




















VoL. 17, 1997

REGULATORY MUTATIONS IN elF2B 1305

FIG. 5—Continued.

the F240I and F240L changes in GCN3. These results indicate
that certain positions in the extreme C-terminal domains of all
three subunits carry out critical regulatory functions, providing
further evidence that these regions are both structurally and
functionally related.

Many critical regulatory residues are located at unique po-
sitions within the homologous segments. Although several of
the regulatory substitutions in the C-terminal clusters altered
equivalent positions in the three proteins (Fig. 5C), this was
not true of others in this segment, nor did it apply to any of the
suppressor mutations in the N-terminal clusters. Figure 5B
shows that the mutations in the latter region form four inde-
pendent clusters separated from each other by 12 to 26 resi-
dues. Thus, all of the critical residues identified in the N-
terminal conserved segments are at unique positions in each
subunit. It was conceivable that our mutagenesis experiments
did not saturate the regulatory sites in these proteins and that
equivalent positions are actually critical for regulation more

frequently than our results indicate. In an effort to rule out this
possibility, we pursued the fact that suppressors were obtained
which alter identical residues at the same positions in the
C-terminal segment of GCD7 at Ser-359 and in GCN3 at
Ser-293, whereas none were isolated at the corresponding po-
sition in GCD2 (Ser-638). If this occurred because the mu-
tagenesis of GCD2 was not saturating, then alteration of Ser-
638 in GCD2 should have a suppressor phenotype. To test this
prediction, we used site-directed mutagenesis to replace Ser-
638 in GCD?2 either with Arg, the nonconservative replace-
ment at the homologous position in GCN3-S293R (Fig. 5C), or
with Cys. In parallel, we altered Pro-502 in GCD2 to Ser
because the homologous Pro residue had been altered in
GCD7-P291S and also because this is the only residue altered
in one of our suppressors that is invariant among GCD?2,
GCD7, GCN3, and their homologs in higher eukaryotes (Fig.
5C). As described next, neither GCD2 mutation had the sup-
pressor phenotype.
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A.  |Relevant | GCD2 Allele:

Genotype | GCD2 gcd2-S638R gcd2- P502S
SD 3AT SFT |SD 3AT SFT [SD 3AT 5FT
/TRA /TRA /TRA

ged2A |5+ 3+ +- B3+ |5+ 3+ -

ged2A,

gen24 |5+ 0 nd | 5+ 0 nd

ged2A,
gen3A 15+ 0 nd. | 5+ 0 nd |5+ 0 nd

B. Transformed | GCD2 Allele:
GCN2 GCD2 | ged2- P502S
allele.
SD 3AT | SD 3AT
Vector 5+ 0 5+ 0
GCN2 5+ 3+ 5+ 3+
GCN2¢-516 34
GCN2¢-513 24
gen2-507 | 5+ -
C.

wildtype ged2- P502S

ged2- P502S,
elF2a-S51D

elF2a
-S51D

FIG. 6. Site-directed mutagenesis reveals different functions for equivalent
positions in GCD2, GCD7, and GCN3. (A) Plasmids bearing wild-type GCD2
(pAV1026), gcd2-S638R (pAV1104), or ged2-P502S (pAV1102) were introduced
by plasmid shuffling into strains with GCD2 alone deleted (gcd2A; strain
GP3040) or also lacking GCN2 (gcd2A gen2A; strain GP3224) or GCN3 (gcd2A
gen3A; strain GP3160). The resulting transformants were analyzed for growth
defects by streaking for single colonies on SD medium containing the appropri-
ate supplements and by replica plating to the same medium supplemented with
3AT, as described in the legend to Fig. 2C. Replica plating to SD medium
supplemented with 5-fluorotryptophan and 1,2,4-triazoleanaline was also mea-
sured, with the maximum growth rate scored as 3+. Growth differing from that
of the wild-type GCD?2 strain is shown shaded. n.d., not determined. (B) Strain
GP3224 (gcd2A gen2A) bearing GCD2 or ged2-P502S was transformed with one
of the following plasmid-borne alleles of GCN2 or with empty vector (p713):
wild-type GCN2 (p722), GCN2°-516 (p1056), GCN2°-513 (p1052), or GCN2-507
(p561). Growth was assessed as described in the legend to Fig. 2C, and key
results are shaded. (C) Derivatives of GP3514 (gcd2A sui2A gen2A) containing
GCD2, ged2-P502S, and plasmid-borne SUI2 alleles encoding wild-type eIF2a
(p1097) or eIF2a-S51D (p1101) were streaked for single colonies on minimal
medium supplemented with uracil (SD) and grown for 2.5 days at 30°C.

The ged2-S638R mutation led to a Slg~ phenotype under
nonstarvation conditions in an otherwise wild-type strain and
conferred resistance to 3AT in a gen2A background (Fig. 6A).
These phenotypes are characteristic of recessive gcd mutations,
which are thought to reduce the catalytic activity of elF2B.
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ged2-S638R also conferred increased resistance to the amino
acid analogs 5-fluorotryptophan and 1,2,4-triazolealanine, ad-
ditional phenotypes of gcd mutations resulting from constitu-
tive derepression of GCN4 and its target enzymes in the tryp-
tophan and histidine biosynthetic pathways. Interestingly, both
the Ged™ and Slg™ phenotypes of the gcd2-S638R allele were
expressed only when GCN3 was present in the cell. Thus,
deletion of GCN3 in the ged2-S638R strain conferred growth
rates on SD and SD-3AT medium identical to those observed
in the isogenic GCD2 gen3A strain (Fig. 6A). Nearly identical
results were obtained when Ser-638 in GCD2 was changed to
cysteine (data not shown). Interestingly, GCN3 appears to be
maintained in the eIF2B complex even though its inclusion
facilitates the deleterious effects of the Ser-638 substitutions in
GCD2 on the cellular growth rate.

The gcd2-P502S allele also did not exhibit the regulatory
phenotype observed for the homologous substitution in GCD7
(P291S). Our initial genetic analysis revealed no phenotypic
differences between this mutant allele and wild-type GCD2
(Fig. 6A). Upon further analysis, however, we observed phe-
notypes consistent with the idea that the P502S substitution in
GCD2 makes eIF2B hypersensitive, rather than insensitive, to
elF2 phosphorylation. ged2-P502S had no detectable effect on
growth under nonstarvation conditions in wild-type GCN2
cells, but it exacerbated the Slg™ phenotype of the GCN2°-516
and GCN2°-513 alleles under the same conditions (Fig. 6B).
Although ged2-P502S had no effect on 3AT sensitivity in a
gen2A strain, it increased 3AT resistance in the gen2-507 back-
ground. The gen2-507 allele encodes a protein kinase that
phosphorylates elF2a at reduced levels under histidine starva-
tion conditions, causing reduced growth on 3AT medium (49).
The partial restoration of growth on 3AT medium in the gcn2-
507 strain plus the exacerbation of the slow growth in the
GCN2° strains can be explained if this mutant eIF2B is inhib-
ited more effectively than wild-type eIF2B by phosphorylated
elF2. As a further test of this idea, we examined genetic inter-
actions between gcd2-P502S and mutations in elF2a at the
phosphorylation site, serine-51. As expected, the ged2-P502S
allele had no phenotype in the strain containing wild-type or
the Ala-51 mutant of eIF2a. In contrast, combining gcd2-
P502S with the Asp-51 form of elF2a significantly reduced
growth on SD medium (Fig. 6C [Ala-51 not shown]). We
showed previously that eIF2«-S51D mimics phosphorylation of
Ser-51 in vivo by eliciting partial derepression of GCN4 trans-
lation (16). Thus, the synergistic growth defect seen when
elF2a-S51D is combined with the ged2-P502S product is also
consistent with the idea that eIF2B containing P502S in GCD2
is hypersensitive to phosphorylated eIF2.

In conclusion, none of the GCD2 alleles constructed by
site-directed mutagenesis exhibited the suppressor phenotype.
Therefore, although the suppressor mutations cluster in ho-
mologous segments in GCD2, GCD7, and GCN3, many posi-
tions in these segments that are critically required for regula-
tion differ among the three proteins.

The regulatory mutations do not exclude GCN3 from eIF2B.
Deletion of GCN3 makes the resulting four-subunit eIF2B
complex less sensitive to eIF2 phosphorylation (Fig. 4B and
6A). It was possible, therefore, that the regulatory mutations
we isolated in GCD2, GCD7, and GCN3 exert their effects
primarily by excluding GCN3 from elF2B. Several genetic ob-
servations suggested that this was not true. For the GCN3
suppressors, all of the mutations are dominant over the wild-
type allele, implying that the mutant proteins are replacing
wild-type GCN3 in the eIF2B complex. Second, high-level ex-
pression of PKR in yeast is lethal, and deletion of GCN3 only
partially overcomes this lethality, resulting in a Slg~ phenotype

1senb Ag Tz0zZ ‘6T Arenuer uo /610 wse qow//:dny wolj papeojumoq


http://mcb.asm.org/

Vou. 17, 1997
PKR GCD2-L381Q,
O PKR
PKR-K296R GCN3-S293R,
PKR
elF20-S51A, gen3A, PKR
PKR
B C.
GCD2 Relevant genotype GCD7 Relevant genotype
Allele Allele
GCN3 gen3A GCN3 gen3A
PKR | GCN2 | PKR +PKR | GCN2 | + PKR
SGAL 3AT | SGAL SGAL 3AT SGAL
GCD2 0 0 2+ GCD7 0 0 2+
Class 1 Class I
E377K 3+ 1+ 2+ S119p 4.5+ 0 2+
L381Q 4.5+ 0 2+ I118T, D178Y | 4.5+ 0 2+
K627T 4.5+ 0 2+ V292A 1+ 2+ 1+
Class IT 1348V 3+ 3+ n.d.
T630S +/- 0 3+ Class IT
P636T,P637L +/- 0 3+ D178Y 1+ 0 4.5+
P641F I+ 0 3+ G218R +- 0 3+
R254C 2+ 0 3+
Class 111
F5231 i 0 2 N3571 1+ 0 3+
A634D 1.5+ 0 2+ Class 111
F82L +- 0 2+
L1178 1+ 0 2+
1118T 2+ 0 2+
P291S 3+ 0 3+
Y305C +- 0 2+
P306L 1+ 0 2+
K329E -+ 0 2+
S359G 2+ 0 2+

FIG. 7. Genetic evidence that mutations in GCD2 and GCD7 do not exclude
GCN3 from eIF2B. (A) Suppression of the toxicity of overexpressing PKR in
yeast by mutations affecting eIF2B subunits. Transformants of isogenic strains
bearing the PKR ¢cDNA with the GALI10-CYC promoter, selected from those
shown in Fig. 2 and 4, were streaked for single colonies on minimal galactose
medium (SGAL) and grown for 7 days at 30°C in parallel with the following
control strains: (i) a transformant of GP3224 (gcd2A gcn2A) containing the
plasmid-borne ¢cDNA encoding the catalytically defective mutant PKR-K296R
(p1421) and (ii) strain H1645 (sui2A) containing plasmids encoding eIF2a-S51A
(p1098) and wild-type PKR (p1420). (B) Effects of deleting GCN3 on phenotypes
of GCD2 regulatory mutants. Strains GP3224 (gcd2A GCN3), GP3160 (gcd2A
gen3A), and GP3160 containing p1420 encoding PKR were transformed with
plasmids bearing the indicated GCD?2 alleles. Growth of the resulting transfor-
mants was assessed as described in the legend to Fig. 2C. The three categories of
mutations (classes I, II, and III) are described in the text. (C) Effects of deleting
GCN3 on phenotypes of GCD7 mutants. Phenotypic analysis identical to that
shown in panel B was performed for GCD7 mutants by using transformants of
strains H2218 (gcd7A GCN3) and H2220 (gcd7A gen3A). n.d., not determined.

(Fig. 4B and 7A). In contrast, all of the GCN3 suppressors
(Fig. 4B) and several mutations in GCD2 (E377K, L3810, and
K627T) (Fig. 7A and B) and GCD7 (S119P, P291S, and 1348V)
(Fig. 7C) completely overcame the toxicity of PKR expression.
These results provide strong evidence that all of the products
of the GCN3 suppressors are stable components of the eIF2B
complex in vivo. Moreover, elimination of GCN3 from elF2B,
even if it occurs, cannot be the sole reason why elF2B is
resistant to eIF2(aP) in strains containing the most potent
GCD?2 and GCD7 suppressors.

A third argument that the GCD2 and GCD7 suppressors do
not simply cause GCN3 to dissociate from eIF2B is that the
phenotype of many suppressor alleles is actually dependent on
the presence of GCN3. We made this observation by examin-
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ing the ability of each GCD2 and GCD?7 suppressor to over-
come the toxicity of PKR overexpression in a pair of isogenic
GCN3 and gen3A strains. Based on the results shown in Fig. 7B
and C, the suppressors were placed in three different classes.
Class I contains mutations that overcome the toxicity of
elF2(aP) more effectively in the GCN3 strain than in the
gen3A mutant. This behavior was observed for the three most
efficient GCD2 suppressors (GCD2-E377K, -L381Q, and
-K627T) and for the two most effective GCD7 suppressors
(GCD7-8119P and -1118T,D178Y). For example, the GCD2-
K627T and GCD7-5119P alleles fully suppressed the toxicity of
PKR overexpression in the GCN3 strain but appeared to have
no phenotype in the isogenic gen3A strain, with the double
mutants exhibiting the same Slg™ phenotype seen in the GCD2
gen3A and GCD7 gen3A strains overexpressing PKR (Fig. 7B
and C). The other two mutations placed in this class show more
extreme changes in the gen3A strain. GCD7-1348V, and to a
lesser extent GCD7-V292A, grow slowly on minimal SD me-
dium when combined with gen3A (not shown), and they also
grow on 3AT-containing medium (Fig. 7C). This implies that
when these mutations in GCD7 and gen3A are combined, the
elF2B complexes formed have reduced catalytic activity. Be-
cause the mutations in class I suppress the toxic effects of
elF2(aP) in the presence of GCN3 but not in its absence, it is
highly unlikely that they exert their effects by excluding GCN3
from elF2B.

All of the suppressor mutations in class II only partially
suppressed the lethality of PKR in the GCN3 background, and
suppression by these mutations was enhanced by deletion of
GCN?3. Thus, the level of suppression observed for the class II
mutations in the gen3A background was greater than that con-
ferred by gcn3A alone (Fig. 7B and C). The additive effects of
combining these GCD2 or GCD7 suppressors with gen3A im-
plies that the class II substitutions act independently of GCN3
rather than by excluding GCN3 from the complex.

The class III mutations are not dependent on GCN3 for
suppression and do not have an additive effect when combined
with gen3A. With the exception of GCD7-P291S, the mutations
in this class suppress PKR toxicity in the GCN3 strain less than
the gcn3A mutation does, and they produce no additional sup-
pression when combined with gcn3A. The fact that these mu-
tations are phenotypically silent in a gcn3A strain could indi-
cate that they act primarily by reducing the amount of GCN3
stably associated with the eIF2B complex. However, because
GCD7-P291S suppresses PKR toxicity more effectively than
does gen3A, exclusion of GCN3 from eIF2B cannot be the sole
mechanism of suppression for this mutation; indeed, biochem-
ical evidence (described below) shows that for this and other
mutants, GCN3 remains stably associated with eIF2B.

With the exception of suppressors in class III, the genetic
interactions just described strongly suggest that these muta-
tions do not exclude GCN3 from eIF2B as the primary means
of decreasing sensitivity to eIF2(aP). To obtain physical evi-
dence supporting this conclusion, coimmunoprecipitation ex-
periments were performed to evaluate the relative amounts of
GCN3 that are complexed with the GCD6 subunit of e[F2B in
the suppressor mutants. We have shown previously that anti-
bodies against GCD6 specifically and quantitatively coimmu-
noprecipitate all five subunits of eIF2B from cell extracts (6).
For our studies, we selected three GCD2 and three GCD7
mutants, representing each class of suppressors identified by
the genetic analysis described above (Fig. 7). From the data
shown in Fig. 8, it can be seen that GCN3 was equally coim-
munoprecipitated with GCD6 from high-salt extracts of pel-
leted ribosomes prepared from the mutant and wild-type
strains. These results show that the GCD2 and GCD7 suppres-
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FIG. 8. Coimmunoprecipitation of GCN3 with GCD6 from strains bearing regulatory mutations in GCD2 or GCD7. (A) RSW fractions were prepared from strain
GP3040 (gcd2A) containing the following GCD2 alleles: wild-type GCD2 (pAV1026), GCD2-L381Q (pAV1031), GCD2-T630S (pAV1034), and GCD2-A634D
(pAV1035). eIF2B complexes were immunoprecipitated from these fractions by using polyclonal antiserum raised against the GCD6 subunit of eIF2B. Eighty-three
micrograms of RSW (Input), the coimmunoprecipitation pellets obtained from 166 wg of RSW, and the supernatants remaining after immunoprecipitation from 83
ug of RSW were separated by sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis, blotted to nitrocellulose, and probed with rabbit polyclonal sera against
eIF2B subunits as described previously (6, 10, 11). Bound antiserum was detected by using horseradish peroxidase-linked protein A and enhanced chemiluminescence.
Staining of nitrocellulose membranes with Ponceau S (Sigma) showed that the coimmunoprecipitations were specific, as all visible input proteins were retained in the
supernatant fractions. For simplicity, only the coimmunoprecipitation of GCN3 with GCD6 is shown; however, GCD1, GCD2, and GCD7 were found to be distributed
between pellet and supernatant fractions similarly to GCN3 and GCD6. Whole-cell extracts from yeast strains with eIF2B subunits on low- or high-copy-number
plasmids (prepared as described in reference 17) were analyzed in parallel to identify unambiguously each immunoreactive species. (B) Same as for panel A except
that transformants of strain H2217 (gcd7A) bearing the following plasmids containing the indicated GCD?7 alleles were analyzed: GCD7-S119P (pAV1079), GCD7-
P291S (pAV1083), and GCD7-5359G (pAV1088). Identical control immunoprecipitation reactions with 10 pl of GCD6 preimmune serum failed to precipitate any

eIF2B proteins (data not shown) (6).

sor mutations in these six strains do not act by excluding GCN3
from eIF2B and confirm our interpretation of the genetic data
in Fig. 7. We conclude that GCD2, GCD7, and GCN3 each
play a direct role in the regulation of eIF2B activity by phos-
phorylated eIF2 and that a single missense change in any one
of these three subunits is sufficient to disrupt the regulatory
mechanism.

elF2a is highly phosphorylated in eIF2B mutants express-
ing PKR. It was conceivable that the suppressor mutations
overcome the toxicity of GCN2¢ alleles and PKR expression by
decreasing the level of eIF2a phosphorylation. Therefore, we
examined elF2a phosphorylation in GCD2 mutant strains by
using isoelectric-focusing gel electrophoresis of whole-cell ex-
tracts followed by immunoblot analysis with eIF2a-specific an-
tiserum. When PKR expression was induced in the wild-type
GCD? strain, a portion of eIF2a became phosphorylated in a
manner that was completely dependent on PKR and Ser-51 in
elF2a, being abolished by the K296R substitution in PKR or

the Ala-51 substitution in eIF2a (Fig. 9, lanes 1, 2, and 11). We
showed previously that the L84F substitution in eIF2a, which
renders eIF2(aP) impotent as an inhibitor of eIF2B, leads to a
higher level of eIF2(aP) in vivo than occurs in isogenic wild-
type elF2a cells (Fig. 9, lanes 1 and 12) (46). This increase in
the level of eIF2(aP) appears to result from increased expres-
sion of PKR under conditions where elF2a phosphorylation
does not inhibit translation initiation (36). We observed the
same phenomenon for the GCD2 suppressors; moreover, the
percentage of eIF2a phosphorylation correlated with the de-
gree of suppression of PKR toxicity by the different mutations
(Fig. 9, lanes 3 to 10, and Fig. 2). These results, together with
similar findings for GCD7 suppressors (47) and for gen3A (15),
confirm that the regulatory mutations do not overcome the
toxicity of PKR by reducing phosphorylation of elF2«a. More-
over, the fact that ca. 80% of the elF2a is phosphorylated in
the GCD2-L381Q and GCD2-K627T suppressor strains sug-
gests that these two mutations, and perhaps others, allow
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5 6 7 8 9 10 11 12

- — - -

E377K L381Q F5231 K627T T630S A634D P636T, P641F . + - +

P637L
+ + + + + SS51A LB84F
+ + + + + + +

86 65 54 47 47 0 66

FIG. 9. Isoelectric-focusing gel electrophoresis of elF2a from GCD2 mutant strains expressing PKR. Derivatives of strain GP3224 (gcd2A gen2A) with the
plasmid-borne wild-type or the indicated mutant GCD?2 allele and strain H1645 (sui2A) with plasmid-borne SUI2 alleles encoding eIF2a-S51A (p1098) or elF2a-L84F
(p1350) were transformed with a plasmid encoding PKR (p1420) or the catalytically inactive PKR-K296R allele (p1421). The resulting strains were grown in minimal
raffinose medium for 24 h, and galactose was added to induce expression of PKR for an additional 14 hours. Samples of total cellular protein were separated by
isoelectric focusing on a one-dimensional vertical slab gel followed by immunoblot analysis with antibodies against eIF2a. The elF2«a antiserum reacts equally well with
both the basal and hyperphosphorylated (more acidic) species, as they were raised to a C-terminal fragment of eIF2 lacking Ser-51 (16). Relevant genotypes are shown,
where + indicates the wild-type gene. The percentage of the total eIF2a immunoreactivity found in the species phosphorylated on Ser-51 [% 2a(P)] was determined

by quantitative densitometry.

elF2B to catalyze nucleotide exchange on phosphorylated
elF2.

DISCUSSION

Homologous segments in GCD2, GCD7, and GCN3 function
in the regulation of eIF2B by phosphorylated elF2. eIF2B is
unique among guanine nucleotide exchange factors in being
regulated by phosphorylation of its substrate, eIF2. Experi-
ments with purified mammalian factors have shown that
elF2(aP) - GDP acts as an inhibitor of eIF2B, preventing the
recycling of nonphosphorylated eIF2 - GDP to elF2 - GTP.
We previously proposed that regions of sequence homology
shared by three of the eIF2B subunits, GCN3, GCD7, and the
C-terminal half of GCD2, all function in this regulatory step
(22). This idea was based on the fact that deletion of GCN3
appears to make eIF2B less sensitive to eIF2(«P) and on the
isolation of several GCD7 point mutations with the same phe-
notype. The results presented in this report provide strong
support for this hypothesis and identify particular segments in
the homologous regions of GCD2, GCD7, and GCN3 that are
critically required for their regulatory functions.

We have isolated 29 novel mutations in GCD2, GCD7, and
GCN3 that reduce or abolish the response to eIF2(aP) without
causing an apparent defect in eIF2B catalytic activity. These
regulatory mutations are not distributed randomly throughout
each subunit. First, all of the GCD2 suppressors map in the
C-terminal half of the protein, which is homologous to GCD7
and GCN3. Second, almost all of the regulatory mutations are
clustered in two segments of ca. 70 amino acids in each sub-
unit, located at the amino and carboxyl ends of the region of
sequence similarity (Fig. SA). Several substitutions in the C-
terminal clusters of mutations alter residues at equivalent po-
sitions in two of the three subunits or even in all three proteins
(Fig. 5C). The fact that homologous segments, and even iden-
tical amino acid positions, in GCD2, GCD7, and GCN3 are
critically required for inhibition of eIF2B by eIF2(aP) implies
that structurally similar elements in these proteins carry out
related functions in the regulatory mechanism. As described
below, we propose that these three subunits form a single
regulatory domain in eIF2B, which makes multiple contacts
with eIF2a around the site of phosphorylation at Ser-51, al-
lowing eIF2B to sense and respond to eIF2a phosphorylation.

GCD2, GCD7, and GCN3 make independent contributions
to the regulation of eIF2B by elF2(aP) as components of a
single regulatory domain. The fact that single mutations were
obtained in GCD2, GCD7, and GCN3, each of which abolishes
negative regulation of elF2B by elF2(aP), suggests that all
three proteins play critical roles in the regulatory mechanism.
However, it could be imagined instead that the mutations in
GCD?2 and GCD7 impair regulation indirectly by affecting the
function of GCN3. One way that this might occur is for muta-
tions in GCD2 or GCD?7 to cause dissociation of GCN3 from
the eIF2B complex. This possibility was eliminated for most of
the regulatory mutations we isolated by a combination of ge-
netic and biochemical experiments. The coimmunoprecipita-
tion data in Fig. 8 showed that GCN3 was present at normal
levels in the elF2B complexes found in a number of strains
containing different GCD2 and GCD7 suppressors analyzed by
this technique. In addition, genetic experiments showed that
the regulatory effects of several GCD2 and GCD7 mutations
(designated class I alleles) are greatly dependent on the pres-
ence of GCN3 (Fig. 7), indicating that GCN3 resides in these
mutant eIF2B complexes. The ability of other GCD2 and
GCD7 mutations (designated class II alleles) to suppress the
toxicity of eIF2(aP) was enhanced by deletion of GCN3. The
fact that the phenotypes of the class II GCD2 and GCD7
mutations are additive with gcn3A provides strong evidence
that GCD2 and GCD?7 contribute to the regulation of eIF2B
independently of GCN3.

Previously, we observed numerous allele-specific interac-
tions between mutations in GCD2 and GCN3, which suggested
that these two subunits contact one another in eIF2B (6). We
recently provided biochemical evidence confirming that
GCD2, GCD7, and GCN3 physically interact with one another
and comprise a regulatory domain in eIF2B. Cooverexpres-
sion of these three subunits specifically reduced the growth-
inhibitory effects of eIF2a phosphorylation in vivo. The ex-
cess subunits present in the overproducing strains were
assembled into a stable subcomplex lacking GCD1 and GCD6
that could be immunoprecipitated from yeast cells. Genetic
experiments indicated that the overexpressed GCD2-GCD7-
GCN3 subcomplex did not possess eIF2-recycling activity, sug-
gesting that it functioned to sequester eIF2(aP) and rescue the
native elF2B complex from the inhibitor (52). In addition,
formation of this subcomplex did not require the amino-ter-
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minal half of GCD2, the region lacking sequence similarity
with GCD7 and GCN3. Combining these results with the
present findings leads us to propose that GCD2, GCD7, and
GCN3 constitute a regulatory domain in eIF2B which interacts
with eIF2a in the region of the phosphorylation site. This
provides an explanation for why a single missense mutation in
only one of these subunits can abolish the regulatory mecha-
nism (Fig. 2 to 4). Regions of homology in the three subunits
that are largely devoid of regulatory mutations are hydropho-
bic and so may comprise the structural cores of these proteins
or mediate their interactions with other subunits in the eIF2B
complex.

Genetic evidence supports the idea that the eIF2B regula-
tory domain directly interacts with elF2« in the vicinity of
Ser-51. It was found that the L84F substitution in eIF2«, which
eliminated the growth-inhibitory effect of phosphorylated eIF2
(46), also suppressed the impairment of eIF2B function caused
by a subset of gcn3¢ alleles (47). As GCN3 is dispensable for
catalysis, it is improbable that the gcn3¢ alleles directly impair
the active site for nucleotide exchange in eIF2B. It seems more
likely that they alter the interaction between eIF2 and elF2B in
a way that mimics the inhibitory effect of eIF2(aP). If so, they
may cause nonphosphorylated eIF2 - GTP to dissociate more
slowly from eIF2B, decreasing the amount of eIF2B that is
available to bind eIF2 - GDP. Interestingly, the gcn3¢ alleles
that are efficiently suppressed by the eIF2a-L84F substitution
(gcn3°-A26T, gen3°-D7IN, and gen3°-R104K) all map within
the N-terminal cluster of Gen™ alleles in GCN3 described here
(Fig. 5), consistent with the idea that this ca. 70-residue seg-
ment of GCN3 directly interacts with elF2a.

A model for nucleotide exchange and its inhibition by phos-
phorylated eIF2. A critical question regarding the mechanism
of guanine nucleotide exchange by eIF2B and its inhibition by
elF2(aP) is whether the regulatory domain of eIF2B consti-
tuted by GCD2, GCD7, and GCN3 interacts with both elF2
and elF2(aP). If the regulatory domain of eIF2B interacted
only with the inhibitor eIF2(aP), this would imply the existence
of two distinct binding sites for eIF2 on elF2B, one catalytic
and one regulatory. In this model, the substrate elF2 would
have a high affinity for the catalytic site but a low affinity for the
regulatory site, while the reverse would be true for the inhib-
itor, eIF2(aP). In addition, binding of the inhibitor to the
regulatory site would have to prevent either binding or nucle-
otide exchange of the substrate at the catalytic site. A simpler
idea is that eIF2 and eIF2(«aP) bind at the same location on
elF2B, with different eIF2B subunits making distinct contacts
with different positions on eIF2. This second hypothesis is
more consistent with the identification of eIF2(aP) as a com-
petitive inhibitor of eIF2B (39). In our version of this model
(Fig. 10), the GCD2-GCD7-GCN3 regulatory domain forms a
surface that contacts the a subunit of eIF2 in the vicinity of the
phosphorylation site at Ser-51. GCD1 and GCD6 would inter-
act with the vy subunit of elF2 and contribute most of the
residues in the active site that catalyze nucleotide exchange.
The interaction between the GCD2-GCD7-GCN3 regulatory
domain and the phosphorylated o subunit of eIF2 would pre-
vent nucleotide exchange, either by distorting the catalytic
center in eIF2B (Fig. 10B) or by interfering with proper posi-
tioning of the y subunit of elF2 in the active site.

The regulatory mutations isolated in this study could disrupt
key contacts between the regulatory surface formed by GCD?2,
GCD7, and GCN3 and elF2a which are required to distinguish
between phosphorylated and nonphosphorylated elF2. One
possibility is that the mutations decrease the affinity of eIF2B
for eIF2(«P), diminishing its effectiveness as a competitive
inhibitor. We disfavor this idea for the GCD2-L381Q and
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GCD2-K627T mutations because >80% of the eIlF2a can be
phosphorylated in mutants containing these alleles (Fig. 9). If
the eIF2B in GCD2-L381Q and GCD2-K627TGCD2 mutants
cannot utilize eIF2(«P) as a substrate, then the ability of these
mutants to grow normally with more than 80% of their elF2
phosphorylated implies that less than 20% of the wild-type
elF2 can support a high level of translation initiation. This
seems unlikely unless these eIF2B mutations also increase the
rate of exchange on nonphosphorylated eIF2 - GDP. We pre-
fer the simpler explanation that mutant eIF2B complexes in
the strains bearing the most effective suppressors have gained
the ability to catalyze nucleotide exchange on phosphorylated
elF2. This is shown in Fig. 10C. Consistent with this model, in
vitro experiments with mammalian factors have shown that
elF2(aP) - GTP can form an active ternary complex with ini-
tiator tRNAM®* (27), and this complex can bind to 40S ribo-
somal subunits (45). The ability to accept eIF2(aP) as a sub-
strate could arise from an altered interaction between the
GCD2-GCD7-GCN3 regulatory surface and the a subunit of
elF2 that allows proper positioning of the phosphorylated sub-
strate in the active site. Alternatively, the regulatory muta-
tions could prevent interactions between eIF2B subunits
needed to distort the active site when eIF2(aP) is bound
(Fig. 10C).

The model in Fig. 10 has two critical structural features: (i)
the use of homologous regions in GCD2, GCD7, and GCN3 to
form a single regulatory domain with contacts between these
three subunits in eIF2B and (ii) the use of other homologous
segments in these proteins to form a surface which interacts
with elF2a in regions surrounding the phosphorylation site.
While we propose (item ii) that homologous segments in
GCD2, GCD7, and GCN3 are involved in the interaction with
elF2q, it appears that each protein utilizes a distinct set of
amino acid positions to carry out its regulatory function.
Whereas substitutions at the identical positions in GCN3-
S$293R and GCD7-8359G both overcome the inhibitory effects
of eIF2(aP) on elF2B, the corresponding substitution in ged2-
S638R causes a reduction in eIF2B function. Similarly, the
GCD7-P291S allele suppresses the effects of eIF2(aP), but the
ged2-P502S substitution at the corresponding position makes
elF2B hypersensitive to eIF2(aP). These findings can be ex-
plained by proposing that GCD2, GCD7, and GCN3 employ
overlapping, but nonidentical, amino acid positions in their
homologous domains to make unique contacts with different
locations in elF2a. It is interesting that similar structural fea-
tures have been identified by X-ray crystallography of antigen-
antibody complexes. The light and heavy chains of the antibody
molecule interact with one another in regions of sequence
similarity between the two chains, and each chain makes spe-
cific contacts with the antigen across a continuous surface at
the interface between the antigen and antibody (14, 26). In
addition, the recognition of phosphoserine at position 51 in
elF2a by elF2B is a process that may be similar to the recog-
nition of phosphotyrosine by SH2 domains (32, 34).

PKR has been implicated as a tumor suppressor based on
the fact that expression of catalytically defective forms of PKR,
which inhibit the endogenous enzyme, transformed NIH 3T3
cells and led to tumor formation in nude mice (28, 31). It is
unclear whether the tumor suppressor activity of PKR involves
down-regulation of eIF2 function, as PKR is also involved in
transcriptional regulation of NF-«kB (29). Support for the idea
that inhibition of eIF2 recycling is critical for the tumor sup-
pressor activity of PKR was provided by showing that overex-
pression of the nonphosphorylatable Ala-51 mutant of elF2a
duplicated the phenotypes of expressing catalytically defective
PKR (18). However, these results could be explained by an
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elF2+GTP

Inactive

elF2(aP)sGDPecIF2B
complex

elF2(aP)*GTP

\, -

FIG. 10. Model for interactions between eIF2 and eIF2B during guanine nucleotide exchange and inhibition by phosphorylated eIF2. eIF2 (composed of three
subunits, «, B, and +y) is shown interacting with eIF2B (subunits labelled 7, 2, 3, 6, and 1 representing GCD7, GCD2, GCN3, GCD6, and GCD1, respectively). The o
subunit of eIF2 (depicted as an ellipse) contacts the regulatory domain composed of homologous eIF2B subunits GCD7, GCD2, and GCN3 (represented as similarly
shaped wedges), along a single interface between the three regulatory subunits of eIF2B and the region of eIF2«a around serine 51, the site of phosphorylation. The
GCD1 and GCD6 subunits are depicted making additional contacts with the B and -y subunits of eIF2. (A) We propose that when the a subunit of bound eIF2 is not
phosphorylated, this is recognized by the regulatory domain of eIF2B. The elF2 - GDP - eIF2B complex undergoes a hypothetical conformational change in eIF2B
(represented here as a shape change in GCD1 and GCD6) which leads to an exchange of GDP for GTP on eIF2. (B) In the presence of eIF2(«aP), phosphoserine at
position 51 in the bound eIF2 is detected by direct contacts made between eIF2(aP) and the eIF2B regulatory domain. These contacts prevent the conformational
change in GCD1 and GCD6 required for GDP-GTP exchange on elF2, such that e[F2(aP) - GDP is released unaltered. Biochemical experiments indicate that
eIF2(aP) - GDP binds eIF2B with higher affinity than does nonphosphorylated eIF2 - GDP, suggesting that repeated binding and release of eIF2(aP) - GDP mediates
competitive inhibition of guanine nucleotide exchange (39). (C) Possible mode of action of eIF2B regulatory mutants to allow guanine nucleotide exchange with
phosphorylated eIF2. Mutant eIF2B (eIF2B*), shown here with a GCD2 mutation (2*), alters the interaction between eIF2(aP) -+ GDP and eIF2B in a way that allows
guanine nucleotide exchange to proceed.

indirect mechanism whereby overexpression of nonphosphor-
ylatable elF2a leads to the formation of PKR - elF2a com-
plexes that prevent PKR from phosphorylating other sub-
strates. Introducing mutations in mammalian eIF2B subunits
analogous to those described here for the yeast factor may

produce eIF2B molecules with reduced sensitivity to eIF2(aP).
This would provide an ideal test to determine whether the
tumor suppressor activity described for PKR is mediated by
phosphorylation of elF2a and hence inhibition of eIF2B func-
tion.
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