
medium supplemented with leucine, isoleucine, valine, and inositol at 30°C to an
optical density at 600 nm of ca. 1. Five milliliters of 100% (wt/vol) trichloroacetic
acid was added to 20 ml of culture to minimize the proteolysis; the cultures were
placed on ice with occasional shaking for 5 min. The cells were collected by
centrifugation at 4,000 X g and broken by vortexing with glass beads for 2 min in
400 pl of lysis buffer (20 mM Tris-HCI [pH 7.5], 100 mM KCI, 30 mM MgSO,,
1 mM dithiothreitol) as described previously (8). The lysates were cleared by
centrifugation at 10,000 X g and neutralized by addition of 1/4 volume of 1 M
Tris-HCI (pH 9.0). The protein concentrations in the extracts were determined
by the Bradford method (1), using a dye reagent purchased from Bio-Rad and
bovine serum albumin as the standard. Fifty micrograms of each extract was
fractionated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) (10% gel), transferred to a nitrocellulose filter, and probed with anti-
bodies as described in the legend to Fig. 2.

Isoelectric focusing PAGE analysis of eIF2a phosphorylation. Strain H1608
transformed with high-copy-number plasmids encoding different eIF2B subunits
were grown for 7 h in liquid SD medium supplemented with leucine and inositol.
Total protein extracts were prepared and subjected to isoelectric focusing slab
gel electrophoresis exactly as described previously (10) and then subjected to
immunoblot analysis using antibodies against eIF2a and an ECL (enhanced
chemiluminescence) detection kit (Amersham) as instructed by the vendor.

Expression of TrpE-GCD2 fusion protein and affinity purification of GCD2
antibodies. The insoluble form of the TrpE-GCD?2 fusion protein encoded by
p2234 was isolated from E. coli RR1 as described elsewhere (24). Seven hundred
micrograms of protein extract was separated by SDS-PAGE, using an 8-cm-wide
10% gel, and transferred to a nitrocellulose membrane. Antibodies directed
against GCD?2 residues 136 to 288 were purified from 250 pl of crude GCD2-
specific antiserum (26), using a 1-cm? nitrocellulose membrane containing ca.
180 pg of the TrpE-GCD2 fusion protein, as described elsewhere (12).

Coimmunoprecipitation analysis of overexpressed eIF2B subunits. One-hun-
dred-milliliter cultures of yeast strains carrying different high-copy-number plas-
mid(s) were grown in SD medium containing supplements described in the figure
legends to an optical density at 600 nm of ca. 1.0. Cells were harvested, resus-
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pended in 750 wl of lysis buffer (20 mM Tris-HCI [pH 7.5], 100 mM KCI, 30 mM
MgSO,, 1 mM dithiothreitol) containing protease inhibitors (1 mM phenylmeth-
ylsulfonyl fluoride, pepstatin A [0.7 wg/ml], leupeptin [1 wg/ml], and aprotinin [1
wg/ml]) as described previously (8), and disrupted by three 40-s bursts with 1-min
intervals between each burst in a Braun homogenizer (8). The whole-cell extracts
were cleared by centrifugation at 22,000 X g for 10 min. For coimmunoprecipi-
tations, 0.1 g of protein A-Sepharose CL-4B beads (Pharmacia) was swollen in
100 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES; pH 7.5)
containing 1 mg of bovine serum albumin per ml. The beads were washed three
times with 2 ml of binding buffer (20 mM Tris-HCI [pH 7.5], 50 mM KCl, 0.1%
Triton X-100) and resuspended in 2 ml of binding buffer. Twenty micrograms of
affinity-purified GCD?2 antibody specific for GCD2 residues 136 to 288 or 20 pg
of monoclonal antibody 12CAS5 against the HA epitope (Bochringer Mannheim)
was incubated with 40 ul of protein A-Sepharose beads (Pharmacia) in 200 wl of
binding buffer for 1 h at room temperature with rocking. The beads were
collected by centrifugation for 5 s and washed twice with 500 pl of binding buffer.
Whole-cell extracts were added to 40 pl of beads that had been prebound with
antibodies, and the total volume of the sample was brought to 200 wl with Co-IP
buffer (20 mM Tris-HCI [pH 7.5], 75 mM KCl, 15 mM MgSO,, 1 mM dithio-
threitol, 0.05% Triton X-100) containing protease inhibitors as described above.
The mixtures were incubated at 4°C for 2 h with rocking, and the beads were
allowed to sediment by gravity for 10 min and then subjected to three washes,
each time using 500 pl of Co-IP buffer, rocking for 1 min, and collecting the
beads by centrifugation in a CAPSULE HF-120 microcentrifuge (Tomy Seiko
Co.) for 5s. Whole-cell extracts, pellet, and supernatant fractions were subjected
to SDS-PAGE (10% gel), blotted to a nitrocellulose membrane (Novex Inc., San
Diego, Calif.), and probed with antibodies against the yeast eIF2B and elF2a
subunits as described previously (4, 8, 11). The immunoblots were developed
with %I-labeled protein A (2) or by using an ECL kit from Amersham as in-
structed by the vendor.

RESULTS

Overexpression of GCD2, GCD7, and GCN3 reduced the
inhibitory effect of eIF2 phosphorylation on cell growth. To de-
termine whether overexpressing individual subunits of eIF2B,
or different combinations of the subunits, would rescue the
native eIF2B complex from the inhibitory effects of phosphor-
ylated elF2, we constructed high-copy-number plasmids en-
coding one or more subunits of eIF2B and introduced them
into a yeast strain (H1608) containing the constitutively acti-
vated protein kinase encoded by the GCN2°-M719V, E1537G
allele. This strain exhibits a severe slow-growth phenotype that
can be attributed to a general inhibition of translation initia-
tion in response to high-level phosphorylation of eIF2 (28). In
accordance with our previous results (11), introducing the
genes encoding all five subunits of eIF2B, or all four essential
subunits of eIF2B (excluding GCN3), on high-copy-number
plasmids into strain H1608 greatly decreased the toxic effects
of the GCN2° allele on cell growth (Table 1). All five subunits
were found to be comparably overexpressed in these two types
of transformants at a steady-state level ca. fivefold-greater than
the wild-type level (11). We found that increasing the gene
dosage for each of the subunits individually had no significant
effect on the growth rate of H1608; however, three novel com-
binations of multicopy genes that partially suppressed the
growth-inhibitory effects of the GCN2¢ allele were identified:
GCD2, GCD7, GCD6, and GCN3; GCD2, GCD7, and GCN3;
and GCD2 and GCD7 (Table 1 and Fig. 1). Various other
combinations of eIF2B subunit genes were tested and found to
confer no significant growth stimulation in H1608 (Table 1 and
Fig. 1). Two of the three novel suppressing gene combinations
have GCD2, GCD7, and GCN3 in common, and all three have
GCD2 and GCD7. These findings suggested that GCD2,
GCD7, and GCN3 might form an eIF2B subcomplex that can
interact with phosphorylated eIF2 and prevent it from inhib-
iting the native eIF2B complex. The suppressor activity of the
combination of high-copy-number GCD2 and GCD7 could
indicate that these proteins form a heterodimer that also can
interact with eIF2(aP); alternatively, they might titrate GCN3
from the native eIF2B complex, leaving the four-subunit form
of eIF2B that is less sensitive to eIF2(aP).
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TABLE 1. Effects of overexpression of eIF2B subunits on cellular
growth rate in a yeast strain containing an activated GCN2° kinase”

. Overexpressed eIF2B Relative
Plasmid(s) sfbunit(s) growth rate?
pRS426 None 6+¢
pRS426 None 1+
pl871 GCD2, GCD7, GCN3 3+
p1872 GCD2, GCD7 3+
p2299 GCD2, GCN3 1+
p2298 GCD7, GCN3 1+
p2297 GCD2 1+
p2305 GCD7 1+
p2304 GCN3 1+
p2301 GCD1 1+
p2300 GCD6 1+
p2302 GCD1, GCD6 1+
p2303 GCD1, GCD6, GCD2 1+
p1873, p2299 GCD1, GCD6, GCD2, GCN3 1+
pl871, pJB115 GCD2, GCD7, GCN3, GCD6 3+
p1873, p1872 GCD1, GCD6, GCD2, GCD7 5+

p1873, p1871

¢ Strain H1608 containing GCN2°-M719V, E1537G was transformed with high-
copy-number plasmids encoding the indicated eIF2B subunits or with empty
vector pRS426, and the relative growth rates of the transformants were deter-
mined by examining colony size as described for Fig. 1.

? 6+, 5+, 4+, 3+, and 1+ designate colony sizes of ca. 1.5, 1.3, 1.1, 0.8, and
0.2 mm in diameter, respectively.

¢ Relative growth rate of the isogenic wild-type GCN2 strain H1402 examined
as a control.

GCD1, GCD6, GCD2, GCD7, GCN3 4+

Using immunoblot analysis, we verified that GCD2, GCD7,
and GCN3 were comparably overexpressed in various trans-
formants bearing combinations of only these three genes on
high-copy-number plasmids. As expected, GCD1 and GCD6
were produced at wild-type levels in these particular strains
(Fig. 2; compare lanes 1 to 5). Thus, the fact that introducing
plasmids containing only GCD2 and GCN3, or only GCD7 and
GCN3, did not suppress the toxic effects of eIF2 phosphoryla-
tion cannot be explained by the failure to overproduce the
relevant proteins. Similarly, GCD1 and GCD6 were compara-
bly overproduced in the transformant bearing only the genes
encoding these two subunits in high copy number (Fig. 2, lane
8), indicating that GCD1 and GCD6 cannot form a complex
that neutralizes the toxicity of a GCN2¢ allele. By probing
different amounts of the protein extracts, we estimated that
GCD2, GCD7, and GCN3 were each overproduced ca. seven-
fold in the strain containing all three genes on high-copy-
number plasmids (see Fig. 7A).

An alternative explanation for our results could be proposed
in which overexpressing GCD2 and GCD7, or GCD2, GCD7,
and GCN3, would increase the level of the four- or five-subunit
functional eIF2B complexes rather than producing a subcom-
plex that neutralizes eIF2(aP). In one variation of this model,
GCD1 and GCD6 would normally be synthesized in higher
molar amounts than the other three subunits, and when
GCD2, GCD7, and GCN3 were overproduced, the excess
GCD1 and GCD6 would be utilized to form greater amounts
of five-subunit eIF2B instead of being turned over. This pos-
sibility was eliminated by the results in Fig. 2 showing that
overproduction of GCD2, GCD7, and GCN3 did not lead to a
detectable increase in the steady-state amounts of GCD1 and
GCD6. In a second variation, GCD1 and GCD6 would be
overproduced relative to the other subunits in wild-type cells,
but the excess proteins not incorporated into eIF2B would be
stable in the cytoplasm. In this case, we would not expect to see
an increase in GCD1 and GCD6 protein levels when GCD?2,
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GCD?7, and GCN3 were overproduced (as shown in Fig. 2) and
more five-subunit e[F2B was formed from the putative pools of
monomeric GCD1 and GCD6. One argument against this pos-
sibility comes from the fact that the majority of all five subunits
of eIF2B can be coimmunoprecipitated from wild-type cells by
using antibodies specific for GCD6 (4, 8), GCD2 (8), or GCD1
(7). These previous results are inconsistent with the idea that
GCD1 and GCD6 are normally produced in excess of the other
subunits and exist independently of five-subunit eIF2B. In ad-
dition, if overexpression of GCD2, GCD7 and GCN3 led to
higher levels of five-subunit eIF2B, there should have been
increased amounts of GCD1 and GCD6 coimmunoprecipitat-
ing with GCD2, GCD7, and GCN3 in strains overexpressing
only the latter three proteins. As shown below (Fig. 5A), this
was not the case.

A third alternative explanation for our findings is that
GCD2, GCD7, and GCN3 can form a trimeric subcomplex that
catalyzes guanine nucleotide exchange on elF2. Thus, overpro-
ducing these three proteins alone would increase the level of
elF2B recycling activity without increasing the concentration
of five-subunit eIF2B. Genetic data inconsistent with this pos-
sibility are that deletions of GCDI (16) or GCD6 (3) are lethal,
and numerous conditional lethal mutations in GCDI and
GCDG6 increase GCN4 expression at the permissive tempera-
ture, indicative of a reduction in eIF2 recycling. The ged6-1
mutation is lethal at 36°C and, as shown in Fig. 3A, leads to a
slow-growth phenotype (Slg™) at 30°C (3). It could be pro-
posed that GCD6 is not essential for catalytic activity and the
ged6-1 mutation reduces elF2B function primarily by destabi-
lizing the complex and decreasing the steady-state levels of the

;r 3 H.C.GCD7
\Y /b A\ H.C.GCN3

H.C.GCD2 .C.GCD2
H.C.GCD7 ‘C.GCD7
H.C.GCN3
H.C.GCD2
H.C.GCN3
wT
v \\ H.c.GeD7
cD2 .’ H.C.GCN3

H.C.GCD2

FIG. 1. Cooverexpression of GCD2, GCD7, and GCN3 or just GCD2 and
GCD7 alleviates the slow-growth phenotype associated with a constitutively
activated form of protein kinase GCN2. Strain H1608 bearing the chromosomal
GCN2°-M719V, E1537G allele was transformed with high-copy-number (H.C.)
plasmids encoding the indicated eIF2B subunit gene(s) or with empty vector (V).
Isogenic GCN2 strain H1402 was transformed with empty vector to provide a
wild-type control (WT). The transformants were streaked on minimal SD me-
dium supplemented with leucine, isoleucine, valine, and inositol and incubated at
30°C for 3 days. The high-copy-number plasmids were p1871 (GCD2, GCD7,
GCN3), p2297 (GCD2), p1872 (GCD2, GCD7), p2298 (GCD7, GCN3), p2299
(GCD2, GCN3), p2304 (GCN3), p2305 (GCD7), and pRS426 (V).
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FIG. 2. Immunoblot analysis of overexpressed eIF2B subunits. Strain H1402
bearing high-copy-number (H.C.) plasmids containing the genes indicated at the
top (by + or —) were grown in liquid SD medium supplemented with leucine,
isoleucine, valine, and inositol, and whole-cell extracts were prepared. Fifty
micrograms of protein from each extract was fractionated by SDS-PAGE (10%
gel) and transferred to a nitrocellulose membrane. Two identical filters were
prepared, and each was cut in half at the position corresponding to 50 kDa. The
top half of one filter was probed with antibodies specific for GCD6 (at 1:1,000
dilution) and GCD1 (at 1:200 dilution), and the bottom half was probed with
antibodies against GCN3 (at 1:50 dilution). The top half of the second filter was
probed with antibodies against GCD2 (at 1:1,000 dilution), and the bottom half
was probed with antibodies against GCD7 (at 1:250 dilution) and eIF2a (at
1:1,000 dilution). The proteins detected with the different antisera are indicated
to the left of the corresponding panels.

GCD2, GCD7, and GCN3 subunits which would comprise the
catalytic domain. If this were true, then the high-copy-number
plasmids encoding these three proteins might provide sufficient
levels of recycling activity to suppress the Slg~ phenotype of
the gcd6-1 mutant. As shown in Fig. 3A, this was not the case.
Thus, whereas overexpressing GCD2, GCD7, and GCN3 re-
duced the toxic effects of eIF2 phosphorylation on eIF2B func-
tion (Table 1 and Fig. 1), it did not compensate for the reduc-
tion in activity caused by a mutation in a different subunit of
elF2B.

An additional argument against the idea that GCD2, GCD?7,
and GCN3 can recycle elF2 independently of the other sub-
units of eIF2B is that overexpressing these three subunits in a
strain lacking GCN2 actually appeared to decrease, rather than
increase, elF2 recycling. Mutants lacking GCN2 are unable to
derepress GCN4 translation and amino acid biosynthetic genes
under GCN4 control in response to amino acid starvation;
consequently, they cannot grow on medium containing 3-AT,
an inhibitor of histidine biosynthesis. The inability to derepress
GCNA4 translation and the attendant 3-AT sensitivity in gcn2A
mutants are suppressed by recessive mutations in subunits of
elF2B that are thought to decrease elF2 recycling indepen-
dently of elF2(aP). Because they constitutively derepress
amino acid biosynthetic genes under GCN4 control, gcd mu-
tations also confer increased resistance to the tryptophan an-
alog 5-FT in both GCN2 and gcn2A backgrounds. We found
that overexpressing GCD2, GCD7, and GCN3, or just GCD2
and GCD7, partially suppressed the 3-AT-sensitive phenotype
of a gen2A strain and led to 5-FT resistance in both GCN2 and
gen2A strains (Fig. 3B). Because these phenotypes are hall-
marks of loss-of-function mutations in eIF2B, we conclude that
overexpressing GCD2, GCD7, and GCN3 or just GCD2 and
GCD7 leads to a modest decrease in recycling of eIF2 in gen2A
strains and in GCN?2 cells under nonstarvation conditions. This
probably occurs by the formation of defective incomplete com-
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FIG. 3. Genetic evidence that overexpression of GCD2, GCD7, and GCN3
or just GCD7 and GCN3 does not increase recycling of eIF2. (A) Effect of
overexpression of eIF2B subunits on the growth rate of ged6-1 strain H1728.
H1728 was transformed with the following high-copy-number (H.C.) plasmids
encoding eIF2B subunits: p1871 (GCD2, GCD7, GCN3), p1872 (GCD2, GCD7),
p2298 (GCD7, GCN3), p2299 (GCD2, GCN3), p2297 (GCD2), p2304 (GCN3),
and p2305 (GCD7). The transformants were streaked on SD medium supple-
mented with isoleucine, leucine, valine, and inositol and incubated at 30°C for 4
days. WT, H1728 transformed with plasmid p2300 containing GCD6 to show the
wild-type growth rate; V, H1728 transformed with empty vector pRS426 to show
the slow-growth phenotype of ged6-1. (B) Isogenic GCN2 (WT) and gen2A (A)
strains transformed with high-copy-number plasmid p1871 (row 2) or p1872 (row
3), carrying the indicated eIF2B subunit genes, or with empty vector pRS426
(row 1) were grown to confluence on SD medium supplemented with leucine,
isoleucine, valine, and inositol and replica plated on the same medium (SD) or
on medium supplemented with 10 mM 3-AT (SD + 3-AT) or 0.5 mM 5-FT
(SD + 5-FT). The 3-AT and 5-FT plates were incubated for 3 days at 30°C; the
SD plate was incubated for 1 day at 30°C.

plexes containing GCD2, GCD7, and GCD6 (lacking GCD1)
or containing GCD2, GCD7, and GCD1 (lacking GCD®6).

It was conceivable that overexpressed GCD2, GCD7, and
GCN3 formed a complex that interacted with eIF2 in a way
that reduced phosphorylation of the « subunit by GCN2. To
eliminate this possibility, we used isoelectric focusing PAGE to
measure the ratios of phosphorylated to nonphosphorylated
elF2a in GCN2° strains overexpressing different eIF2B sub-
units. As shown in Fig. 4 (lane 4), ca. 50% of the eIF2a was
phosphorylated in the strain transformed with vector alone and
in strains overexpressing GCD2 (lane 3), GCD2 and GCN3
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FIG. 4. Analysis of eIF2a phosphorylation in the GCN2°-M719V, E1537G
strain overexpressing eIF2B subunits. Strain H1608 was transformed with high-
copy-number plasmids encoding the indicated eIF2B subunits and grown under
nonstarvation conditions in liquid SD supplemented with leucine, isoleucine,
valine, and inositol. Total-protein extracts were prepared and subjected to iso-
electric focusing PAGE followed by immunoblot analysis using antibodies
against eIF2a. The hyperphosphorylated form of eIF2a migrated above the
basally phosphorylated species (eIF2a). An extract from strain H2429 (35) ex-
pressing eIF2a containing Ala in place of Ser at position 51 was included to show
the position of basally phosphorylated eIF2a (lane 1). The following high-copy-
number plasmids were present in the transformants: p2304, (GCN3; lane 2),
p2297 (GCD2; lane 3), pRS426 (vector [V]; lane 4); p2299 (GCD2, GCN3; lane
5); p2298 (GCD7, GCN3; lane 6); p1872 (GCD2, GCD7; lane 7), and p1871
(GCD2, GCD7, GCN3; lane 8).

(lane 5), and GCD7 and GCN3 (lane 6). In the strains over-
expressing GCD2 and GCD7 (lane 7) or GCD2, GCD7, and
GCN3 (lane 8), the proportion of phosphorylated eIF2 was
increased slightly, eliminating the possibility that overexpress-
ing these combinations of subunits decreases eIF2 phosphor-
ylation. An increase in eIF2a phosphorylation has also been
observed in strains bearing GCD7 or GCD2 mutations that
overcome elF2(aP) toxicity (9, 27, 35).

Biochemical evidence for the formation of an eIF2B sub-
complex containing GCD2, GCD7, and GCN3. We next sought
biochemical evidence that the excess GCD2, GCD?7, and
GCN3 produced in cells overexpressing these three proteins
formed an eIF2B subcomplex. Toward this end, we immuno-
precipitated whole-cell extracts with affinity-purified antibodies
against GCD2 and probed the immune complexes and super-
natants with antibodies against each of the eIF2B subunits. As
shown in Fig. 5A (lane 4), the GCD2-specific antibodies im-
munoprecipitated the majority of the GCD2 and GCD7 and
ca. 50% of the GCN3 present in the extract. If the excess
GCD7 and GCN3 were not complexed with GCD2, then an-
tibodies against GCD2 should have immunoprecipitated only
the amounts of GCD7 and GCN3 present in the five-subunit
form of eIF2B, which are barely visible in the pellet fractions
obtained from wild-type extracts (Fig. 5A, lane 3). Instead, the
GCD2 antibodies immunoprecipitated GCD7 and GCN3 from
the strain overexpressing all three proteins (lane 4) far in
excess of the amounts coimmunoprecipitated with GCD2 from
the wild-type strain. These are the results expected if the excess
GCD2, GCD7, and GCN3 coexist in the same subcomplexes.
The interaction between GCD2 and GCD7 in the subcomplex
was found to be stable in buffers containing between 75 and
400 mM KCl (data not shown). In a control experiment, anti-
bodies against GCD6 were used to immunoprecipitate eIF2B
from these extracts, and as expected, all five subunits of eIF2B
were coimmunoprecipitated with GCD6. Importantly, essen-
tially the same amounts of GCD2, GCD7, and GCN3 were
coimmunoprecipitated with GCD6 from the extracts contain-
ing overexpressed amounts of these three proteins or from
wild-type extracts (data not shown). These results indicate that
the bulk of the overexpressed GCD2, GCD7, and GCN3 pro-
teins are present in complexes that do not contain GCD6.

To confirm the results of the preceding experiments, we
carried out a similar coimmunoprecipitation analysis using a
strain which overexpresses a mutant GCD2 protein lacking
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FIG. 5. Coimmunoprecipitation of overexpressed GCD2, GCD7, and GCN3.
Transformants of strain BJ1995 bearing high-copy-number plasmids for overex-
pressing GCD2, GCD7, and GCN3 or control plasmids were grown in liquid SD
medium supplemented with tryptophan and leucine (A) or only tryptophan (B),
and whole-cell extracts were prepared. Immunoprecipitations were performed
either with affinity-purified antibodies against GCD2 that recognize residues 136
to 288 in the N-terminal region of the protein (A) or with monoclonal antibodies
against the HA epitope (B). Fifty micrograms of whole-cell extract (Input), the
immune complexes isolated from 50 pg of extract (Pellet), and the supernatant
fractions corresponding to 25 pg of starting extract (Supernatant) were subjected
to SDS-PAGE (10% gel) and immunoblot analysis as described in Materials and
Methods and the legend to Fig. 2. The antisera used in the immunoblot analysis
are shown to the left of each panel. (A) H.C.: +, transformant bearing high-
copy-number plasmid p1871 containing GCD2, GCD7, and GCN3 (lanes 2, 4,
and 6); —, transformant bearing empty vector pRS426 (lanes 1, 3, and 5). We
routinely observed a decrease in mobility of the proteins in the pellet fractions
versus the input fractions, which we attribute to the high levels of immunoglob-
ulin G present in the pellet fractions. GCD2 shows an additional decrease in
mobility which may reflect a covalent modification of the protein during the
immunoprecipitations. We found that the N-terminal 30% of GCD2 was re-
quired to observe this alteration (data not shown). (B) H.C.: +, transformant
bearing high-copy-number plasmids p2298 and p1874 (lanes 2, 5, and 8) con-
taining GCD7, GCN3, and GCD?2 (lacking the HA epitope) or p2298 and p1876
(lanes 3, 6, and 9) containing GCD7, GCN3, and HA-GCD2(A4-26); —, trans-
formant bearing empty vectors pRS425 and pRS426 (lanes 1, 4, and 7). HA-
TAG: —, transformant expressing untagged GCD2; +, transformant expressing
HA-tagged GCD2. In panel B, the amounts of several of the proteins in the
pellet and supernatant fractions did not add up to the input amounts in the
starting extract. This could be attributed to losses from the pellet fractions during
the washing steps or to degradation during the immunoprecipitations. We favor
the former because this phenomenon was not observed using antibodies against
GCD2; in addition, the efficiency of immunoprecipitation of HA-tagged GCD2
with anti-HA antibodies was less efficient than with anti-GCD2 antibodies, sug-
gesting that the immune complexes obtained with anti-HA antibodies are less
tightly bound to the protein A beads.
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amino acids 4 to 26 and containing the HA epitope tag at the
N terminus. The HA-GCD2(A4-26) and wild-type GCD?2 al-
leles were indistinguishable in their ability to complement a
ged2A mutation and to suppress the slow-growth phenotype of
GCN2° strains when overexpressed with GCD7 and GCN3
(data not shown). In addition, the HA-tagged and untagged
forms of GCD2 accumulated to similar levels when cooverex-
pressed with GCD7 and GCN3 (Fig. 5B, lanes 2 and 3). We
used monoclonal antibodies against the HA epitope to immu-
noprecipitate HA-GCD2(A4-26) and probed the pellet and
supernatant fractions with antibodies against GCD2 and each
of the other four subunits of e[F2B. Comparison of the pellet
and supernatant fractions in lanes 6 and 9 of Fig. 5B indicates
that the majority of the overexpressed HA-tagged GCD2 and
GCD7 were coimmunoprecipitated by HA antibodies, con-
firming that most of the excess amounts of these proteins were
complexed with one another in the overproducing strain. Com-
pared with what was seen for GCD7, a significantly smaller
fraction of GCN3 was coimmunoprecipitated with HA-tagged
GCD2; nevertheless, this amount of GCN3 was substantially
greater than the wild-type complement of GCN3 visible in
control extracts (compare signals for GCN3 in lanes 6 and 1 in
Fig. 5B). Thus, a significant fraction of the excess GCN3 was
also complexed with the HA-tagged form of GCD2 in the
overproducing strain. It is possible that the HA tag on GCD2
decreases the stability of the GCD2-GCD7-GCN3 subcom-
plex, leading to dissociation of an even larger fraction of GCN3
from the subcomplex during the washing steps of the immu-
noprecipitations than was seen with untagged GCD2 (Fig. 5A).

In the experiment shown in Fig. 5A, we also probed the
immunoprecipitates for the a subunit of eIF2 to examine the
possibility that the GCD2-GCD7-GCN3 subcomplex can sta-
bly interact with eIF2. In agreement with previous findings,
only a small fraction of elF2a coimmunoprecipitated with
GCD2 from the wild-type control extracts (Fig. 5A, lanes 3 and
5), reflecting the fact that eIF2 is present in large molar excess
over elF2B and that most of the eIF2 does not copurify with
elF2B (8). The same proportion of eIF2a was immunoprecipi-
tated with GCD2 antibodies from the extract containing over-
expressed GCD2, GCD7, and GCN3 as from the control wild-
type extracts (Fig. 5A, lanes 3 to 6). Thus, either eIF2 cannot
bind to the subcomplex containing GCD2, GCD7, and GCN3
or, as we suggest below, the interaction between the subcom-
plex and elF2 is too unstable or short-lived to detect in coim-
munoprecipitation experiments.

Evidence that cooverexpression of GCD2 and GCD7 titrates
the GCN3 subunit from eIF2B. The fact that overexpressing
only GCD2 and GCD7 suppresses the slow-growth phenotype
of the GCN2° allele (Fig. 1) could indicate that these two
proteins form a heterodimer that is capable of competing with
native eIF2B for interaction with eIF2(aP), in the same man-
ner proposed above for the GCD2-GCD7-GCN3 subcomplex.
This possibility was consistent with results from the coimmu-
noprecipitation experiments in Fig. 5, in which a greater frac-
tion of GCD7 than of GCN3 was coimmunoprecipitated with
GCD?2 from strains overproducing all three proteins. When we
examined coimmunoprecipitation of GCD7 with GCD2 from
strains overexpressing only these two proteins, however, we
found only a small fraction of the excess GCD7 coimmuno-
precipitating with GCD2 (data not shown). These results indi-
cate that either a GCD2-GCD?7 binary complex does not form
at high levels in vivo or it is less stable than the GCD2-GCD7-
GCN3 trimeric complex and dissociates in the course of the
coimmunoprecipitations.

If GCD2 and GCD7 formed a binary complex that competes
with eIF2B for binding eIF2(aP), then overexpressing GCD2
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FIG. 6. Genetic evidence that overexpression of GCD2 and GCD7 sup-
presses the toxicity of eIF2(aP) by stripping GCN3 from eIF2B. (A) Overex-
pression of GCD2 and GCD7 does not suppress the toxicity of the human
elF2(aP) kinase PKR in a gen3A strain. The gen3A strain GP3153 was trans-
formed with plasmid p1545 containing the cDNA encoding human PKR under
the control of a galactose-inducible promoter, or a derivative of this plasmid
encoding the catalytically defective mutant kinase PKR-K296R (p1421), and with
a high-copy-number (H.C.) plasmid bearing GCD2 (p2297), GCD2 and GCD7
(p1872) or no insert (pRS426). In addition, GP3153 was transformed with p2304
containing GCN3 and with the empty vector pRS424A. A transformant of each
strain was streaked on minimal medium containing 10% galactose as the carbon
source and incubated for 9 days at 30°C. (B) Overexpression of GCD2 and
GCD7 alleviates the slow-growth phenotype of gcn3°-R104K. Strain H1489 bear-
ing the chromosomal gcn3°-R104K allele was transformed with high-copy-num-
ber plasmids bearing the indicated genes (p2297, GCD2; p2305, GCD7; p1872,
GCD2 and GCD7) or with empty vector (V; pRS426). Transformants were
streaked on SD plates containing leucine, isoleucine, valine, and inositol and
incubated at 30°C for 2 days. WT, isogenic wild-type strain H1402 transformed
with empty vector pRS426.

and GCD?7 should suppress the toxicity of eIF2(aP) even in
strains lacking GCN3. We could not test this prediction in the
GCN2°-M719V, E1537G strain because deletion of GCN3 is
sufficient to suppress the slow-growth phenotype of this allele
(28). Therefore, we examined whether overexpressing GCD2
and GCD7 would reduce the toxicity of expressing the human
elF2(aP) kinase PKR in a gecn3A strain. As shown previously
(9), high-level expression of PKR in a wild-type strain was
lethal, whereas PKR expression in an isogenic gcn3A mutant
conferred a slow-growth phenotype (Fig. 6A). Thus, the four-
subunit form of eIF2B lacking GCN3 is less sensitive than
wild-type elF2B but is still susceptible to high levels of
elF2(aP) produced in yeast cells expressing PKR. Overexpres-
sion of GCD2 and GCD7 in the gcn3A strain did not reduce
the toxicity of PKR expression and in fact exacerbated the
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growth defect associated with eIF2 hyperphosphorylation (Fig.
6A). These results are inconsistent with the idea that overex-
pressing GCD2 and GCD7 suppresses the toxicity of elF2
phosphorylation by forming a heterodimer that competes with
elF2B for binding eIF2(aP). The fact that overexpressing
GCD2 and GCD7 in the gen3A strain exacerbated the toxicity
of PKR expression is in accordance with results described
above (Fig. 3) indicating that eIF2B function is reduced when
GCD2 and GCD7 are cooverexpressed, presumably because
elF2B is partially dissociated into nonfunctional subcomplexes.

The alternative hypothesis to explain the suppressor activity
of overexpressing GCD2 and GCD?7 is that these proteins can
titrate GCN3 from five-subunit eIF2B into the three-subunit
GCD2-GCD7-GCN3 subcomplex, leaving the four-subunit
elF2B complex that is less sensitive to eIF2(aP) (9, 14). We
reasoned that if this hypothesis was correct, then overexpres-
sion of GCD2 and GCD7 should suppress the slow-growth
phenotype associated with a GCN3 mutation that impairs
elF2B catalytic activity. The gen3°-R104K allele leads to slow
growth on rich medium (Fig. 6B) and 3-AT resistance in a
gen2A strain (14), characteristic of loss-of-function ged muta-
tions in essential subunits of eIF2B (17). Thus, it appears that
the gen3°-RI04K mutation interferes with the function of
elF2B even though a complete deletion of GCN3 does not. We
found that cooverexpression of GCD2 and GCD?7 partially
suppressed the slow-growth phenotype of the gen3°-R104K
strain, whereas overexpression of GCD2 or GCD7 alone had
little (GCD7) or no (GCD?2) effect on the growth rate of the
gen3°-R104K strain (Fig. 6B). These results are consistent with
the idea that cooverexpression of GCD2 and GCD7 leads to
removal of a fraction of GCN3 (or in this case the gen3°-R104K
product) from eIF2B and formation of the trimeric subcom-
plex. The weak suppression conferred by high-copy-number
GCD7 may indicate that excess GCD7 alone can titrate a
fraction of GCN3 away from eIF2B. This would be consistent
with the fact that GCD7 and GCN3 are the two most homol-
ogous subunits in eIF2B (3).

If cooverexpressing only GCD2 and GCD7 suppresses
elF2(aP) toxicity by titrating GCN3 from eIF2B, the same
mechanism might operate when overexpressing all three pro-
teins if GCD2 and GCD7 were overproduced to a greater
extent than was GCN3. In this event, the excess GCD2 and
GCD7 would titrate GCN3 from eIF2B and produce the four-
subunit form of eIF2B. To eliminate this possibility, we exam-
ined the effect of increasing GCN3 dosage further in a strain
overexpressing all three proteins. This was accomplished by
introducing a second high-copy-number plasmid bearing
GCN3 (p1999) into the strain containing the high-copy-num-
ber plasmid bearing GCD7, GCD2, and GCN3 (p1871). Im-
munoblot analysis confirmed that GCN3 was overexpressed in
the strain containing both p1999 and p1871 at ca. twofold-
higher levels than in the strain bearing p1871 alone (Fig. 7A;
compare the GCN3 signals in lanes 2 and 3 and lanes 5 and 6).
If the GCN2¢ allele was suppressed in the strain bearing p1871
as a result of titration of GCN3 from eIF2B by excess GCD2
and GCD7, then suppression should be abolished when the
level of GCN3 is doubled by introduction of p1999 together
with p1871. At odds with this prediction, we found that p1999
had no detectable effect on the ability of p1871 to suppress the
GCNZ2° allele (Fig. 7B). These results support our contention
that overexpressing GCD2, GCD7, and GCN3 suppresses the
GCN2° allele by forming a trimeric subcomplex that protects
native eIF2B from phosphorylated elF2.

Evidence that the C-terminal half of GCD2 is sufficient for
complex formation with GCD7 and GCN3. The regions of
GCD2 that are similar in sequence to GCD7 and GCN3 are

MoL. CELL. BIOL.

A s 5
TR o &
A &\-A Z ,;)'
ug | 100 II50II 15 ,
GCD2 — “ .
GCD7 — [
GCN3 — - -

GCD6 — ——
GCD1— @& .

elF2-0— wwamases %
123456

B WT

y H.C.GCD2

. H.C.GCD7

H.C.GCN3
H.C.GCD2 H.C.GCD2
H.C.GCD7 H.C.GCD7
2X H.C.GCN3

FIG. 7. Doubling the level of GCN3 does not alter suppression of the slow-
growth phenotype of a GCN2¢ allele by overexpressed GCD2, GCD7, and GCN3.
Strain H1608 bearing GCN2°-M719V, E1537G was transformed with high-copy-
number plasmid p1871 (containing GCD2, GCD7, and GCN3) and empty vector
pRS425 (H.C.; lanes 2 and 5), with p1871 plus p1999 (containing GCN3) (2XGCN3;
lanes 3 and 6), or with empty vectors pRS425 and pRS426 (V; lanes 1 and 5). (A)
Transformants were grown in liquid SD supplemented with isoleucine, valine,
and inositol, and the indicated amounts of whole-cell extracts (100, 50, or 15 pg)
were subjected to SDS-PAGE (10% gel) and immunoblot analysis using anti-
bodies against the proteins listed to the left of each immunoblot, as described in
the legend to Fig. 2. (B) The transformants of H1608 bearing the high-copy-
number plasmids containing the indicated genes or empty vectors (V) were
streaked on SD medium supplemented with isoleucine, valine, and inositol and
grown at 30°C for 3 days. Isogenic GCN2 strain H1402 transformed with empty
vectors was streaked in parallel to provide a wild-type growth control (WT).

restricted to the C-terminal half of the protein. We have sug-
gested that these three proteins directly interact with one an-
other in the eIF2B complex and that these interactions are
mediated by regions of sequence similarity among them (4, 20).
In an effort to test this prediction, we progressively truncated
HA-tagged GCD2 from the N terminus (Fig. 8A) and exam-
ined the phenotypes of overexpressing these N-terminal trun-
cations alone or in combination with GCD7 and GCN3. Im-
munoblot analysis revealed that removal of residues 4 to 189
from the N terminus of HA-tagged GCD2 did not reduce the
abundance of the protein relative to that of wild-type GCD2,
whereas truncations to position 288 or 403 reduced steady-
state amounts of the HA-tagged proteins to levels equal to
(A4-288) or below (A4-403) that of wild-type GCD2 (Fig. 8B).
Despite the low expression level for the A4-288 construct, it
displayed a strong dominant-negative phenotype in strains
overexpressing GCD7 and GCN3, as described next.
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FIG. 8. Analysis of N-terminal truncations of GCD2. (A) Dominant-negative phenotype of the HA-GCD2(A4-288) allele requires overproduction of GCD7 and
GCN3. Isogenic strains H2526 (gcn2A) and H1402 (GCN2) were transformed with high-copy-number (H.C.) plasmids carrying the GCD2 alleles indicated on the left.
The schematics depict the portion of GCD2 remaining in each allele, with shading used to indicate sequence similarity to GCD7 and GCN3. Strains also contained
high-copy-number plasmids containing GCD7 and/or GCN3, or empty vector, as indicated above the photographed results. The transformants were grown to confluence
on SD plates supplemented with isoleucine, valine, and inositol and replica plated to the same medium supplemented with 10 mM 3-AT. The plasmid-borne GCD2
alleles present in the various transformants were as follows: None, empty vector pRS425; WT (wild type) [1-651], p1874; HA-[A4-26], p1876; HA-[A4-189], p1875;
HA-[A4-288], p1877; and HA-[A4-403], p1878. V (vector), pRS426; H.C. GCD7, GCN3, p2298; H.C. GCD7, p2305; H.C. GCN3, p2304. (B) Immunoblot analysis of
N-terminally truncated GCD?2 proteins expressed from high-copy-number plasmids. The transformants of strain H2526 analyzed in panel A containing GCD7, GCN3,
and the indicated GCD2 truncations on high-copy-number plasmids were grown in liquid SD supplemented with isoleucine, valine, and inositol, and whole-cell extracts
were prepared. One hundred micrograms of protein was subjected to SDS-PAGE (10% gel) and immunoblot analysis using affinity-purified antibodies specific for the
C terminus of GCD2 (residues 288 to 651) and ECL to visualize the immune complexes. Molecular size markers are shown on the left.

We began by examining the truncated HA-tagged GCD2
proteins when overexpressed with GCD7 and GCN3 for sup-
pression of the slow-growth phenotype of the GCN2° allele.
Whereas the A4-26 truncation suppressed GCN2°-M719V,
E1537G indistinguishably from wild-type GCD2 when coover-
expressed with GCD7 or with GCD7 and GCN3, the more
extensively truncated GCD2 proteins lacked this suppressor
activity (data not shown). As shown in Fig. 8A, overexpressing
HA-GCD2(A4-189) alone strongly suppressed the 3-AT-sensi-
tive phenotype of the gcn2A allele, mimicking loss-of-function
ged2 mutations, whereas wild-type GCD2 and the A4-29 trun-
cation conferred only partial suppression (column 1, rows a to
d). Neither of the more extensively truncated proteins lacking
residues 4 to 288 or 4 to 403 suppressed the gcn2A allele when
expressed alone (Fig. 8A, column 1, rows a, e, and f). These
results suggested that the A4-189 truncated protein was func-
tionally impaired but could be incorporated into eIF2B in
place of wild-type GCD2, producing a defective form of the
recycling factor. We verified that the GCD2 alleles lacking
residues 4 to 189, 4 to 288, and 4 to 403 were nonfunctional by
showing that they could not rescue the lethality of a chromo-
somal deletion of GCD2; in contrast, strains containing wild-
type GCD2 or the HA-GCD2(A4-26) construct as the only
GCD?2 allele had indistinguishable growth rates (see Materials
and Methods).

With the exception of the A4-288 construct, the phenotypes
of the GCD?2 truncations were not significantly altered from
those just described when examined in the presence of either
high-copy-number GCD7 or GCN3 (Fig. 8A, columns 2 to 4
and rows c, d, and f). In contrast, the A4-288 construct failed to
suppress the 3-AT sensitivity of gcn2A in the strain overex-
pressing only GCD7 or GCN3 but strongly suppressed gcn2A
when GCD7 and GCN3 were also being overexpressed (com-
pare columns 1 to 4 in row e). To explain these last results, we
suggest that the A4-288 protein alone cannot compete with
wild-type GCD?2 for incorporation into the eIF2B complex;
however, it can interact with the excess GCD7 and GCN3

when these proteins are overproduced. The resulting trimeric
complex can titrate a fraction of GCD1 or GCD6 into non-
functional complexes, and the ensuing reduction in functional
elF2B leads to derepression of GCN4 translation (3-AT resis-
tance) in the absence of eIF2 phosphorylation in the gen2A
mutant.

If this interpretation is correct, we reasoned that it should be
possible to coimmunoprecipitate a fraction of the GCD1 or
GCD6 with the HA-GCD2(A4-288) truncated protein with
HA antibodies from extracts from the strain cooverexpressing
GCD7 and GCN3. Because this mutant protein does not ac-
cumulate to high levels, only a small fraction of the overpro-
duced GCD7 and GCN3 would be expected to coimmunopre-
cipitate with it. In contrast, none of GCD7, GCN3, GCD1, or
GCD6 should coimmunoprecipitate with this truncated GCD2
protein from extracts of the strain containing wild-type levels
of GCD7 and GCN3. These expectations were borne out by
the results shown in Fig. 9, showing that a small but significant
fraction of GCD1 and GCD6, and a much smaller proportion
of the excess amounts of GCD7 and GCN3, was coimmuno-
precipitated with HA-GCD2(A4-288) from extracts of the
strain overexpressing GCD7 and GCN3. These proteins were
not coimmunoprecipitated with the truncated GCD2 protein
from control extracts containing only wild-type levels of GCD7
and GCN3 (Fig. 9, lanes 6 and 7). We also observed that the
steady-state level of the A4-288 protein in the extracts and the
yield of this protein in the immunoprecipitations reproducibly
increased ca. twofold when GCD7 and GCN3 were overex-
pressed (Fig. 9, lanes 3, 4, 6, and 7). In contrast with these
results, the A4-189 protein was coimmunoprecipitated with a
fraction of GCD1, GCD6, GCD7, and GCN3 in the absence of
overexpressed GCD7 and GCN3 (Fig. 9, lanes 8 and 9). These
data are in accordance with the finding that the A4-189 con-
struct has a dominant-negative phenotype in the presence or
absence of overexpressed GCD7 and GCN3 (Fig. 8A). The fact
that the A4-288 protein can complex with a fraction of GCD1
and GCD6 (Fig. 9) and reduce eIF2B function (Fig. 8A) only
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FIG. 9. Coimmunoprecipitation of N-terminally truncated GCD2 proteins
with other eIF2B subunits. Whole-cell extracts were prepared from transfor-
mants of strain BJ1995 bearing high-copy-number (H.C.) plasmid p2298 con-
taining GCD7 and GCN3, or the corresponding empty vector pRS426, and also
bearing p1874 (GCD?2), p1875 (GCD2-HA-[A4-189)), or p1877 (GCD2-HA[A4-
288]) containing the indicated GCD2 alleles or the corresponding empty vector
pRS425. Aliquots of extract containing 500 pg of protein were incubated with
protein A beads prebound with monoclonal antibodies against the HA epitope,
and the immune complexes were isolated and subjected to SDS-PAGE (10% gel)
and immunoblot analysis using antibodies against the proteins listed to the left of
each panel. The samples loaded in the lanes designated Input contained 83 g of
protein extract; those designated Pellet contained the immune complexes iso-
lated from 500 pg of protein extract. High-copy-number plasmids present in the
strains analyzed: lane 1, empty vectors pRS425 and pRS426; lanes 2 and 5, p2298
and p1874; lanes 3 and 6, p2298 and p1877; lanes 4 and 7, pRS426, p1877; lanes
8 and 9, pRS426 and p1875.

when GCD7 and GCN3 are overexpressed strongly suggests
that the C-terminal half of GCD2 can compete with wild-type
GCD2 for complex formation only after forming a trimeric
complex with GCD7 and GCN3. Thus, these findings support
the idea that GCD?2 interacts with GCD7 and GCN3 through
the regions of shared sequence similarity in the C-terminal half
of GCD2.

DISCUSSION

Evidence that GCD2, GCD7, and GCN3 comprise a regula-
tory domain required for the inhibition of eIF2B by elF2(aP).
A considerable body of genetic data indicating that the GCD2,
GCD7, and GCN3 subunits of eIF2B are structurally related
and carry out similar functions in mediating the inhibitory
effect of eIF2(aP) on eIF2B recycling activity has been ob-
tained. We have isolated point mutations in GCD2, GCD7, and
GCN3 that make elF2B completely insensitive to eIF2 phos-
phorylation without having a detectable effect on eIF2B cata-
Iytic activity (27, 35). These Gen™ regulatory mutations map to
similar locations in GCD2, GCD7, and GCN3, and some alter
homologous residues in two or even all three proteins, suggest-
ing that homologous structural elements in GCD2, GCD7, and
GCN3 carry out related functions in the regulation of eIF2B by
elF2(aP) (27). To explain these findings, we proposed that
GCD7, GCN3, and the C-terminal half of GCD2 directly in-
teract to form a regulatory domain in elF2B. Some of the
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homologous segments in these three proteins would mediate
specific contacts between eIF2B and eIF2(aP), allowing rec-
ognition of phosphoserine at position 51, while others could be
involved in distorting the catalytic site in eIF2B when phos-
phoserine is detected at position 51. Regions of sequence sim-
ilarity in the three proteins that are devoid of Gen™ regulatory
mutations might stabilize common tertiary structures or medi-
ate the interactions between the subunits (27).

The results presented in this report support several aspects
of this hypothesis. Our demonstration that overexpressed
GCD2, GCD7, and GCN3 form an eIF2B subcomplex in vivo
that can be immunoprecipitated from cell extracts (Fig. 5)
provides strong biochemical evidence that these proteins di-
rectly interact with one another in eIF2B. Formation of this
subcomplex led to a substantial reduction in the growth inhi-
bition associated with high levels of eIF2(aP) by a constitu-
tively activated form of GCN2 (Table 1 and Fig. 1). We con-
cluded that this subcomplex does not possess the ability to
catalyze the conversion of eIF2 - GDP to elF2 - GTP, and its
presence actually appears to lower elF2B activity in gen2A
cells, in which eIF2(aP) cannot be produced (Fig. 3B). Be-
cause the trimeric subcomplex rescued eIF2B function only
under conditions under which eIF2B was inhibited by phos-
phorylation of eIF2, we proposed that it directly interacts with
elF2(aP). According to our model, this interaction decreases
the frequency with which eIF2(aP) binds to native eIF2B and
thus enables the latter to recycle nonphosphorylated eIF2 at a
higher rate (Fig. 10, I to III).

Overexpression of wild-type GCD?2 alone or in combination
with GCD7 and GCN3 appeared to reduce eIF2B function in
a gen2A mutant in which there is no eIF2(«P) (Fig. 3B and
8A). We attribute this phenomenon to an imbalance of eIF2B
subunits that leads to dissociation of a fraction of eIF2B. For
example, overexpression of GCD2 alone could lead to the
formation of incomplete complexes containing GCD1 but lack-
ing GCD6, and other subcomplexes containing GCD1 but
lacking GCD6, in both cases reducing the abundance of five-
subunit elF2B. The reduction in eIF2B function caused by
subunit imbalance should diminish the ability of the GCD2-
GCD7-GCN3 subcomplex to rescue elF2B from inhibition by
elF2(aP). We suggest that in GCN2° mutants, the positive
effect of sequestering eIF2(aP) outweighs the negative effect
of subunit imbalance in dissociating a fraction of eIF2B. In
gen2A mutants, in which eIF2(aP) is absent, only the negative
effects of subunit imbalance are observed. A corollary of this
interpretation is that the ability of the trimeric subcomplex to
sequester e[F2(aP) may be underestimated by measurements
of growth rate in the GCN2° mutants since growth reflects a
balance between the positive and negative effects of overex-
pressing these three subunits on eIF2B function.

We found that cooverexpressing GCD2 and GCD7 sup-
pressed the slow-growth phenotype of the GCN2° mutant to
the same extent as when GCD2, GCD7, and GCN3 were
cooverexpressed. However, we were unable to demonstrate
high levels of a stable GCD2-GCD7 binary complex in the
strain overexpressing these two proteins alone. This led us to
suspect that overexpressing only GCD2 and GCD7 suppresses
the GCN2¢ allele by titrating GCN3 from native eIF2B into the
trimeric subcomplex, leaving the four-subunit form of eIF2B
that is relatively insensitive to eIF2(aP) (9). This conclusion is
consistent with the fact that the toxicity of the human elF2«a
kinase PKR could not be reduced by overexpression of GCD2
and GCD7 in a strain lacking GCN3 (Fig. 6A). It is also sup-
ported by our finding that overexpressing GCD2 and GCD7
reduced the growth-inhibitory effect of gcn3°-R104K, presum-
ably by stripping eIF2B of this inhibitory form of GCN3 and
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FIG. 10. Model explaining how overexpressing GCD2, GCD7, and GCN3 suppresses the toxicity of eIF2(aP). The heterotrimeric eIF2 complex is shown shaded
with a binding site for GDP or GTP on the vy subunit. The eIF2B complex containing GCD1, GCD6, GCD2, GCD7, and GCN3 is shown with GCD7, GCN3, and the
C-terminal half of GCD2 identically shaded to reflect similarities in their amino acid sequences. The latter three subunits are grouped together in eIF2B and shown
interacting with the o subunit of eIF2 on the basis of their sequence similarities, the mutations isolated in these three subunits that render eIF2B insensitive to eIF2(aP)
(27, 35), and the results presented in this report. GCD1 and GCD6 are shown interacting with one another because of sequence similarities between these two subunits
(3); the idea that they comprise the active site in eIF2B is hypothetical. The fact that the -y subunit of eIF2 (encoded by GCDI1) contains sequence motifs involved
in GTP binding and hydrolysis conserved among GTP-binding translation factors (e.g., EF-Tu) leads to the prediction that GCD11 contains the GTP-binding site on
elF2; therefore, it is shown interacting with the active site of eIF2B. I, the exchange of GDP for GTP on elF2 is catalyzed by eIF2B. II, the a subunit of eIF2 has been
phosphorylated on Ser-51 by GCN2 in 50% of the eIF2 molecules. Phosphorylated eIF2 is an inhibitor of eIF2B, shown here distorting the hypothetical active site
formed by the GCD1 and GCD6 subunits. This prevents the recycling of unphosphorylated eIF2. III, overexpression of GCD2, GCD7, and GCN3 leads to the formation
of an eIF2B subcomplex that can interact with eIF2(aP) and prevent it from binding to native eIF2B. This permits the latter to catalyze nucleotide exchange on
nonphosphorylated eIF2. IV, the gcn3°-R104K mutation alters GCN3 and the eIF2B complex in a way that mimics the inhibitory effect of eIF2(aP) on the eIF2B active
site, preventing recycling of nonphosphorylated eIF2. V, overexpression of GCD2 and GCD7 titrates the gcn3°-R104K protein from elF2B into the eIF2B subcomplex,
yielding the four-subunit form of eIF2B that is competent to recycle elF2.

sequestering it in trimeric complexes with GCD2 and GCD7
(Fig. 10, IV and V). The fact that overexpressing GCD2 and
GCD7 lessened the toxicity of gcn3°-R104K provides indepen-
dent evidence that GCD2, GCD7, and GCN3 can form a stable
subcomplex in vivo.

Essentially all of the eIF2B in the cell is found complexed

with eIF2 (8); however, only a fraction of eIF2 coimmunopre-
cipitates with eIF2B because the latter is present at 8- to
10-fold-lower amounts than is eIF2 (8) (Fig. 5). If the GCD2-
GCD7-GCN3 subcomplex and native eIF2B formed equally
stable complexes with elF2, then we might expect to find a
larger fraction of elF2a coimmunoprecipitating with GCD2
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FIG. 11. Proposed effects of expressing N-terminally truncated GCD2 proteins on elF2B complex formation. Each panel depicts schematically the truncated
HA-tagged GCD2 protein that is being expressed in yeast cells (shown on the far left) either alone (I and II) or in combination with GCD7 and GCN3 (III) and the
defective eIF2B subcomplexes that are expected to be present (shown on the far right), as determined from the immunoprecipitation experiments shown in Fig. 9. The
defective subcomplexes are generated by dissociation of native eIF2B, and the approximate amount of the wild-type complex predicted to remain is indicated by the
number (3+, 6+, or 4+) given in parentheses under the schematic for native eIF2B in each panel. These estimates are based on the degree of 3-AT resistance observed
in gcn2A strains expressing the proteins indicated on the left (see the legend to Fig. 8 and text for details). The common shading used for the various subunits indicates
regions of sequence similarity between GCD1 and GCD6 or among GCD2, GCD7, and GCN3. N-terminally truncated GCD2 proteins bearing the HA tag are shown

with an oval attached to the N terminus, which designates the tag.

from strains overexpressing GCD2, GCD7, and GCN3 than in
wild-type strains. Instead, we saw no increase in the fraction of
elF2a that coimmunoprecipitated with GCD2 when GCD2,
GCD?7, and GCN3 were cooverexpressed (Fig. 5). One possi-
ble explanation for this result could be that the trimeric com-
plex stably interacts only with phosphorylated eIF2, while the
experiments in Fig. 5 were carried out in a wild-type GCN2
strain under nonstarvation conditions wherein most eIF2 is not
phosphorylated on Ser-51 (10). To address this possibility, we
repeated the coimmunoprecipitation experiments in a strain
containing a GCN2¢ allele in which a substantial proportion of
the eIF2 is phosphorylated (10). However, we observed the
same small fraction of eIF2 coimmunoprecipitating with
GCD2 when GCD2, GCD7, and GCN3 were overexpressed in
the GCN2° mutant that was seen when GCD2 was immuno-
precipitated from wild-type cells (data not shown). To explain
these negative results, we propose that eIF2(aP) interacts with
the trimeric subcomplex either with a lower affinity or with an
increased off rate compared with its interaction with native
elF2B, such that the hypothetical complex between eIF2(aP)
and the trimeric subcomplex dissociated during our coimmu-
noprecipitation experiments. This is not unreasonable consid-
ering that GCD6 and GCD1 are required for the catalytic
function of eIF2B and thus probably interact with the pre-
dicted GTP-binding site on the +y subunit of eIF2 (15). These
additional interactions could make important contributions to
the stability of the eIF2 : eIF2B complex and would be lacking

in the hypothetical complex between eIF2(«P) and the trimeric
subcomplex.

The N-terminal half of GCD2 is essential for eIF2B function
but dispensable for complex formation. We found that delet-
ing N-terminal residues 4 to 189 of GCD?2 and overexpressing
the truncated protein led to a reduction in eIF2B activity (Fig.
8A). This dominant-negative phenotype can be explained by
proposing that the HA-GCD2(A4-189) protein competes with
native GCD2 for complex formation and produces a catalyti-
cally defective form of eIF2B. This interpretation is supported
by the fact that a fraction of the GCD1, GCD6, GCD7, and
GCN3 can be coimmunoprecipitated with the A4-189 protein
from strains overexpressing only this truncated form of GCD2
(Fig. 9, lanes 8 and 9). From the proportions of GCD1, GCD6,
and GCD7 that were immunoprecipitated with HA-GCD2(A4-
189) in several independent experiments, we estimated that at
least one-third of the GCD7 and one-sixth of the GCD1 and
GCD6 were associated with HA-GCD2(A4-189) in vivo (see
the legend to Fig. 9). On the basis of these proportions of
coimmunoprecipitated proteins, we predict that one-third or
more of the eIF2B complexes are defective, and these include
five-subunit complexes containing HA-GCD2(A4-189) and trim-
eric HA-GCD2(A4-189)-GCD7-GCN3 complexes in roughly
equal proportions (Fig. 11, I).

A more extensively truncated GCD2 protein lacking resi-
dues 4 to 288 had a similar dominant-negative phenotype when
expressed in cells overproducing GCD7 and GCN3 but not
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when expressed alone (Fig. 8A). The A4-288 protein accumu-
lated to much lower levels than did the A4-189 protein (Fig.
8B) and was present at amounts comparable to that of wild-
type GCD?2 expressed from the chromosomal allele. Overex-
pression of GCD7 and GCN3 led to a modest increase in
abundance of the A4-288 protein (Fig. 9) but, more impor-
tantly, allowed the A4-288 protein to complex with a fraction of
GCD1 and GCD6 as well as with GCD7 and GCN3 (Fig. 9,
lanes 3 and 6). We estimated that at least one-sixth of the
GCD1 and GCD6 was associated with the A4-288 protein in
strains overexpressing GCD7 and GCN3 (Fig. 9 legend), pre-
sumably forming defective five-subunit complexes containing
the A4-288 truncation (Fig. 11, IIT). When GCD7 and GCN3
were not in excess, the HA-GCD2(A4-288) protein had no
effect on the level of the native five-subunit complex (Fig. 11,
II).

The fact that the 4-288A truncation of GCD2 can interact
with GCD1 and GCD6 only when GCD7 and GCN3 are over-
expressed can be explained by proposing that this truncated
protein cannot effectively compete with native GCD2 for com-
plex formation because it lacks the ability to make strong
contacts with GCD1, GCD6, or GCD7; consequently, it exists
in monomeric form when it must compete with native GCD2
for interaction with these other subunits (Fig. 11, II). When
GCD7 and GCN3 are in excess, however, the A4-288 protein
can complex with these two subunits without having to com-
pete with wild-type GCD?2, and the resulting trimeric subcom-
plex can titrate a fraction of GCD1 and GCD6 from native
eIF2B into an inactive five-subunit complex (Fig. 11, II). Pre-
sumably, the HA-GCD2(A4-288)-GCD7-GCN3 trimeric com-
plex can make more contacts with GCD1 and GCD6 than any
of its components can make individually.

Our finding that HA-GCD2(A4-288) can physically interact
with the other subunits of eIF2B (Fig. 9) indicates that the
C-terminal 55% of GCD2 (residues 289 to 651) is sufficient for
complex formation. Our finding that overexpressing GCD7
and GCN3 is required for the A4-288 protein to interact with
other eIF2B subunits strongly suggests that the A4-288 trun-
cation can form a ternary complex with GCD7 and GCN3.
These results are in accordance with our previous proposal
that GCD2, GCD7, and GCN3 interact through regions of
sequence similarity, as the homologous segments in GCD2 are
located C terminal to position 288 (Fig. 11). In addition, all
nine regulatory mutations obtained in GCD2 which render
elF2B less sensitive to the inhibitory effects of eIF2(«P) map in
these homologous regions, indicating that the C-terminal half
of GCD2 is both functionally and structurally related to GCD7
and GCN3 (27). In future studies, we hope to identify specific
residues in GCD2, GCD7, and GCN3 involved in the interac-
tions among these three proteins in the trimeric subcomplex,
and also the interactions with GCD1 and GCD6 and the sub-
units of eIF2 that mediate regulation of eIF2B by phosphory-
lated elIF2.
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