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Background: The elF2« kinase Gen?2 aids cells to overcome amino acid starvation. For sensing starvation, Gen2 must bind

Gcenl, and both must contact the ribosome.

Results: Overexpression of translation elongation factor eEF3 inhibits Genl-mediated Gen2 activation.
Conclusion: eEF3 keeps Gen?2 in its latent state under nutrient replete conditions.
Significance: We discovered a novel unanticipated role of a general translation factor in controlling Gen2.

In eukaryotes, phosphorylation of translation initiation factor
2« (eIF2a) by the kinase Gen2 (general control nonderepressible 2)
is a key response to amino acid starvation. Sensing starvation
requires that Gen2 directly contacts its effector protein Genl, and
both must contact the ribosome. We have proposed that Gen2 is
activated by uncharged tRNA bound to the ribosomal decoding (A)
site, in a manner facilitated by ribosome-bound Genl. Protein syn-
thesis requires cyclical association of eukaryotic elongation factors
(eEFs) with the ribosome. Genl and Gen2 are large proteins, raising
the question of whether translation and monitoring amino acid
availability can occur on the same ribosome. Part of the ribosome-
binding domain in Genl has homology to one of the ribosome-
binding domains in eEF3, suggesting that these proteins utilize
overlapping binding sites on the ribosome and consequently can-
not function simultaneously on the same ribosome. Supporting
this idea, we found that eEF3 overexpression in Saccharomyces
cerevisiae diminished growth on amino acid starvation medium
(Gen™ phenotype) and decreased elF2a phosphorylation, and that
the growth defect associated with constitutively active Gen2 was
diminished by eEF3 overexpression. Overexpression of the eEF3
HEAT domain, or C terminus, was sufficient to confer a Gen™ phe-
notype, and both fragments have ribosome affinity. eEF3 overex-
pression did not significantly affect Genl-ribosome association,
but it exacerbated the Gen™ phenotype of Genl-M7A that has
reduced ribosome affinity. Together, this suggests that eEF3 blocks
Gcenl regulatory function on the ribosome. We propose that the
Gcenl-Gen2 complex only functions on ribosomes with A-site-
bound uncharged tRNA, because eEF3 does not occupy these
stalled complexes.
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Protein synthesis requires specific soluble factors that cycle
on and off the ribosome in an orderly fashion. Eukaryotic trans-
lation elongation factor 1A (eEF1A)* delivers amino acyl tRNA
(aa-tRNA) to the ribosomal acceptor site (A-site) in a codon-
specific manner (1). Elongation factor 2 (eEF2) is essential for
translocating the ribosome along the mRNA by one triplet
codon. The delivery of aa-tRNA to the A-site is coupled with
the release of deacylated tRNA (tRNA*"') from the E-site (1).
In yeast it has been shown that this coupled mechanism is trig-
gered by a soluble ATPase called elongation factor 3 (eEF3)
(2—4). For nonfungal eukaryotes the factor equivalent to eEF3
has not been found yet. However, the high conservation of the
translational process implies that nonfungal organisms must
have a factor with a function equivalent to that of eEF3. Sup-
porting this idea, it was found that metazoan ribosomes have an
intrinsic ATPase activity that is absent in yeast ribosomes (5),
suggesting that in metazoans a ribosome bound factor executes
the eEF3-like function rather than a soluble factor. Interest-
ingly, in Escherichia coli the protein RbbA (ribosome-bound
ATPase) was identified that exhibits ATPase activity and is
tightly associated with ribosomes (6, 7) and thus may have an
eEF3-like function.

eEF3 consists of several domains. The N-terminal domain
contains repeats that were first found in the Huntingtin protein,
eEF3, protein phosphatase 2A, and TOR and were therefore
called HEAT repeats (1). HEAT repeats are predicted to be
interaction surfaces for other proteins and/or nucleic acids (8),
and in fact an eEF3 fragment encompassing this domain was
reported to bind 18 S rRNA, and structural analyses of ribo-
some bound eEF3 revealed that the eEF3 HEAT repeats interact
with rRNA and ribosomal proteins of the small ribosomal sub-
unit (9, 10). Adjacent to the HEAT repeat domain is a four-helix
bundle of unknown function. The eEF3 C terminus contains
two ATP-binding cassettes (ABC) (1). Unique to eEF3 is the
insertion of a chromodomain within the C-terminal ABC cas-
sette II (10). The chromodomain, as well as the ABCII portion

“The abbreviations used are: eEF, eukaryotic translation elongation factor;
aa-tRNA, amino acyl tRNA; 3AT, 3-amino-2,4-triazole; GAAC, general amino
acid control; PKR protein kinase R; SM, sulfometuron methyl; tRNAde2Y!
deacylated tRNA; ABC, ATP-binding cassette; 3AT®, 3AT sensitivity; CTD,
C-terminal domain; TC, eEF1A-GTP-amino acyl tRNA ternary complex.
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N-terminal to this domain, contacts the small and large ribo-
somal subunit (10).

Constant and efficient protein synthesis is essential to life;
hence a constant supply of amino acids must be maintained in
the cell. For a timely response to amino acid shortages, cells
need to constantly monitor amino acid availability, and studies
in yeast suggested that this sensing occurs on the ribosome by
the protein kinase Gcn2 (general control nonderepressible 2)
and its effector protein Genl (11-13). Gen2 and Genl are pres-
ent in all eukaryotes, suggesting that they are universally essen-
tial for sensing and overcoming amino acid starvation. Upon
sensing amino acid shortage, the Gen2 kinase domain becomes
activated, which subsequently phosphorylates the « subunit of
translation initiation factor 2 (elF2«a) (14). elF2 in its GTP-
bound form is essential for initiating protein synthesis in that it
delivers initiator methionyl tRNA (Met-tRNAM®) to the ribo-
some. After completing translation initiation, eIF2 is released in
its GDP-bound form, and it needs to be recycled to its GTP
bound form by its guanine nucleotide exchange factor elF2B.
Phosphorylation of eIF2a by Gen2 converts elF2 to a competi-
tive inhibitor of its own guanine nucleotide exchange factor,
leading to reduced global protein synthesis and thus to reduced
overall consumption of amino acids. Simultaneously, elF2«
phosphorylation evokes increased translation of specific genes
containing unique upstream open reading frames in their
mRNA. These genes encode for transcriptional activators, e.g.,
Gcen4 in yeast and ATF4 in mammals, that up-regulate the
expression of many genes including those coding for key amino
acid biosynthetic enzymes (14). Thus, increased Gen4 or ATF4
protein levels lead to increased amino acid biosynthesis,
thereby relieving cells from amino acid starvation or imbalance.
Interestingly, starvation for any amino acid activates Gen2 and
stimulates the synthesis of all 20 amino acids; therefore the
signal transduction pathway governing Gen2 was called general
amino acid control (GAAC) (14).

There are important gaps in our knowledge about the molec-
ular mechanisms underlying the perception of the amino acid
starvation signal. Amino acid starvation leads to increased cel-
lular levels of tRNA9*<Y!, which is the direct signal for amino
acid starvation (14, 15). Yeast studies suggest that tRNA?*¥! is
detected by the histidyl tRNA synthetase-like domain in Gen2,
which leads to the activation of its adjacent kinase domain and
to subsequent phosphorylation of its substrate, e[F2a (14). The
effector protein Genl is essential for Gen2 function in vivo. A
genlA strain is unable to activate Gen2 upon amino acid star-
vation (Gen™ phenotype); however, Gen2 kinase activity can be
detected in the whole cell extract of a gcnIA strain, suggesting
that Genl is not required for the kinase activity per se but for
transferring the starvation signal to Gen2 (14). We and others
showed that for signal perception Gen2 must directly bind to its
effector protein Genl and that both proteins must associate
with translating ribosomes (13, 14). The binding domains in the
Gcenl and Gen2 proteins required for Genl-Gen?2 interaction
are physically distinct from the ribosome-binding domains in
either protein, supporting the idea that Genl and Gen2 form a
trimeric complex with the ribosome and that the starvation
signal is detected on the ribosome.
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The Genl middle portion binds the N terminus of Gen20, a
protein required for full Gen2 activation (16). Gen20 does not
bind to ribosomes, but studies suggest that it may affect or
regulate Genl-ribosome association and thus the GAAC sys-
tem; however, the mechanism remains elusive (17). Interest-
ingly, the Genl middle portion has HEAT repeats and has
homology to the N-terminal HEAT repeat domain of eEF3, and
the Gen20 C terminus has homology to the eEF3 C terminus
including the ABC cassettes (17). This suggests that the
Gcenl/20 complex has a similar function as eEF3, just that it is
involved in delivering or releasing tRNA®***! from the ribo-
somal A-site instead of the E-site (17). This idea is also based on
findings in prokaryotes where under amino acid starvation
tRNA**! binds in the A-site in a codon-specific manner (18,
19). Interestingly, it was shown that also in eukaryotes
tRNA“**! can enter the A-site in a codon-specific manner (20),
suggesting that the mechanism of the starvation signal occur-
ring in the A-site may be conserved from prokaryotes to
eukaryotes. Although in prokaryotes tRNA“***! binding to the
A-site then leads to the activation of the ppGpp synthetase Rel A
and the stringent response (18, 19), in eukaryotes this leads to
Gcenl-dependent Gen2 stimulation and the activation of the
GAAC. We have proposed a model for Genl-mediated Gen2
activation in which under amino acid starvation tRNA*<Y!
enter the ribosomal A-site in a codon-specific manner. Genl is
directly involved in the transfer of the starvation signal to Gen2,
by one or more of the following mechanisms: (a) delivery of
tRNAY2Y! to the ribosomal A-site, (b) transfer of tRNAY!
from the A-site to Gen2, and/or (¢) being a scaffold protein that
positions Gen2 and potential additional factors in such a way
that Gen2 can detect the starvation signal in the A-site (12, 17).
Several lines of evidence support our idea that Genl can access
the A-site, directly or indirectly. We found that overexpression
of Genl leads to hypersensitivity to paromomycin, a drug bind-
ing in the A-site. Conversely, GCNI deletion increased paro-
momycin resistance. Furthermore, internal deletions in Genl
affecting ribosome binding simultaneously increased paromo-
mycin resistance, and so did deletion of GCN20 (12).

Interestingly, we have recently discovered that eEF1A
directly binds to the Gen2 C terminus (21). Under amino acid
starvation, this interaction is lost in vivo, tRNA“**" prevents
eEF1A-Gcen2 interaction in vitro, and eEF1A prevents elF2a
phosphorylation in vitro but not Gen2 autophosphorylation.
Together, this strongly suggested that eEF1A prevents full
Gcen2 activation under replete conditions and that under amino
acid starvation uncharged tRNAs channeled to Gen2 remove
eEF1A from Gcn2 and thereby allow Gen2 activation and sub-
sequent elF2« phosphorylation (21).

Structural studies of the eEF3-ribosome complex revealed
that eEF3 binds close to the E-site (10); however, considering
that Genl is a very large protein, that the N-terminal 2052
amino acids in Genl are involved in ribosome binding, and that
ithashomology to eEF3, it is likely that on the ribosome some of
the eEF3-binding sites overlap with a subset of those for Genl.
If this is true, then eEF3 and Gcenl cannot function on the same
ribosome. Here we present several lines of evidence supporting
this prediction. We found that overexpression of eEF3 impairs
Gcenl-mediated Gen2 activation. The eEF3 HEAT domain was
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TABLE 1
Strains used in this study
Strain Genotype Source
Genetic background: H1511
H1511 MATa ura3-52 trpl-63 leu2-3,112 GAL2™ Ref. 36
H2556 As H1511, and genIA Vazquez de Aldana and Hinnebusch
Genetic background: H1402
H1402 MATa inol ura3-52 leu2-3,112 (HIS4-lacZ ura3-52) Ref. 37
H1613 As H1402, and GCN2°-E601K-E1591K Ref. 38
Genetic background: H1515
H1515 MATa ura3-52 leu2-3 leu2-112 trp1-A63 Cigan and Hinnebusch
H2544 As H1515, and (GAL-CYC1-PKR LEU?2) at leu2 Romano and Hinnebusch
H189%4 As H1515, and gen2A Ref. 39
TABLE 2
Plasmids used in this study
YEF3 codes for yeast eEF3, and E3L codes for vaccinia virus protein E3.
Plasmid Gene Selectable marker (all Amp®) Vector Source
Yeast gene fusions, under GAL1-CYC1 promoter
pGST-YEF3 GST-YEF3™* URA3, leu2-d, 2 1 PEG(KT) Ref. 40
pTKB705 GST-YEF3® URAS3, leu2-d, 2 o pTKB544 Ref. 27
pTKB706 GST-YEE3[1-775)* URA3, leu2-d, 2 1 pTKB544 Ref. 27
pTKB707 GST-YEF3[100-367)"¢ URA3, leu2-d, 2 pTKB544 Ref. 27
pTKB708 GST-YEF3[775-910]7¢ URAS3, leu2-d, 2 pTKB544 Ref. 27
pTKB709 GST-YEF3[910-1044]"* URA3, leu2-d, 2 1 pTKB544 Ref. 27
pTKB710 GST-YEF3(775-1044]"* URA3, leu2-d, 2 pTKB544 Ref. 27
pES340-EF3-2-8 GST-YEF3™" URA3, 2 w pES128-9 This study
p2245 HA-E3L* URA3, leu2-d, 2 pEG(KT) Ref. 28
Yeast genes, under their own promoter
p1832 GCNI-myc? LEU2, CENG/ARSH4 pRS316 Ref. 16
pES239-4-4a genl-M7A-myc? LEU2, CEN6/ARSH4 pRS316 This study

“ This construct lacks the first 10 N-terminal amino acids of eEF3.
® Epitope tag at the N terminus of the ORF.

¢ The numbers in brackets indicate amino acids encoded by the respective gene construct.

 Epitope tag at the C terminus of the ORF.

sufficient for impairing Genl function when overexpressed.
Remarkably, we found that overexpressing the eEF3 C terminus
(amino acids 910-1044) also was sufficient for impairing Genl
function and that this eEF3 segment also can bind to elongating
ribosomes in vivo. Interestingly, eEF3 overexpression did not
significantly affect Genl-ribosome or Gen2-ribosome associa-
tion; however, eEF3 overexpression exacerbated the Gen™ phe-
notype associated with Genl-M7A, a Genl mutant protein
with reduced ribosome affinity. Together this supports the idea
that eEF3 overexpression does not simply remove Genl from
the ribosome but instead affects Genl function on the ribo-
some. We propose that eEF3 blocks a productive Genl-ribo-
some association, supporting the idea that Genl-Gen2 detects
the amino acid starvation signal on stalled elongating ribo-
somes lacking eEF3. Under replete conditions eEF3 may work
in concert with eEF1A to prevent Gen2 activation

EXPERIMENTAL PROCEDURES

Yeast Strains and Plasmids—Yeast strains and plasmids used
in this study are summarized in Tables 1 and 2, respectively.
The vectors used were pRS316 (22), pEG(KT) (22), and
pES128-9 (12).

Semiquantitative Growth Assays—Yeast strains were grown
to saturation in 4 ml of liquid medium, subjected to serial
10-fold dilutions, and then 5 ul of each dilution was transferred
to solid medium containing substances to cover auxotrophies.
If necessary, galactose was used as sole carbon source instead of
glucose to induce the expression of genes under the galactose-
inducible promoter. Amino acid analogues 3-amino-2,4-tria-
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zole (3AT) and sulfometuron methyl (SM) were added to auto-
claved medium to trigger starvation for histidine or branched
chain amino acids, respectively. The plates were incubated at
30 °C until colonies were visible.

Ribosome Co-sedimentation Assays—In vivo association of
proteins with polyribosomes was determined as described pre-
viously (13). Briefly, yeast cells were grown to exponential phase
in 300 ml of liquid medium to an Ay, of ~1 in 1-liter baffled
flasks. The cultures were poured into a 400-ml centrifuge bottle
containing 75 g of ice chips and 8.1 ml of formaldehyde (final
concentration, 1%). The cells were then mixed and incubated
on ice for 1 h with gentle mixing every 15 min. The cells were
pelleted for 5 min at 4200 rpm (model J6 centrifuge; Beckman),
washed with 5 ml of breaking buffer (20 mm Tris/HCI, pH 7.5,
50 mm KCl, 10 mm MgCl,, 1 mm dithiothreitol, 1 mMm phenyl-
methylsulfonyl fluoride, 5 mm NaF, and 0.1 mg/ml each of pep-
statin, aprotinin, and leupeptin), and resuspended in 200 ul of
breaking buffer. Highly concentrated whole cell extract was
generated as described in detail elsewhere (23), and 30 A,q,
units of extract were resolved on a 4.5-45% sucrose density
gradient by centrifugation for 2 h at 39,000 rpm at 4 °C using the
TH641 rotor (Sorvall). 1-ml fractions were collected while
scanning continuously for A,., units using the Bio-Rad Bio-
Logic fractionation system. If required, proteins were precipi-
tated by adding 1 ml of isopropanol to each fraction, and the
samples were then kept at —80 °C overnight; then the proteins
were pelleted at 12,000 rpm for 30 min at 4 °C, the supernatant
was removed, the pellet was dried under vacuum for 10-15
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min, and finally the protein pellets were resuspended in 2X
Laemmli loading dye.

Assaying for eIF2c Phosphorylation—Exponentially growing
cells were subjected to amino acid starvation by adding either
3AT or SM and then subjected to formaldehyde cross-linking
as done for polyribosome co-sedimentation assays. Whole cell
extracts were generated as published elsewhere (23), and equal
amounts of cell extract (5 ug) were subjected to SDS-PAGE and
immunoblotting as described below.

Protein Techniques—Proteins were separated by SDS-PAGE
using 4—12% gradient gels and transferred to PVDF mem-
branes (Millipore) according to the manufacturer’s protocol.
Proteins were detected by the chemiluminescence detection
system (Pierce) using antibodies against Genl (HL1405, 1:1000
(16)), Gen2 (1:1000 (21)), elF2a (1:2000 (24)), elF2« phospho-
rylated on Ser-51 (1:5000; Bio-Source International, Inc.), Pgkl
(1:5000; Life Technologies), RPL39 (1:5000 (25)), RPS22
(1:2000; from Dr. Jan van’t Riet), or GST (1:2000; Santa Cruz).
Immune complexes were visualized using horseradish peroxi-
dase conjugated to donkey anti-rabbit antibodies (for the detec-
tion of Genl, GST, elF2a, elF2a-P, and RPS22 antibodies), goat
anti-guinea pig (Gen2) (Santa Cruz), or to sheep anti-mouse
antibodies (Pgkl and RPL39) (Pierce).

RESULTS

eEF3 Overexpression Elicits Sensitivity to 3-Amino-2,4-tria-
zole (3AT°)—If Genl binds to the same or overlapping regions
of the ribosome as eEF3, then eEF3 overexpression should
affect Genl function and consequently Gen2 activation. Strains
with impaired Gen2 activity can easily be scored by their inabil-
ity to grow on medium containing 3AT, a drug causing histi-
dine starvation by inhibiting the histidine biosynthetic enzyme
encoded by HIS3 (26). To test our prediction that eEF3 affects
Genl function and thus impairs Gen2 activation, we intro-
duced into the yeast wild-type strain H1511 a plasmid express-
ing GST-tagged eEF3 from a galactose-inducible promoter or a
plasmid harboring GST alone. The resulting transformants
were subjected to semiquantitative growth assays using solid
medium containing galactose as carbon source, and 3AT or no
3AT as control. As reported before (27), under replete condi-
tions eEF3 overexpression did not lead to a significant growth
defect (Fig. 1, left panel), indicating that eEF3 overexpression
does not severely affect general protein synthesis or other
essential processes in the cell. Via Western blot analysis, we
verified that GST-eEF3 was overexpressed in the respective
strains (data not shown). Interestingly, we found that eEF3
overexpression led to reduced growth in presence of 3AT (3AT
sensitivity, 3AT®) as compared with the strain overexpressing
GST alone (Fig. 1, compare first and second rows), suggesting
that GAAC response is impaired by eEF3 overexpression.

The Growth Defect Associated with Gen2¢ Is Partially Sup-
pressed by eEF3 Overexpression—Having found that eEF3 over-
expression leads to 3AT®, we wished to find additional genetic
evidence that does not involve the usage of drugs that supports
our idea that eEF3 overexpression impairs Gen2 activation.
Constitutively active Gen2 (e.g, Gen2°-E601K-E1591K, here
abbreviated as Gen2°) leads to increased levels of phosphoryl-
ated elF2a (eIF2-P) and to a general reduction in protein syn-
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FIGURE 1. eEF3 overexpression causes sensitivity to the amino acid ana-
logue 3AT. Saturated overnight cultures of wild-type strain H1511 harboring
a plasmid for the galactose-inducible overexpression of GST tagged eEF3
(GST-eEF3) or GST alone (plasmids pGST-YEF3 and pEG(KT), respectively) or
the isogenic genTA strain H2556 overexpressing GST alone (pEG(KT)) were
subjected to 10-fold serial dilutions. 5 ul of each dilution was transferred to
solid medium containing galactose as carbon source, and 120 mm 3AT if indi-
cated, and incubated at 30 °C for 3-5 days.

thesis, and consequently to a slow growth (Slg™) phenotype
(14). Gen2°€ still requires Genl for its activity, presumably
because it still needs to receive tRNA***! to become constitu-
tively active. If overexpressed eEF3 affects Genl function, then
it should simultaneously diminish the constitutive kinase activ-
ity of Gen2¢, visible by a reversion of the Slg™ phenotype con-
ferred by Gen2€. To test this, we introduced a plasmid express-
ing GST-tagged eEF3 under a galactose-inducible promoter or
a plasmid harboring GST alone into isogenic strains harboring
either the GCN2¢ allele or the GCN2 wild-type gene on its chro-
mosome, and the resulting transformants were subjected to
semiquantitive growth assays. As expected, on medium-con-
taining glucose, i.e., no eEF3 overexpression, the strain harbor-
ing the GCN2° allele showed reduced growth compared with
the wild-type control (Fig. 24, left panel, rows 1-4 versus rows
5-38). On galactose, however, the GCN2° strain overexpressing
eEF3 showed improved growth as compared with the GCN2°
strain overexpressing GST alone (Fig. 24, rows 7 and 8 versus
rows 5 and 6), supporting the idea that GAAC response is
impaired by eEF3 overexpression.

Similarly to Gen2€, expression of the mammalian double-
stranded RNA-dependent eIlF2« kinase PKR in yeast leads to a
severe growth defect caused by high levels of elF2a phospho-
rylation (28). In contrast to Gen2, PKR does not require Genl
for function. If eEF3 impairs GAAC function by inhibiting
Gcnl, and not by, for example, stimulating an elF2a-P phos-
phatase or preventing elF2« kinase domains from accessing
their substrate, then, in contrast to Gen2€, the Slg™ phenotype
elicited by PKR should not be diminished by eEF3 overexpres-
sion. To test this, we repeated the semiquantitative growth
assay using a gen2A strain overexpressing PKR from a chromo-
somally integrated PKR construct driven by a galactose-induc-
ible promotor and also harboring a high copy plasmid contain-
ing a galactose-inducible gene coding for GST-eEF3, GST
alone, or the PKR inhibitor from vaccinia virus, E3 (28). We
found that, in contrast to E3, GST-eEF3 overexpression did not
mitigate the growth defect elicited by PKR (Fig. 2B, galactose,
rows I and 2 versus rows 3 and 4 versus rows 5 and 6). The fact that
E3 did reduce the Slg™ phenotype elicited by PKR indicated that a
PKR inhibitor can successfully inhibit PKR activity even when its
expression was induced at the same time as that of PKR. We veri-
fied that eEF3 overexpression inhibits GAAC in this strain back-
ground (Fig. 2B, galactose, SM, row 8 versus row 9). Taken
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FIGURE 2. eEF3 overexpression partially reverts the growth defect asso-
ciated with constitutively active Gen2. A, 2 ml of liquid medium was inoc-
ulated with one (GCN2 strain H1613) or four (GCN2¢ strain harboring allele
GCN2°-E601K-E1591K) (to compensate for its slower growth rate) fresh trans-
formants harboring plasmid borne GST alone or GST-eEF3 under a galactose-
inducible promotor (pGST-YEF3 or pEG(KT), respectively). After 24 h of incu-
bation at 30 °C, the saturated culture was subjected to 10-fold serial dilutions.
5 wl of each dilution was transferred to solid medium containing glucose or
galactose as a carbon source and incubated at 30 °C until colonies were visi-
ble. B, eEF3 overexpression does not mitigate the growth defect associated
with PKR expression. gcn2A strain H2544 harboring chromosomally inte-
grated and galactose-inducible PKR and isogenic wild-type and gcn2A strains
(H1515 and H1894) were transformed with high copy plasmid borne and
galactose-inducible genes coding for GST-eEF3, GST alone, or E3, as indicated
(pES340-EF3-2-8, pES128-9, and p2245). The resulting transformants were
subjected to semiquantitative growth assays as outlined in Fig. 1.

together, our results support the idea that overexpressed eEF3
impairs Genl function in mediating Gen?2 activation.
Overexpressed eEF3 Reduces elF2cc Phosphorylation Levels—
If it is true that eEF3 overexpression prevents Gen?2 activation
and GAAC response, then this should be associated with
reduced phosphorylation levels of eIF2«, the substrate of Gen2.
To test this, wild-type strain H1511 harboring a plasmid
expressing GST-eEF3, or GST alone, from a galactose-induc-
ible promotor, were grown to exponential phase in medium
containing galactose as a carbon source. The cells were starved
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for histidine by adding 3AT and then were cross-linked with
formaldehyde to prevent phosphorylation or de-phosphoryla-
tion events that may occur during the harvesting or processing
of samples. Whole cell extracts were subjected to SDS-PAGE
and immunoblotting analysis to determine the relative amount
of eIF2a phosphorylation (Fig. 3). As expected, amino acid star-
vation led to increased elF2a-P levels (Fig. 3, A, lanes 3 and 7
versus lanes 4 and 8, and B); however, when eEF3 was overex-
pressed in starved cells, the amount of e[F2a-P was reduced by
~50% (Fig. 3, A, lanes 2 and 6 versus lanes 4 and 8, and B).
Interestingly, we found that even under nutrient-replete condi-
tions, eEF3 overexpression reduced elF2a-P levels, by a factor
of 4.5, to 22% of that of the wild-type control overexpressing
GST alone (Fig. 3, C and D).

Next we repeated the above experiment but instead of 3AT
we used SM, a drug causing starvation for branched chain
amino acids by inhibiting acetolactate synthase, the first com-
mon enzyme in the branched chain amino acid biosynthetic
pathway (29). As expected, the addition of SM led to increased
elF2a-P levels (Fig. 3, E, lane 4 versus lanes 5 and 6, and F). As
found above, under starvation conditions eEF3 overexpression
significantly reduced the amount of eIF2a-P levels by a factor of
about 5 (Fig. 3, E, lanes 2 and 3 versus lanes 5 and 6, and F). We
again found that eEF3 overexpression reduced elF2a-P levels
even under replete conditions, by a factor of 6.7, to 15% of that
of the wild-type control overexpressing GST alone (Fig. 3, E,
lane 1 versus lane 4, and F). Taken together, our results strongly
suggest that eEF3 overexpression inhibits Gen2 activation in
response to amino acid limitation but also under replete condi-
tions. Thus, overexpressed eEF3 impairs the GAAC pathway
(Gen™ phenotype, general control nonderepressible).

eEF3 Overexpression Does Not Simply Remove Genl from the
Ribosome—The above results support the idea that the Gen™
phenotype associated with eEF3 overexpression is due to eEF3
affecting Genl-ribosome interaction. This may be facilitated by
eEF3 removing Genl from the ribosome. Alternatively, consid-
ering that three-quarters of the 2672-amino acid-long Genl is
involved in ribosome binding, eEF3 may not remove Genl from
the ribosome but instead may affect only a subset of the Genl
ribosome contact points that are essential for Genl function.
To investigate whether eEF3 overexpression removes Gcenl
from the ribosome, we performed ribosome co-sedimentation
assays under nearly physiological conditions as published pre-
viously (13), using the yeast wild-type strain H1511 harboring
plasmid borne GST-eEF3 under a galactose-inducible pro-
moter or GST alone. As published previously (13, 17, 30), in a
strain overexpressing GST alone, Genl and Gen2 co-sedi-
mented with polysomes, indicative of a Genl-ribosome and
Gcen2-ribosome association (Fig. 4A4). We found that even
though overexpressed eEF3 co-sedimented with polyribo-
somes, this did not significantly affect polysome co-sedimenta-
tion of Genl or Gen2 (Fig. 4, A versus B). We did verify that the
strains overexpressed eEF3 (data not shown). Considering the
fact that on one hand eEF3 overexpression lead to a drastic—at
least 4.5-fold—reduction of Gen2 function in phosphorylating
elF2«a (Fig. 3, Cand D), but on the other hand eEF3 overexpres-
sion barely affected Genl-ribosome or Gen2-ribosome interac-
tion, this suggests that inhibition of Gen2 function is not simply
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FIGURE 3. eEF3 overexpression leads to reduced elF2a phosphorylation. Yeast strains from Fig. 1 were grown to exponential phase and subjected to amino
acid starvation by adding 3AT to a final concentration of 10 mm 20 min before harvesting (A and C) or by adding SM to a final concentration of 1.25 um 15 min
or 1 h before harvesting (E). As control, no 3AT or SM was added (unstarved). Whole cell extract was generated and subjected to SDS-PAGE and immunoblotting
using antibodies against elF2a and the phosphorylated form of elF2« (elF2a-P), respectively. The amount of elF2a and elF2a-P was quantified using the
program ImageJ and plotted for 3AT starvation (B and D) and SM starvation (F), respectively, relative to the total amount of elF2« and relative to the

elF2a-P/elF2« ratio of the strain expressing GST under replete conditions.

due to eEF3 removing Gcenl from the ribosome. Taken
together, this supports the idea that eEF3 may only affect a few
of the many ribosome contact points in Genl and that Genl is
still able to bind to the ribosome via the remaining unaffected
ribosome contact points, but that the affected sites are crucial
for Genl function in Gen2 activation.

Overexpression of the eEF3 HEAT Domain, or the eEF3 C-ter-
minal Domain (CTD), Is Sufficient for Impairing Gcn2
Activation—If eEF3 overexpression impairs Genl function on
the ribosome, then the ribosome binding activity of eEF3 must
be essential for affecting Genl function in activating Gen2. To
test this prediction, we aimed to map the domain in eEF3
responsible for affecting Genl function and to compare it with
the ribosome-binding domains in eEF3. For eEF3, several ribo-
some-binding sites have been mapped so far (9, 10) (Fig. 5A4).
One binding site is the chromodomain that is situated within
the ABC cassette II in the eEF3 C terminus. The part of ABC
cassette II N-terminal to the chromodomain also contacts the
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ribosome. Finally, the HEAT domain in the eEF3 N terminus
has ribosome binding activities. To map the domain in eEF3
responsible for affecting Genl function, various eEF3 frag-
ments (Fig. 5A4), and full-length eEF3 as control, fused to GST,
were overexpressed in wild-type yeast cells, and the cells were
scored for 3AT® as described above (Fig. 5B). In addition, we
determined whether the eEF3 fragments were overexpressed as
well as full-length GST-eEF3 (Fig. 5C). As reported above, in
contrast to GST alone, overexpression of full-length eEF3 elic-
ited a growth defect in presence of 3AT (Fig. 5B, compare sec-
ond and third rows). We found that the eEF3 fragment encom-
passing amino acids 1-775, GST-eEF3[1-775], containing the
HEAT domain, the ABC cassette I, and part of the ABC cassette
11, conferred 3AT®. This phenotype was not as strong as that
found for full-length eEF3, possibly because GST-eEF3[1-775]
was not overexpressed as well as GST-eEF3 (Fig. 5C). Interest-
ingly, a smaller fragment only harboring the HEAT domain, in
GST-eEF3[100-367], conferred the same degree of 3AT® as
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FIGURE 4. The effect of eEF3 overexpression on Gen1-ribosome associa-
tion. Wild-type strain H1511 overexpressing GST alone (plasmid pEG(KT))
(A) or GST-eEF3 (pGST-YEF3) (B), respectively, from a plasmid and a galactose-
inducible promoter were grown to exponential phase to Agy, = 1 and cross-
linked with formaldehyde immediately before harvesting. Whole cell extracts
were prepared and resolved by velocity sedimentation through 4.5-45%
sucrose gradients. Fractions were collected while measuring A5, continu-
ously to identify the positions of polyribosomes, 80 S ribosomes, and 40 Sand
60 S ribosomal subunits. Equal amounts of each fraction were subjected to
SDS-PAGE and immunoblot analysis using antibodies against Gen1, Gen2,
GST, and the small ribosomal protein RPS22.

GST-eEF3[1-775], suggesting that the HEAT domain was suf-
ficient to elicit 3AT*. A fragment harboring only the chromodo-
main, in GST-eEF3[775-910], did not elicit 3AT sensitivity.
This is most likely not due to its expression levels, because GST-
eEF3[100-367] was expressed almost as well as GST-
eEF3[775-910] and was able to cause 3AT®, suggesting that
overexpressing the chromodomain is not sufficient to impair
Gcenl function. Remarkably, we found that overexpression of
the eEF3 CTD encompassing amino acids 910 —1044 was suffi-
cient for causing a 3AT® phenotype (Fig. 5B). Because the
expression levels of GST-eEF3[100-367] and GST-eEF3[910 -
1044] were similar and both fragments elicited 3AT*® pheno-
types of similar strength, this suggests that the HEAT domain
and the CTD are equally important for affecting Gen1 function. A
fragment containing the CTD and the chromodomain, in GST-
eEF3[775-1040], caused an even stronger phenotype than the
CTD alone; in GST-eEF3[910-1040], however, we cannot exclude
the possibility that this is due to its 2.5-fold higher expression level
as compared with GST-eEF3[910-1040] (Fig. 5C).

The eEF3 C-terminal amino acids 775-1044, encompassing
the CTD and part of the chromodomain, were reported previ-
ously to have ribosome binding activity in vitro, and it was pro-
posed that the four distinct blocks of Arg and Lys residues
found between amino acids 987 and 1044 mediate ribosome
binding (31). In the eEF3-ribosome co-crystal structure and
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FIGURE 5. Overexpression of the eEF3 HEAT domain and CTD, respec-
tively, is sufficient for causing a Gen™ phenotype. A, overview of full-
length eEF3 and eEF3 fragments used in this study. The regions in eEF3 inter-
acting with their respective ribosomal components are indicated. rpL, large
ribosomal protein; rpS, small ribosomal protein, 78S, 18 S rRNAs; 55,5 S rRNAs.
rpS? delineates an unassigned small ribosomal protein. Information was
taken from Ref. 10. B, gcn 1A strain H2556 and isogenic wild-type strain H1511,
as indicated on the right, harboring plasmid borne and galactose-inducible
GST alone (pEG(KT), top two rows), GST-eEF3 (pTKB705, third row), or GST-eEF3
fragments as indicated on the left in A (from top to bottom: pTKB706,
pTKB707, pTKB708, pTKB709, and pTKB710), were subjected to growth assays
as described in Fig. 1, using medium containing galactose (control) or galac-
toseand 120 or 200 mm 3AT to induce histidine starvation. C, expression levels
of the GST-eEF3 and GST-eEF3 fragments were determined from the strainsin
B by generating whole cell extracts from exponentially growing cells and
subjecting them to SDS-PAGE and immunoblotting assays using antibodies
against the GST epitope of eEF3 and the eEF3 fragments and against Pgk1 as
control for equal loading. The relative expression levels of the GST-eEF3 pro-
teins were determined from at least two independent transformants using
the ImageJ software. The GST-eEF3 signals were normalized to that of Pgk1
for each sample, and the resulting values were averaged and plotted relative
to the GST/Pgk1 value of full-length GST-eEF3.

cryoEM studies, the chromodomain was found to contact the
ribosome; however, no data for the C terminus were available
because the eEF3 used in this study lacked the C-terminal
charged amino acids (amino acids 981-1044) (10). Therefore,
we next aimed to investigate whether the eEF3 CTD has ribo-
some binding activity by conducting ribosome co-sedimenta-
tion assays as described above. As expected, we found that
GST-eEF3[775-1044] harboring some of the ribosome contact
points co-sedimented with polyribosomes but GST alone did
not, suggesting that it binds ribosomes in vivo as reported pre-
viously under in vitro conditions (31) (Fig. 6, top panel versus
bottom panel). Interestingly, the eEF3 CTD encompassing only
amino acids 910-1044 co-sedimented with polyribosomes as
well, suggesting that this fragment does contain ribosome bind-
ing activity (Fig. 6, middle panel).
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amino acids 910-1044 or 775-1044 (pTKB709 or pTKB710) were subjected to
ribosome co-sedimentation assays as outlined in Fig. 4.
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Taken together, our results suggest that the eEF3 HEAT
domain and eEF3-CTD, respectively, are sufficient for impairing
Gcen2 function when overexpressed. Because both fragments have
ribosome affinity, this supports the idea that Genl function is
impaired on the ribosome, thereby preventing Gen?2 activation.

The Genl M7A Mutation Exacerbates the Gen™ Phenotype
Associated with eEF3 Overexpression—If eEF3 affects only a
subset of the many ribosome contact points in Genl, then eEF3
should be more efficient in inhibiting a Genl protein that has
impaired ribosome binding activity. The Genl-M7A mutant
protein is known to have reduced ribosome affinity, and this is
associated with a reduced ability to activate Gen2 visible by a
slight 3AT® phenotype and reduced elF2a phosphorylation
(13). If eEF3 overexpression affects a subset of ribosome contact
points in Genl, then eEF3 overexpression should exacerbate
the 3AT® phenotype of Genl-M7A. To test this, we generated
cells that expressed plasmid borne GCN1 or genl-M7A from its
own promoter and over-expressed from a second plasmid GST
alone or GST-eEF3 from a galactose-inducible promoter. The
resulting transformants were then subjected to semiquantita-
tive growth assays. As published previously, the genl-M7A
strain is somewhat more sensitive to 3AT than the GCN1™"
strain (Fig. 7A, rows 3 and 4 versus rows 7 and 8). As reported
above, overexpression of GST-eEF3 in the GCN1™ strain elic-
ited a 3AT* phenotype (Fig. 7A, rows 5 and 6 versus rows 7 and
8). However, we found that in a gcn1-M7A strain, eEF3 overex-
pression elicited a 3AT® that was much stronger than in a
GCNI" strain (Fig. 7A, rows 1 and 2 versus rows 3 and 4); in
particular eEF3 overexpression led to a more than 10-fold
reduction in growth as compared with overexpression of GST
alone (Fig. 7A, 2 mm 3AT, rows 1 and 2 versus rows 3 and 4).
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FIGURE 7. eEF3 overexpression exacerbates the 3AT® phenotype associ-
ated with the gen1-M7A mutation. A, gcn1A strain H2556 overexpressing
eEF3 fused to GST or GST alone (plasmid pES340-EF3-2-8 or pES128-9),
respectively, from a galactose-inducible promoter, and carrying a plasmid
expressing either Gen1 or Gen1-M7A from its native promoter (p1832,
pES239-4-4a), were subjected to a growth assay as outlined in Fig. 1. B, strains
in A were grown to exponential phase, and whole cell extracts were gener-
ated and subjected to SDS-PAGE and immunoblotting using antibodies
against elF2a and specifically against phosphorylated elF2a (elF2a-P). C,
strains in A were grown to the exponential phase, and then 3AT was added to
a final concentration of 10 mm. After 30 min the cells were harvested, and
whole cell extracts were generated and subjected to SDS-PAGE and immuno-
blotting as in B. D and E, the amount of elF2a phosphorylation in Band C was
quantified relative to the respective total amount of elF2«, and relative to the
elF2a-P/elF2a ratio of the strain expressing GST and Gen1, and the data are
shown in bar graphs.

Considering that the combined effect of the M7A mutation and
eEF3 overexpression on cell growth in the presence of 3AT was
clearly stronger than that of M7A or eEF3 overexpression
alone, this indicates that the M7A mutation exacerbated the
3AT?® phenotype associated with eEF3 overexpression, strongly
supporting the idea that eEF3 overexpression impairs Genl
function on the ribosome.

To verify that the exacerbation of the 3AT® phenotype was
due to Gen2 inhibition, we scored the levels of e[F2a phospho-
rylation. As shown above, eEF3 overexpression in a GCNI™"
strain reduced the amount of elF2a phosphorylation under
replete as well as starved conditions (Fig. 7, Band C, lanes 5 and
6 versus lanes 7 and 8; D; and E), and as reported previously the
M7A mutation reduced the levels of elF2a phosphorylation
(Fig.7, Band C, lanes 3 and 4 versus lanes 7and 8; D, and E) (13).
Under starvation conditions, eEF3 overexpression in the
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GCNI" strain reduced elF2a phosphorylation 2.05-fold; how-
ever, in a gcnl-M7A strain, e[F2a phosphorylation was reduced
even further, 2.58-fold as compared with the gcnl-M7A strain
overexpressing GST alone (Fig. 7E), and this difference was
even more pronounced under replete conditions (Fig. 7D).
Together this supports the idea that eEF3 overexpression exac-
erbated the Gen™ phenotype of the Genl M7A mutation. Con-
sidering that the M7A mutation affects Genl-ribosome associ-
ation but no other known Genl function, such as Gen20
binding and Gcn2 binding, this strongly supports our idea that
eEF3 overexpression affects Genl function on the ribosome.

DISCUSSION

Continuous protein synthesis is essential to life, and so is a
constant supply of amino acids. Eukaryotes possess the kinase
Gcen2, which enables them to monitor amino acid availability
and to cope with and overcome amino acid starvation. In our
current working model, the starvation signal is uncharged
tRNAs binding in the ribosomal A-site in a codon-specific man-
ner (12, 17). The proteins Genl and Gen?2 bind to ribosomes,
and Genl is involved in transfer of the starvation signal to the
kinase Gen2, which then becomes activated (14). Gen20 binds
to Genl and is not essential for Gen2 activation, and it was
proposed that it may be required to regulate Genl-ribosome
association under yet unknown conditions (16, 17). Genl and
Gcn2 are large proteins, and thus far it is unknown whether
these proteins can function productively on ribosomes in all
stages of the elongation cycle. Because eEF3 has homology to
Genl, this question was of particular interest for elongating
ribosomes that harbor eEF3.

In this study we show several lines of evidence supporting the
idea that Genl cannot function properly when eEF3 is overex-
pressed in the cell. eEF3 overexpression in an otherwise wild-
type strain disabled growth on starvation medium (Gen™ phe-
notype), and this correlated with reduced phosphorylation of
elF2aq, the substrate of Gen2. Furthermore, eEF3 overexpres-
sion diminished the growth defect associated with constitu-
tively active Gen?2 that still requires Genl for function but did
not suppress the growth defect associated with PKR expression.

Interestingly, eEF3 overexpression also reduced basal elF2«
phosphorylation levels. In line with our model, this would sug-
gest that alow amount of uncharged tRNAs occurs in the A-site
even under replete conditions, leading to a basal elF2« phos-
phorylation level and thus basal levels of amino acid biosynthe-
sis. This observation coincides with the fact that Gen2€ proteins
still require Genl for their hyperactive kinase function in nutri-
ent-replete cells (14). Under replete conditions Genl would
transfer the rarely occurring uncharged tRNA to Gen2€, which
then becomes turned on inappropriately.

The ribosome-binding region in Genl includes the middle
portion of Genl that has HEAT repeats, and these HEAT
repeats have homology to the eEF3 HEAT repeat domain that
also has ribosome binding activity. Thus, it was possible that
these HEAT repeats utilize the same or overlapping binding
sites on the ribosome and that eEF3 and Gcnl compete for
ribosome association. Supporting this idea, we found that over-
expression of the eEF3 HEAT domain was sufficient for impair-
ing GAAC. Remarkably, we found that overexpression of the
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eEF3 CTD, encompassing amino acids 910 —1044, was also suf-
ficient for impairing GAAC, and we demonstrated that this
fragment can co-sediment with polysomes in vivo. Indeed, the
eEF3 C terminus is Lys-rich, and it has been predicted previ-
ously that these amino acids may be involved in ribosome bind-
ing (31). Because eEF3 is not known to dimerize, the interaction
of the eEF3 C terminus with the ribosome most likely is not
mediated by endogenous eEF3. Thus, we propose that binding
of the eEF3 HEAT domain and CTD to the ribosome are
involved in its ability to impair Genl-mediated Gen2 activation
by tRNA?*Y", The eEF3 HEAT domain or the eEF3 CTD were
not overexpressed as strongly as full-length eEF3, and the eEF3
fragments did not impair the GAAC as strongly as full-length
eEF3; therefore we could not determine whether the HEAT
domain and CTD work in concert to inhibit GAAC or whether
their function in inhibiting GAAC is redundant.

Gcenl-ribosome and Gen2-ribosome interactions were not
significantly affected by eEF3 overexpression, suggesting that
on the ribosome the binding sites for Genl/Gen2 and eEF3 are
not identical. Indeed, the ribosome binding area in Genl is very
large, 2052 amino acids, suggesting that it has multiple ribo-
some-binding sites (13). Thus, eEF3 overexpression might
compete with only one or a few ribosome interaction site(s) in
Gcenl and thereby impair Genl function, whereas other ribo-
some-binding sites in Genl would still support efficient Genl-
ribosome interaction. The ribosome contact competed by eEF3
might be required for the ability of the Gen1/20-Gen2 to prop-
erly sense uncharged tRNAs in the A-site.

We have obtained evidence supporting the idea that eEF3
does in fact affect Genl function on the ribosome and not via an
indirect mechanism. The M7A substitution in Gecnl—alanine
replacements of 12 basic amino acids located in a predicted
amphipathic « helix (between amino acids 754 and 796)—is
known to weaken Genl-ribosome association by 25% but not to
affect the association with other known Genl binding partners
such as Gen2 or Gen20 (13). The weakened ribosome binding
affinity of Genl-M7A is correlated with a weak Gen™ pheno-
type and a modest reduction in elF2a phosphorylation, indica-
tive of its reduced ability to activate Gen2 (13). We found that
eEF3 overexpression exacerbated the Gcn™ phenotype of
Gcenl-M7A and further reduced the elF2« phosphorylation
levels of a genl-M7A strain, supporting the idea that eEF3
inhibits Genl function on the ribosome. It is known that over-
expression of a protein may lead to unspecific effects; however,
the facts that not all eEF3 fragments impaired Gen2 function
when overexpressed, and that eEF3 overexpression exacer-
bated the Gen™ phenotype associated with point mutations in
genl-M7A that specifically affect Genl-ribosome association,
support the idea that the effect of eEF3 overexpression on Gen2
activation is specific.

If eEF3 association with translating ribosomes interferes with
the ability of the Gen1/20 complex to activate Gen2, how then
can Gen2 be activated on elongating ribosomes? One possibility
is that eEF3 and Genl bind to different conformational states of
the ribosome, allowing Gen1/20-Gen?2 to access the conforma-
tional state that lacks eEF3. An attractive model would be that
eEF3 does not bind with high affinity to an elongating ribosome
containing tRNA2Y! in the A-site, which is the relevant sub-
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FIGURE 8. Model for sensing amino acid starvation during the translation elongation cycle. A, translation elongation is a cyclic process where during each
round one amino acid is added to the growing peptide chain, for more detail see main text. We propose that during the elongation cycle eEF3 and eEF1A
cooperate in keeping Gen2 in its latent state. eEF3 hinders Gen1 from forming a productive complex with the ribosome, thereby preventing Gen1-mediated
transfer of tRNAs9@¥! to Gen2, e.g., tRNAs?@! exiting the E-site. eEF1A associating with the Gen2 C terminus impairs Gen2 in phosphorylating its substrate
elF2a (21). It remains to be determined whether eEF1A delivering aa-tRNA to the A-site inhibits Gcn2 or whether a second eEF1A molecule executes this
function. For simplicity, the nonfunctional Gen1/20-Gen2 complex was drawn separately from the ribosome and associated with an eEF1A molecule not
involved in the translation elongation cycle (see bottom part of Fig. 7A). B, under starvation conditions the cellular levels of tRNAY*2%! increases. Arrow 5,
tRNAYe2! enters the A-site in a codon-dependent manner. Arrow 6, eEF3 not binding the ribosome allows Gen1 to form a productive interaction with the
ribosome, consequently mediating the removal of tRNAY%®®! from the A-site. Under starvation conditions eEF1A has dissociated from the Gen2 C terminus,
thus allowing Gen2 to phosphorylate its substrate. The mechanism for eEF1A-Gen2 dissociation still remains to be elucidated; however, our data suggest that
tRNAYe2! delivered to Gecn2 may remove eEF1A from Gen2 (21). Arrow 7, the Gen1/20-Gen2 complex may be necessary to vacate the A-site to prevent
premature peptide chain termination triggered by A-site bound tRNA9<2%! (34, 35) and to enable the post-starved ribosome to resume the translation

elongation process. For simplicity, ribosomes and proteins are drawn as spheres. For more detail see main text.

strate for the Gen1/20-Gen2 complex. In fact, there is evidence
that eEF3 interacts with eEF1A to help catalyze delivery of the
eEF1A-GTP-amino acyl tRNA ternary complex (TC) to the
ribosomal A-site (1, 27). Thus, eEF3 and Genl/20-Gen2 would
not normally occupy the same ribosomal complexes, whereas
overexpressing eEF3 would force it to bind to the stalled com-
plexes containing tRNA?**! in the A-site, by mass action, and
thereby interfere with Gen2 activation. In this view, the produc-
tive TC-eEF3 interaction at the A-site, in addition to the scar-
city of tRNAs?**! entering the A-site, plays an important role
in blocking activation of Gen2 in nutrient-replete conditions.
Interestingly, we have just recently found several lines of evi-
dence strongly suggesting that eEF1A inhibits Gen2 activation
under amino acid replete conditions (21). eEF1A directly binds
to the Gen2 C terminus, and in vivo the eEF1A-Gcen?2 interac-
tion is lost when cells are starving for amino acids. In vitro,
eEF1A inhibits Gen2-mediated elF2a phosphorylation but not
Gcen2 autophosphorylation. Considering that eEF3 interacts
with eEF1A to help catalyze delivery of the TC to the A-site, it is
tempting to speculate that eEF1A and eEF3 work in concert to
ensure that Gen2 stays in its latent state under amino acid
replete conditions.

Considering that Genl and Gen2 can directly interact with
each other (12), it is likely that Genl and Gen2 form a perma-
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nent complex that shuttles on and off the ribosome. In view of
the fact that ribosomes are 15 or 350 times more abundant in
the cell than Genl or Gen2 (32), stable Gen1-Gen?2 association
would be necessary to ensure that Genl and Gen2 reside on the
same ribosome at any given time to allow Gcnl-mediated
transfer of tRNA?**Y! to Gen2. Gen20 binds strongly to Genl
and is unstable in genIA cells, strongly suggesting that Gen20
remains associated with Genl (16). Thus, it seems likely that
the Gen2-Genl/20 complex randomly probes ribosomes for
the presence of tRNA®*"" versus TC in the A-site and the
attendant absence of eEF3.

We showed previously that Genl overexpression leads to
increased amounts of Genl binding to polyribosomes, and this
is associated with reduced cell growth, which could be due to
interference with eEF3 or eEF1A function (12). Thus, the cellu-
lar Genl levels are probably low to minimize its possible inter-
ference with elongation (12).

Our data led to a refined model for sensing amino acid star-
vation as shown in Fig. 8. When during each round of the elon-
gation cycle the A-site is available for accommodating the next
tRNA in a codon-specific manner, either under replete condi-
tions aa-tRNA is delivered by eEF1A (Fig. 84, arrow 1), or under
starvation conditions tRNAY2Y! enters the A-site (Fig. 8B,
arrow 5). If aa-tRNA is delivered, then eEF3 triggers the con-
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comitant release of tRNA“***"" from the E-site (Fig. 8B, arrow
2). Subsequently translation elongation can proceed to the next
steps involving peptide bond formation and translocation (Fig.
8A, arrows 3 and 4). In such productive elongation complexes,
the HEAT domain and C terminus of eEF3 would prevent pro-
ductive Genl-ribosome interactions and thereby prevent Gen2
from detecting tRNAs?*), e.g,, tRNAs?**"! |eaving the E-site.
Furthermore, eEF1A binding to the Gen2 C terminus would
prevent Gen2 from substrate phosphorylation (21). Because
eEF1A is abundant in the cell, it remains to be determined
whether this inhibition is mediated by the eEF1A delivering
aa-tRNA to the A-site or by another eEF1A molecule. For sim-
plicity, the nonfunctional Genl/20-Gen2 complex was drawn
separately from the ribosome and associated with an eEF1A
molecule not involved in the translation elongation cycle (Fig.
84, bottom part). As suggested above, eEF1A and eEF3 might
cooperate to maintain Gcn2 latency under amino acid replete
conditions. Although eEF3 would prevent Gcnl-mediated
delivery of tRNAs**<Y!, for example the ones naturally occur-
ring during the translation elongation cycle, to Gen2, eEF1A
would ensure that Gen2 does not phosphorylate its substrate. If
under amino acid starvation tRNA**! enters the A-site (Fig.
8B, arrow 5), and in line with the model predicted for the E. coli
stringent response, the E-site tRNA2Y! does not leave the
ribosome (33). The affinity of eEF3 for these stalled complexes
would be lower, possibly because of the absence of eEF1A at the
A-site, allowing Genl1/20 to interact with the A-site, directly or
indirectly, and mediate the transfer of tRNA?***Y to Gen2 for
kinase activation (Fig. 8B, arrow 6). This tRNA“**"" leads to
eEF1A dissociating from Gcn2 and consequently allowing
Gcen2-mediated elF2a phosphorylation. It is possible that apart
from triggering the GAAC response, the Gen1/20-Gen2 com-
plex may be necessary to vacate the A-site to prevent premature
peptide chain termination triggered by A-site bound
tRNAYe2Y! (34, 35) and to enable the “post-starved” ribosome to
enter again the translation elongation cycle (Fig. 8B, arrow 7). It
still remains to be determined how tRNA“***Y enters the A-site,
via diffusion or via delivery by another protein; however, the
model can accommodate both mechanisms.

Under replete conditions, if in a rare event tRNA2Y enters
the A-site, one could envision that eEF3 makes way for the forma-
tion of a productive Genl-ribosome interaction, which then medi-
ates the removal of tRNA“*** from the A-site and its delivery to
Gcen2. At the same time eEF1A-mediated Gen2 inhibition
would cease and thereby allow eIF2a phosphorylation by Gen2,
accounting for the basal eIF2-P levels in unstarved yeast cells.

eEF3 is a fungal specific elongation factor, and it has been
proposed that in nonfungal eukaryotes a factor permanently
attached to the ribosome executes the function of eEF3 (5). We
believe that our model may also be applicable to nonfungal
eukaryotes. Genl would be able to attach to a ribosome that
harbors an integral eEF3-like protein. Conformational changes
in the ribosome or of the integral eEF3-like protein then may
allow or prevent Genl function in transferring the starvation
signal to Gen2. Further studies will be necessary to test this
model in nonfungal eukaryotes. Such studies may be of high
interest in regards to finding specific anti-fungal agents.
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We cannot exclude the possibility that eEF3 overexpression
prevents Gen2 function by a mechanism different to that pro-
posed above. For example eEF3 could prevent the Gen2 kinase
domain from accessing and phosphorylating eIlF2«, or eEF3
could promote eIlF2a dephosphorylation by activating a phos-
phatase. However, these scenarios may be less likely consider-
ing that overexpression of eEF3 did not mitigate the toxicity of
overexpressing the elF2a kinase PKR when expressed in yeast
instead of Gen2. Taken together, our data provide strong evi-
dence that eEF3 negatively regulates Gen2 activation in a man-
ner requiring the HEAT domain and/or requiring an accessory
ribosome-binding domain at the eEF3 C terminus that is dis-
pensable for eEF3 essential function in translation elongation
(1,27). These findings provide added support for the model that
Gen?2 is activated by uncharged tRNAs on elongating ribo-
somes and reveal an unanticipated role for a general elongation
factor, in addition to eEF1A, in controlling this process. Map-
ping the binding sites for Genl and the eEF3 C terminus on the
ribosome will be necessary to provide a full understanding of
how eEF3 blocks Gcn2 activation. Together with our recent
findings that eEF1A inhibits e[F2a phosphorylation by Gcen2,
we propose that eEF3 works in concert with eEF1A to keep
Gcn2 in its latent state when amino acids are plentiful.
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