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Phosphorylation of the a subunit of eukaryotic translation initiation factor 2 (eIF-2a) by the protein kinase
GCN2 mediates increased translation of the transcriptional activator GCN4 in amino acid-starved yeast cells.
We show that this key phosphorylation event and the attendant translational induction of GCN4 are dependent
on the product of a previously uncharacterized gene, GCNI. Inactivation of GCNI did not affect the level of
eIF-2ot phosphorylation when mammalian eIF-2a kinases were expressed in yeast cells in place of GCN2,
arguing against an involvement of GCN1 in dephosphorylation of eIF-2a. In addition, while GCN1 is required
in vivo for phosphorylation of eIF-2a by GCN2, cell extracts from gcnlA strains contained wild-type levels of
GCN2 eIF-2a-kinase activity. On the basis of these results, we propose that GCN1 is not needed for GCN2
kinase activity per se but is required for in vivo activation of GCN2 in response to the starvation signal,
uncharged tRNA. GCN1 encodes a protein of 297 kDa with an 88-kDa region that is highly similar in sequence
to translation elongation factor 3 identified in several fungal species. This sequence similarity raises the
possibility that GCN1 interacts with ribosomes or tRNA molecules and functions in conjunction with GCN2 in
monitoring uncharged tRNA levels during the process of translation elongation.

Starvation for an amino acid or the presence of a defective
aminoacyl-tRNA synthetase in the yeast Saccharomyces
cerevisiae leads to increased transcription of more than 30
genes encoding amino acid biosynthetic enzymes in 10
different pathways. This response, called general amino acid
control (reviewed in reference 35), is mediated by the
transcriptional activator GCN4 that binds to promoter re-
gions of the coregulated structural genes subject to the
general control. Expression of GCN4 itself is regulated by
the availability of amino acids, but at the level of translation
initiation. When amino acids are abundant, four short up-
stream open reading frames (uORFs) in the leader of GCN4
mRNA restrict the flow of scanning ribosomes to the GCN4
initiation codon. Under starvation conditions, trans-acting
positive factors encoded by GCN2 and GCN3 allow ribo-
somes to bypass the most inhibitory of the uORFs and
initiate translation at the GCN4 AUG codon, thus increasing
the level of GCN4 protein in the cell (1, 35).
GCN2 is a protein kinase that stimulates GCN4 translation

by phosphorylating the a subunit of eukaryotic translation
initiation factor 2 (eIF-2a; encoded by SUI2) on the serine
residue at position 51 (20, 75). In mammalian cells, phos-
phorylation of eIF-2a on serine 51 inhibits general transla-
tion initiation by impairing the guanine nucleotide exchange
factor for eIF-2, known as eIF-2B. GDP-GTP exchange on
eIF-2 catalyzed by eIF-2B is essential for translation be-
cause only the GTP-bound form of eIF-2 can deliver initiator
tRNAMet to small ribosomal subunits (32). By analogy with
mammalian systems, it was proposed that eIF-2a phos-
phorylation by GCN2 in S. cerevisiae would decrease the
level of eIF-2 activity in the cell. As a result, ribosomes
which had translated the first uORF and resumed scanning
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would not rebind initiator tRNAMet until after bypassing the
remaining uORFs, allowing them to reinitiate translation at
GCN4 instead (1, 20). This hypothesis can explain why
reduced-function mutations in essential subunits of eIF-2
(encoded by SUI2 [13], SUI3 [23], and GCD11 [30]) or
eIF-2B (encoded by GCD1, GCD2, GCD6, and GCD7 [4, 5,
11, 12]), all of which should diminish eIF-2 activity, lead to
high-level GCN4 translation independent of GCN2 and
amino acid availability (4, 35, 76). GCN3 is a nonessential
subunit of eIF-2B that is believed to mediate the inhibitory
effect of phosphorylated eIF-2 on the guanine nucleotide
exchange activity of eIF-2B (19, 29, 31, 56).
GCN2 contains a large region adjacent to the protein

kinase domain that is similar in sequence to histidyl-tRNA
synthetases (HisRSs) and is required in vivo for phosphory-
lation of eIF-2a under starvation conditions (20, 74, 75).
Mutations in the HisRS-like region of GCN2 which lead to
constitutive activation of GCN2 kinase function and alter
amino acids conserved among class II aminoacyl-tRNA
synthetases have been identified (56). These findings, plus
the fact that uncharged tRNA is a more direct signal than
amino acid limitation for derepression of GCN4 (reviewed in
reference 35), led to the hypothesis that the HisRS-related
segment of GCN2 is a regulatory region involved in the
recognition of uncharged tRNA and activation of GCN2
kinase function under starvation conditions.

In this report, we investigate the role of a previously
uncharacterized gene known as GCN1 in the general control
pathway. We have cloned this gene and found that it encodes
a protein with a predicted molecular mass of nearly 300 kDa
containing an 88-kDa segment that is very similar in se-

quence to yeast translation elongation factor 3 (EF-3) (22,
50, 54, 60, 77). We show that GCN1 is a translational
activator of GCN4 because loss of GCNI function renders
GCN4 nonderepressible and because its ability to stimulate
GCN4 expression is completely dependent on the uORFs in

3541

Vol. 13, No. 6



3542 MARTON ET AL.

GCN4 mRNA. Our experiments indicate that GCN1 is
required in vivo for the phosphorylation of eIF-2ot on serine
51 catalyzed by GCN2 under conditions of amino acid
starvation. GCN1 does not appear to act by inhibiting an
eIF-2a phosphatase nor by stimulating GCN2 expression. In
addition, GCN2 protein isolated from gcnlA extracts specif-
ically phosphorylates purified eIF-2 in vitro, indicating that
GCN1 is not required for the ability of GCN2 to bind and
phosphorylate its physiological substrate. These results,
coupled with the intriguing finding that GCN1 shows se-
quence similarity with a factor that plays an essential role in
translational elongation, possibly by escorting tRNA sub-
strates onto and off of the ribosome (7, 69), suggest that
GCN1 is involved in sensing uncharged tRNA and stimulat-
ing the kinase activity of GCN2 in amino acid-starved cells.

MATERUILS AND METHODS

Plasmids. Plasmids p664, p665, and p666 were isolated by
selecting for complementation of the 3-amino-1,2,4-triazole
(3-AT; Fluka Chemical Corp.)-sensitive phenotype of the
gcnl-l allele after transformation (37) of strain H1169 with a
genomic library (57) containing 15- to 30-kb fragments from
a partial Sau3A digest cloned into the BamHI site of YCp5O
(51). These three plasmids have related restriction enzyme
digestion patterns, but since p665 gave the strongest com-
plementation of gcnl-J, it was subjected to further study.
Plasmid pLC13 was constructed by subcloning the SnaBI-
Sall fragment of p665 into SmaI- and SalI-digested pRS316
(64). Plasmid pLC15 was constructed by digesting pLC13
with 4KnI and religating it. Plasmid pLC17 was constructed
by digesting pLC13 with XhoI (in the polylinker) and NruI,
treating it with Klenow fragment to create blunt ends, and
religating the result. pLC12 was constructed by subcloning
the 5.5-kb SaiI-SacII fragment from p665 into Sall- and
SacII-digested pRS316. pLC20 was constructed in two
steps: first, the XhoI site in pLC13 was filled in with Klenow
fragment, creating plasmid pLC16, which was then digested
with NotI (in the polylinker) and PflMI, filled in with Klenow
fragment, and religated. pLC27 was constructed by digesting
pLC13 with EamI105I in the presence of ethidium bromide
at 50 ,ug/ml (52). Linearized plasmid was subjected to
electrophoresis through 1% low-melting point agarose, gel
purified, treated with Klenow fragment, and religated.
Clones which had lost the EamIlOSI site in the genomic
GCN1 sequence (as opposed to losing the EamIlOSI site in
the ampicillin resistance gene) were isolated. Destruction of
the EamIlOSI site in the GCNI sequence was confirmed by
double digests with EamIlOSI and various restriction endo-
nucleases.

Plasmid pLC23, used to obtain the null allele of GCN1,
was constructed in two steps: (i) the 1.1-kb BglII-SalI
fragment from the 3' end of the GCNJ gene was cloned into
the BamHI-SalI sites of plasmid pNKY51 (2), creating
plasmid pLC19, and (ii) the 2.4-kb BgiII fragment from
sequences immediately upstream of the GCN1 coding se-
quence was cloned into the BglII site of plasmid pLC19 so
that the GCNI coding strand was in the same orientation as
the BglII-SalI fragment. The integrating plasmid pLC1 was
constructed by subcloning the 4.1-kb SalI-XbaI fragment
from p665 into Sall- and XbaI-digested pRS305 (64). The
integrating plasmid pLC3 was constructed by subcloning the
6.4-kb ClaI-SacII fragment from p665 into pRS306 (64).
Plasmids pLC1 and pLC3 were used to direct integration of
LEU2 and URA3 markers, respectively, into the yeast
genome at the GCNI locus. Plasmid pLC25, used for RNase

protection experiments, was constructed by subcloning the
900-bp XbaI fragment of p665 into pRS305 in the orientation
allowing transcription of antisense RNA from the GCN1
sequences by T3 polymerase.

Plasmids p180, p226, and p227, which contain the wild-
type GCN4 leader, the leader with only ORF4, and the
leader with no uORFs, respectively, have been previously
described (49). Plasmid p585 contains the wild-type GCN2
gene on the low-copy-number URA3-containing plasmid
YCp5O (75). Plasmids p630 and p644 contain the wild-type
GCN2 gene or the gcn2-K559R allele, respectively, on the
high-copy-number URA3 vector YEp24 (75). The various
GCN2Y mutations employed in this study have been de-
scribed elsewhere (56) and are designated with the wild-type
amino acid (single-letter code) followed by its position
relative to the N terminus and the substituting amino acid in
the mutant allele. Plasmid p914 contains the GCN2c-E1537G
(also known as GCN2c-517) allele, and plasmid p1056 con-
tains the GCN2c-E537K,E1522K (also known as GCN2'-516)
allele. Plasmids p1246 and p1247 were kindly provided by
Glen Barber and Michael Katze (University of Washington,
Seattle) and contain the wild-type double-stranded-RNA-
dependent protein kinase (dsRNA-PK) gene and the mutated
form of the gene carrying the K296R substitution, respec-
tively, subcloned into the high-copy-number pEMBLyex4
vector (19). Plasmids p1420 and p1421 were generously
supplied by Jane-Jane Chen (Massachusetts Institute of
Technology) and contain the wild-type heme-regulated in-
hibitor (HRI) gene and the mutated form of the gene carrying
the K199R substitution subcloned into the pEMBLyex4
vector (19).

Strains and genetic techniques. Table 1 lists the yeast
strains used in this study. Strains H1048 and H1169 were
constructed by tetrad analysis of several genetic crosses
between GCN strains in our collection and a gcnl-l mutant
kindly provided by Peter Niederberger and Ralf Hutter,
scoring gcnl-l by sensitivity to 3-AT. Complementation of
the gcnl-l mutation (62) was scored by the ability to grow on
SD medium (63) supplemented with all amino acids at 0.1
mg/ml, except for leucine (present at 40 mM) and histidine
(omitted), plus 3-AT at 30 mM. Analysis of the growth rate
of strains containing the dsRNA-PK or the HRI protein
kinase was carried out on the following media: 3-AT as
described above; SGAL, identical to SD medium except
containing 10% galactose instead of 2% glucose as the
carbon source; SR, identical to SD medium except contain-
ing 2% raffinose instead of glucose; SR + 3-AT, SR medium
containing 30 mM 3-AT. For growing strains in raffinose,
saturated cultures grown in SD medium were diluted at least
1:50 into SR medium and cells were harvested 12 h after
inoculation. Additional procedures for testing amino acid
analog sensitivity have been described previously (36).
ThegcnlA::URA3 strain H2078 was constructed by trans-

forming strain F113 to Ura+ with the 6.7-kb SpeI-SaiI
fragment from pLC23, containing a replacement of 7.3 kb of
GCN1 sequences (between the BglII sites at nucleotide [nt]
-83 and at nt 7263; see Fig. 2) with the URA3 gene flanked
by a direct repeat of 1.1 kb from the Salmonella hisG gene
(2). The GCN1 deletion begins approximately at the start site
of transcription and leaves approximately 1 kb of GCNI
coding sequence at the C terminus (see Fig. 1). Ura+
transformants were selected, and the occurrence of the
desired gene replacement was confirmed by DNA blot
hybridization analysis (see below). The direct repeats flank-
ing the URA3 gene provided a means to select for homolo-
gous recombination events that evict the URA3 gene from
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TABLE 1. Yeast strains

Source orStrain Genotype' reference

H3 MATTa ura3-52 leu2-3 leu2-112 This study
H1048 MATa leu2-3 leu2-112 gcnl-l This study
H1056 MA Ta/MATa leu2-3/leu2-3 leu2-122/leu2-122 ura3-52/ura3-52 This study
H1169 MATa ura3-52gcnl-1 This study
H1515 MATa trpl-A63 ura3-52 leu2-3 leu2-112 A. M.

Cigan
H1816 MATa trpl-A63 ura3-52 leu2-3 leu2-112 sui2A (SUI2 LEU2) trp1::GCN4-lacZ TRP1 gcn2A 20
H1817 MATa trpl-A63 ura3-52 leu2-3 leu2-112 sui2A (SUI2-SSJA LEU2) trp1::GCN4-lacZ TRP1 gcn2A 20
H1896 MATa trpl-A&63 ura3-52 leu2-3 leu2-112 sui2A (SUI2 LEU2) trp1::GCN4-lacZ TRP1 20
H1897 MATa trpl-A63 ura3-52 leu2-3 leu2-112 sui2A (SUI2-SSJA LEU2) trp1::GCN4-lacZ TRP1 20
H1898 MATa trpl-A63 ura3-52 leu2-3 leu2-112 sui2A (SUI2-S51D LEU2) trp1::GCN4-lacZ TRPI 20
H2078 MATa inol ura3-52 canl gcnl,A::URA3 This study
H2079 MATa inol ura3-52 canl gcnlA& This study
H2082 MATa trplA&-63 ura3-52 leu2-3 leu2-112 gcnlA::URA3 This study
H2084 MATa trpl-A&63 ura3-52 leu2-3 leu2-112 sui2A (SUI2 LEU2) trp1::GCN4-lacZ TRP1 gcn2A& This study

gcnlA&::URA3
H2085 MATa trpl-A63 ura3-52 leu2-3 leu2-112 sui2A (SUI2 LEU2) trpl::GCN4-lacZ TRPI gcn2A gcnlA This study
H2086 MATa trpl-A63 ura3-52 leu2-3 leu2-112 sui2A (SUI2-SSJA LEU2) trpl::GCN4-lacZ TRP1 gcn2A& This study

gcnl,A::URA3
H2087 MATa trpl-A&63 ura3-52 leu2-3 leu2-112 sui2A (SUI2-SSlA LEU2) trp1::GCN4-1acZ TRPI gcn2A gcnlA This study
H2088 MATa trpl-A63 ura3-52 leu2-3 leu2-112 sui2A (SUI2 LEU2) trpl::GCN4-lacZ TRPI gcnlA::URA3 This study
H2089 MATa trpl-A&63 ura3-52 leu2-3 leu2-112 sui2A& (SUI2 LEU2) trp1::GCN4-lacZ TRPI gcnl,A This study
H2090 MATa trpl-A&63 ura3-52 leu2-3 leu2-112 sui2A& (SUI2-SSJA LEU2) trpl::GCN4-lacZ TRP1 This study

gcnl,A::URA3
H2091 MATa trpl-A63 ura3-52 leu2-3 leu2-112 sui2A (SUI2-SSJA LEU2) trpl::GCN4-lacZ TRPI gcnlA& This study
H2092 MATa trpl-A&63 ura3-52 leu2-3 leu2-112 sui2A& (SUI2-SSID LEU2) trpl::GCN4-lacZ TRP1 This study

gcnl,A::URA3
H2093 AL4Ta trpl-A63 ura3-52 leu2-3 leu2-112 sui2A (SUI2-SSJD LEU2) trpl::GCN4-lacZ TRP1 gcnlA This study
F113 MATa inol ura3-52 canl 24

a The SUI2 or SUI2-S51A alleles enclosed in parentheses are present on autonomously replicating single-copy-number (CEN) plasmids containing LEU2.
Strains harboring GCN4-lacZ fusions contain the wild-type GCN4 leader fused to lacZ (34) integrated between trpl-A63 and TRPI (20).

the locus and create unmarked gcnlA alleles. Strain H2078
was replica plated to plates containing 5-fluoroorotic acid
(PCR Inc., Gainesville, Fla.), and strain H2079 was isolated
as a revertant resistant to 5-fluoroorotic acid (3). The desired
homologous recombination event was confirmed by DNA
blot hybridization of genomic DNA (see below). The same
procedure was employed to generate several sets of isogenic
strains containing either gcnlA::URA3 or unmarked gcnl
deletions. Thus, strains H1816, H1817, H1896, H1897, and
H1898 were transformed with the 6.7-kb SpeI-SalI fragment
to construct gcnlA::URA3 strains H2084, H2086, H2088,
H2090, and H2092, respectively. These strains were then
replica plated to 5-fluoroorotic acid plates to create the Ura-
gcnlA strains H2085, H2087, H2089, H2091, and H2093,
respectively.

Genetic demonstration that GCNI was cloned. To confirm
that the genomic insert in plasmid p665 contained the GCN1
gene, two different fragments of the insert were used to
direct integration of nonreplicating URA3 or LEU2 plasmids
to sites homologous to the cloned yeast DNA sequences.
Plasmid pLC3 was linearized with MluI and used to trans-
form the ura3-52 gcnl-l strain H1169 to Ura+. Likewise,
plasmid pLC1 linearized with MluI was used to transform
the leu2-3 leu2-112 gcnl-l strain H1048 to Leu+. Ura+ and
Leu+ transformants, respectively, were selected and, as
expected, were found to be 3-AT sensitive. Strain H1169
with the integrated pLC3 plasmid was mated to the ura3-
52 leu2-3 leu2-112 GCN1 strain H3. Diploids were isolated
and sporulated. Sixteen tetrads were dissected, and in all
cases the Ura+ and 3-AT-sensitive phenotypes cosegregated
2+:2-. Strain H1048 with the integrated pLCl plasmid was

mated to strain H3. Diploids were isolated and sporulated,
and 15 tetrads were dissected; in all cases the Leu+ and
3-AT-sensitive phenotypes cosegregated. These results indi-
cated that the integrated URA3 and LEU2 markers were
tightly linked to GCN1, confirming that the genomic insert in
p665 contains the authentic GCNJ gene.
DNA blot hybridization of yeast transformants. To confirm

the structure of gene replacements at GCN1, genomic DNA
was isolated from transformants by the procedure of Davis
et al. (18) as modified by Moehle and Hinnebusch (47). DNA
was digested with EcoRI and subjected to electrophoresis on
1% agarose gels. DNA fragments were transferred to Gene-
Screen Plus membranes (NEN) by the capillary transfer
method of Southern (67) as modified by Sambrook et al. (58).
Filters were probed with the 2.4-kb BglII fragment from the
GCNI promoter region radiolabeled by the random priming
technique (58). The probe hybridized to a 3.0-kb fragment
from parental strains, a 6.5-kb fragment from strains harbor-
ing the gcnlA::URA3 gene replacement, and a 3.6-kb frag-
ment from strains carrying the unmarked gcnlA deletion
allele (data not shown).
Chromosomal mapping of GCNI. GCNI was mapped to

chromosome VII by using a Chromo-Blot purchased from
Clontech, as follows. Chromosomes were fractionated by
clamped homogeneous electrical field electrophoresis, and a
blot of that gel containing two identical lanes was probed
with a radiolabeled 2.3-kb SacII-SacII fragment from
pLC13, extending over the 5' end of the gene and the first 2.2
kb of GCN1 coding sequence (one of the SacII sites is in the
polylinker of pLC13). The same probe was hybridized to a
set of filters containing an ordered lambda library of yeast
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genomic DNA fragments obtained from Linda Riles and
Maynard Olson, following the protocol provided by Riles
and Olson (56a). The probe hybridized to three overlapping
clones (numbers 5880, 5415, and 6012), one of which con-
tains the CDCSS gene, consistent with our assignment of
GCN1 to chromosome VII.
DNA sequence analysis. The sequence of the smallest

fragment from p665 which complemented gcnl-l was deter-
mined by the dideoxy chain termination method (61) by
Lofstrand Labs Ltd. (Gaithersburg, Md.). The results were
confirmed by sequencing both strands at least twice. Se-
quences were analyzed by using the Genetics Computer
Group sequence analysis software package (21). The symbol
comparison table of Gribskov and Burgess (28), which is
based on the Dayhoff PAM-250 matrix, was used in all
sequence comparisons reported here except where indi-
cated.
Comparisons of the GCN1 protein sequence were done by

using FASTA with a word size of 2 to search GenBank and
a word size of 1 to search the SWISSPROT data base (53).
The PILEUP program (gap weight = 3, gap length = 0.1, and
sequence comparison table GenRunData:PileUpPep.Cmp)
was used to align the entire sequence of GCN1 with the three
EF-3 proteins (see Fig. 4). The PRETTY program displayed
the alignment with a consensus sequence using a plurality of
3.0. The consensus sequence was altered by hand as de-
scribed in the legend to Fig. 4.
The BESTFIT program was used to determine the statis-

tical significance of the alignments obtained from the
FASTA or REPEATS program. This program aligns the first
sequence in the alignment with a set of randomized se-
quences of the same length and composition as the second
sequence and calculates the quality score for each of the
alignments. Statistical significance is reported as the number
of standard deviations by which the quality score of the
actual alignment differs from the mean quality score derived
from the randomized sequences. The number of randomiza-
tions employed was always at least 100.
The REPEATS program using a window of 65 and strin-

gency of 40 was used to identify the internal repeat in GCNJ.
Two repeats were discovered initially. A 51-amino-acid
region (amino acid positions 1624 to 1674) was found to be
41% identical and 61% similar to the region between 1887
and 1937. The statistical significance of this repeat was
determined by using the BESTFIT program as described
above. Its significance is greater than 13 standard deviations
above the mean quality score of randomized sequences. A
second repeat from 1385 to 1474 and 1701 to 1790 is 29%
identical and 53% similar over these 90 amino acids and
has a significance of 12 standard deviations above the
mean. These repeats were combined to form the repeat
described in Results. Finally, we noticed that the sequence
RXXAAXXLXXLVXXXG or a very closely related se-
quence was repeated five times in GCN1, beginning at amino
acids positions 1624, 1687, 1344, 1663, and 2312.

Analysis of GCNI expression and regulatory function. (i)
Amino acid analog sensitivity. Plasmid-borne GCNI alleles
were tested for complementation of gcnl-l for the inability
to depress HIS3 expression by measuring the growth rate of
strain H1169 or F113 transformants replica plated to medium
containing 30 mM 3-AT and excess (40 mM) leucine (36), as
described above.

(ii) Assay of GCN4-lacZ fusions. 13-Galactosidase assays
were conducted as previously described (44). Strains F113
(GCNI) and H2079 (gcnlA) were transformed with plasmids
bearing translational fusions between GCN4 and lacZ con-

taining mutations which remove various uORFs in the GCN4
mRNA leader. Transformants were grown in SD medium
(63) supplemented with 0.2 mM inositol. For repressing
conditions, saturated cultures were diluted 1:50, grown at
30°C with rotary agitation at 275 rpm, and harvested in
mid-logarithmic phase after 6 h of growth. For derepressing
conditions, cultures were grown for 2 h under repressing
conditions and then for 6 h after the addition of 3-AT to 10
mM.

(iii) Analysis of GCNI, HIS4, PYKI, and Tyl mRNA
abundance. Isogenic strains F113 (GCNI) and H2078
(gcnlA::URA3) were grown under repressing and derepress-
ing conditions as described above, except that strain F113
was also supplemented with 0.2 mM uracil. Total RNA was
extracted and subjected to formaldehyde-agarose gel elec-
trophoresis and blot hybridization analysis as described
previously (36). GCN1, HIS4, PYK1, and Tyl mRNAs were
probed, respectively, with the 1.1-kb GCN1 SacII-MluI
fragment of pLC13, the 2.8-kb HIS4 EcoRI fragment from
pR5 (25), the HindIII-digested PYK1 plasmid pFR2 (40), and
the 1.3-kb HindIII-EcoRI fragment from pBD6-456 contain-
ing the Tyl element (obtained from Tom Burkett, Frederick
Cancer Research and Development Center, Frederick, Md.).

Isoelectric focusing gels. Saturated cultures of the strains to
be analyzed were diluted 1:35 and grown in SD medium
(supplemented with 0.2mM uracil where appropriate) for 6 h
at 30°C with shaking. For derepressing conditions, 1 h prior
to harvesting, cultures were supplemented with 3-AT to 10
mM. Preparation of the extracts, vertical-slab gel isoelectric
focusing, and detection of eIF-2a by immunoblot analysis
were carried out as described by Dever et al. (20). For
experiments employing the HRI kinase instead of GCN2,
saturated cultures grown in SD medium were diluted 1:50 in
SR medium and harvested in logarithmic phase 12 h later.
Cells were harvested, and extracts were analyzed as de-
scribed above.

In vitro protein kinase assays. The method of Wek et al.
(75) with the following modifications was used for the
preparation of extracts and analysis of the GCN2 kinase
activity. Saturated cultures of the strains to be analyzed
were diluted 1:100 and grown under repressing or derepress-
ing conditions as described above for 3-galactosidase as-
says. To analyze GCN2 autophosphorylation, 400 ,ug of
protein extract was incubated overnight with GCN2 anti-
serum. Immune complexes were collected by centrifugation,
washed three times with TN buffer (50 mM Tris-HCl [pH
7.5], 150 mM NaCl, 1 mM sodium molybdate, 1 mM dithio-
threitol plus detergents, and additional protease and phos-
phatase inhibitors according to the description of Wek et al.
[75]), once in TN buffer without detergents, and twice in
KIN buffer (25 mM Tris-HCl [pH 7.5], 10 mM MgCl2, 50mM
NaCl, and 1 mM dithiothreitol plus the protease and phos-
phatase inhibitors present in TN buffer). In assays contain-
ing rabbit eIF-2 as the substrate, the purified eIF-2 was
preincubated with 20 ,uM cold ATP for 9 min at 30°C before
the addition of 10 ,uCi of [_y-32P]ATP. The eIF-2 was kindly
provided by William C. Merrick (Case Western Reserve
University, Cleveland, Ohio).

Nucleotide sequence accession number. The GenBank ac-
cession number for GCNJ is L12467.

RESULTS

Characterization of the GCNI gene. Thegcnl-l mutant was
isolated on the basis of causing increased sensitivity to an
inhibitor of tryptophan biosynthesis and was shown to
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FIG. 1. Functional map of GCNI. The top line represents
genomic DNA containing the GCN1 gene, with the open box
designating the GCN1 protein-coding sequence oriented 5' to 3'.
Immediately below it is a representation of the GCN1 protein,
including amino (N) and carboxy (C) termini. The region with
homology to EF-3 is indicated by shading. Within this region,
vertical bars indicate the positions corresponding to the bipartite
nucleotide-binding motifs in the homologous portions of EF-3. The
region containing the second part of the C-proximal nucleotide-
binding motif is absent in GCN1; in addition, the conserved amino
acids of these motifs are absent in GCN1. The internal repeat of
GCN1 is indicated by the two arrows. The hatched box below
represents the stretch of DNA used as a probe in the RNA
hybridization experiments. To the right are indicated the comple-
mentation activities of various partial deletion alleles of GCN1
carried on the indicated plasmids: +, wild-type growth after replica
plating to medium containing 30 mM 3-AT; -, very poor growth
under the same conditions, indistinguishable from that given by
vector alone. The position of a frameshift mutation in pLC27 at the
EamIlO5I site within the GCN1 coding sequence is indicated (X).
The extent of the deletion in the gcnlA::URA3 allele constructed in
pLC23 is shown by the portion of the GCN1 gene replaced by the
URA3 gene flanked by hisG repeats. Letter designations for restric-
tion sites: B, BamHI; Sn, SnaBI; Pf, PflMI; S2, SacII; M, MluI; N,
NruI; K, Kpn; C, ClaI; S, Sall.

prevent derepression of enzymes subject to the general
control in response to an amino acid starvation (62). The
GCN1 gene was cloned from a yeast plasmid genomic library
(57) by complementation of the 3-AT-sensitive phenotype
conferred by the gcnl-l mutation in strain H1169. Three
complementing plasmids (p664, p665, and p666) with related
restriction endonuclease digestion patterns were isolated.
Plasmid p665, which contains a ca. 15-kb insert, gave the
strongest complementation of gcnl-1. Fragments from the
putative GCNJ genomic insert in p665 were subcloned in a

nonreplicating URA3 plasmid and used to direct plasmid
integration to the homologous sequences in the yeast ge-
nome. Genetic analysis revealed that the integrated URA3
marker in these transformants was tightly linked to gcnl-1,
confirming that the plasmids contain the authentic GCN1
gene (see Materials and Methods for details).
The boundaries of the GCN1 complementation unit were

determined by deleting portions of the genomic insert in p665
and subcloning various restriction fragments from the insert
into the low-copy-number plasmid pRS316 and then by
testing the resulting constructs for complementation of the

3-AT-sensitive phenotype of gcnl-1. An 8.4-kb SnaBI-SalI
fragment from the GCN1 region contained in plasmid pLC13
was found to fully complement the 3-AT sensitivity of strain
H1169 (Fig. 1). Deletion from pLC13 of the 1.4-kb SnaBI-
Pf7MI fragment (generating pLC20) or the 895-bp KjpnI-SalI
fragment (generating pLC15) completely eliminated comple-
mentation ofgcnl-l (Fig. 1). These results suggested that the
GCNJ complementation unit extended over most of the
8.4-kb SnaBI-SalI fragment.
The DNA sequence of this fragment was determined and

found to contain a large ORF of 8,019 bp, beginning at a
methionine codon located only 124 bp downstream of the
SnaBI site (Fig. 2). The smallest 5' and 3' deletions shown in
Fig. 1 which destroyed the complementing activity of the
8.4-kb SnaBI-SalI fragment removed coding sequences from
the ends of this ORF, indicating that the GCNJ genetic
complementation unit is coextensive with the ORF. To test
whether the methionine codon present 124 bp downstream of
the SnaBI site is the GCN1 initiation codon, we introduced
a + 1 frameshift mutation at the EamI1O5I site located about
195 bp downstream of this ATG triplet in plasmid pLC13,
creating pLC27. As expected if the GCN1 ORF begins
upstream of this site, the mutation in pLC27 abolished the
complementing ability of the plasmid-borne sequences (Fig.
1). This finding, plus the fact that the 124 bp upstream of the
putative initiator methionine codon contains at least four
stop codons in each of the reading frames, led us to conclude
that the ATG triplet at position +1 in the GCNJ sequence
(Fig. 2) is the initiation codon. Our results predict that GCNI
encodes a protein 2,672 amino acids in length with a molec-
ular mass of 296,695 Da.
We used RNA blot hybridization analysis to determine

whether GCNI mRNA is large enough to encode the pre-
dicted ORF of 8,019 bp. Using a 1.2-kb SacII-MluI fragment
from within the GCNJ ORF as the hybridization probe (Fig.
1), we detected a single transcript of ca. 8.5 kb (Fig. 3). In
addition, the approximate 5' end of GCNI mRNA was
localized by RNase protection mapping to a region ca. 70 nt
upstream of the ATG codon at +1 in the GCNI sequence
(44a). The results shown in Fig. 3 also indicate that the
abundance of GCNJ mRNA does not increase significantly
under amino acid starvation conditions when transcription of
genes subject to the general control is being stimulated by
GCN4. Relative to the levels of PYKJ mRNA (encoding
pyruvate kinase) and Tyl RNA examined as unregulated
controls, little or no increase in GCNI mRNA abundance
was observed in response to histidine starvation of the
wild-type GCNJ strain, whereas HIS4 mRNA showed the
expected derepression under these conditions (24). In accord
with the idea that GCN1 is a positive effector in the general
control system, deletion of GCNJ substantially reduced the
derepression ofHIS4 mRNA in response to starvation (Fig.
3). The residual HIS4 derepression observed in the
gcnlA::URA3 strain is consistent with our previous results
(31), indicating the existence of a GCN4-independent com-
ponent of HIS4 regulation by amino acid levels.
We constructed a deletion of GCNJ in several haploid

yeast strains that replaces 7.3 kb of the 8.02-kb ORF with the
URA3 gene. In each case, the replacement of GCNI with the
gcnlA::URA3 allele was confirmed by DNA blot hybridiza-
tion analysis. As expected, deletion of GCNI in these strains
led to a 3-AT-sensitive phenotype that could not be comple-
mented by crossing to a gcnl-l strain.
We observed that transformants containinggcnlA::URA3

were obtained at essentially the same frequencies in haploid
and diploid strains, suggesting that deletion of GCNI has no

B Sn Pf S2 M

I 1. 1 I' 'I ~~GCNI
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-123 OGT
-120 ACGAMAA77mATAATTTAAACCTTCGAAAAGATCTT AGTTCGTACTrAITAAACCTGAAGrAA1ATTAAGACAAACAAG_ GCTAACAATAACT CCTACAGTG
1 ATGACACACACTGAAGATATATCCCC''-TTGGAGCCCCGCGAAT CACA CGGCAAAAGAG7TCCr7rCAAGATATATCACAATTAGTTCGTCAAGAA

M T A I L N W E D I S P V L E K G T R E S H V S K R V P F L Q D I S Q L V R Q E 40
121 ACATTGAAAAACCTTTTATTGAATAC CTTTCGATTTACG_A_AATATCTC AAATCTA

T L E K P Q L S E I A F V L L N T F T I Y E D N R S K S L V T S I L L D I L N L 80
241 GAGCCATa CCTAGAAATAGATTCATTTCCGACGT&TCATCAGTAATCCGGCTACCAAAGCA(CIAT CTTATTAG GTTAATIWIICIqAT

E P C L L E N F I R F I S D V V I S N P A T K A V A D Y L N L L D W I N S F L I 120
361 IrI ATAATTCTAATTTATT9GAAGAGTACATTCCAAAAT TGCATTCTATTCTTGACAATC

F V S H N S N L F E E Y I P K L L V A H S Y A T F G V E T I L D N Q E E G K K S 160
481 CAAGATAAGCAGAACCAGATAGAAAATTGTCAAACAACGGTCAAAGCATTACTT SAAGGATAA TGACGACAGTATTTCC

Q D K Q N Q H R K R I R Y C I F Q T T V K A F L K C L K D N D D S I S F M K I s 200
601 ATTAAAACTGTACTGGAGAGCTACTCTAAGCT GAAGATAACCAGTGACTT CAGTTATTATCGAGGCAACCAGCTCTGCAC

I K T V L E S Y S K L K I T S V G V V M I M G A L T Q A A L Q L L S R Q P A L H 240
721 T CCGTTTTAGAATrCTGGGAATATTCGTA GGCACCACCATCTTCCTTGCTTAGAGA7TGGTTTGAAGCCATTTTTAAAA

S V L K E N S A E K Y C E Y L G K E V F L G K N P P S S F C L E I G L K P F L K 280
841 GAATTAAG TTTTTCATCCCTAATATGA GiTAAGATCTCCTGAGGTTGGIT GCTICICT

E F V S Q E L F I K F F I P N I E K A V L R S P E V G F S I L S E L Y A G V S P 320
961 AAAGAAACCTTTGC TTCCTCGTCATTTAAAAGCTC AAAAGAGGTAGTTAGATCCG TCTCTTA

E K V N L L N A F A S S K L I N Q Y F S S F K S S K E V V R S V S L Q S M I I L 360
1081 TTA CAATACTGACACTACCTTGG AGATTTGACCAAGCTTATTACGAAATATTTAAGAACATT AAATGCAGATTACAAATCACTrATTTCCAAAATr

L R K I S N T D T T L E D L T K L I D E I F K N I K S N L N A D Y K S L I S K I 400
1201 CTCATAGAAATACCCTTAAC GCACTATGAGG TTGCAAATGTCCCCATATAAAGGAAGCCTTGACTCTAATGCTTAACGCTTl=

L I E I P L T H Y E V S E K I C K G L S P Y I G K E G N E A A L T L M L N A F F 440
1321 GTTATTATTTTAGTCTGGaCAAACCTATTGAAGACT9GGATAAAATTATATCACCOAGAA CAGATAAAACGTIG CGAACATTCA

V H Y F S L G K P I E D L D K I I S A G F A D K K P A L K K C W F A A F L N N S 480
1441 AATCC$CTVGTAAGGT ATATrAGACGGr GATT CATACATrATCACTCGCA. TAGCAATCT ATMTTT

N A A S E E V I L N F I D G C L E F V K D S I I H Y Q T H G H A C I L A S I E F 520
1561 ACAAACAAAATINAwMACAATACIAGCTAAATATCGTGTCATGCAG¶ATAGAAACCCTTCCTGAACTTCGATAGGTGATGCTATCTTAACTGCTCATTATCAACA

T N K I L A L D N T E L N D R V M Q L I E T L P E N S S I G D A I L T A A L S T 560
1681 GAGCTATCCATCGAAA AGCGTATTCAATAAAGGAGA _ _GTGCCAA

E L S I E N R I H A V N L L Q E L F Y K K P E F I G F S V I D A I E R R M R V Q 600
1801 GA AT TAAT A GATAAGrAAGCCTCAAMI=IT

E L I P Q Q N T S F K Y V T S V L L A I T S E L P D K E A S I K V L I N A L V I 640
1921 GCGCAATGAATT AAGAAn3GGCTGGTGMIGTTTTACGTGCAAGGCTTATCAGCTGAAGTTITcAAAGAA CATCA AAGATTIAA

A Q W N I F N I K N G W A G L V L R A R L D P A E V V K E H A S V I M E K I L E 680
2041 ATCACAGGTAGTTGAATGGATAGATACAAmATGGTGCATGCGGCAAGCAGCTGCCTATGCAGCAmTTAAGCCTAATGAGTTCACACCGATCCTITGTAAGACTATCGAA

I T G S C E W I D T I Y G A C G L Q A A A Y A A F I Q P N E F T P I L C K T I E 720
2161 GCAGArAACCGCGGATGATTT CTG ACGAAIIrAGAGGAC TT GACGAAGAAG AGACTTTCC

A D L T A D D F S R L S E E D F E I F A G E E G V L V V D V L E E S M N K K L S 760
2281 AAAA AGTACGAAACTAATGAAAAAAAATAAAAAA ATG AAAAGAGGAA CAAGAG CTCGTrAACAGTTA

N K N S K E Y E T L M W E Q K I R K E Q A K K N V K K L S K E E Q E L V N E Q L 800-
2401 GCGAAAGAATCTCAGTTAGATCACACGTTTCGGAAATTTCCACTCGTTrAAAGCGTGGTATTAGATTGGTATCTGAACTTTCCAAAGCTCTTGCTTAGTCCAAAATGCATCGCTACT

A K E S A V R S H V S E I S T R L K R G I R L V S E L S K A A C L V Q N G I A T 840
2521 GArACCTATGCTCGGAACC AAAGCAAAGAGGAGr TG lAGc AGCTIAAAATGTcTCCGAGAGATTA

W F P L A V T K L L Y L C S E P N I S K L T E D V N N V F L Q L S Q N V S E R L 880
2641 GGTAATATCAGAC mrrAGGrrGACGCGTGTGCACAATGCATGC AAGATTATTTAC AAGAA CAAGAGTromvrAGGATC

G N I R L F L G L A T L R V H N A N G I S Q D Y L Q E P L V E L L T R V L F R I 920
2761 AAGTTCGTCTCCACCAAGCAGCAATAGATTCCATCAGTTrGCAATATACTTTGATTAATGAATAAGAGAATTAAAGAATGcGGACAAGCCTGTT

K F V S N Q A A I D S I S L T Y I L P L L I N V L E K G K A I A L K N A D K P V 960
2881 GTTAAGCTGAGTTGTAGAAGAAGAAGAGAACAC CTGGC CcA ATCCGAGAATTTCCA7TGTT

V K A E F V e E D E E E E H L L L A M E I I S V H A E A F E D P S I P R I S I V 1000
3001 GAAGTGTTACTCTCTTC TACCCTACGA.CAAGAGrrMCGCTCTGTGCCAGCATArTGCACCAAAA GCGATATGATACTA

E V L L S L L S L P S K A K I A K D C F N A L C Q S I S V A P N Q E D L D M I L 1040
3121 TCAAATrATcA TCAATTcCTCCAACAATAGAAACTCT9GATAACGAATTCTTTTATGAAATATTCACCTGAAGTTTTCATCAGATTTGAT

S N L L S P N Q F V R S T I L E T L D N E F E L E P F M K Y S P E V F I C R F D 1080
3241 TCaGATCCTTCCAACCCGAGATTGCAGATTTATTTGGAGTTCAACAAATTTGTAGTCAACGATGATTACTAAAAAGCTTATrCCACTATTCAACAGGATGATAGGCTGAGA

S D P S N R E I A D F I W E F N K F V V N D E L L K S L F P L F N Q D D S G L R 1120
3361 TTATTGCGGCAACGCGTACGCATTTGGTGCGGTAAGTCTGTTTAcc TCTG GAGAAcTTAAAGATTTCT TAAA GAAAGAAAGCCATrs

L F A A N A Y A F G A V S L F T S E E N S S K D Y L N D L L N F Y K E K A K P L 1160

FIG. 2. Nucleotide sequence and deduced amino acid sequence of GCN1. The sequence begins at the SnaBI site 123 nt upstream of the
presumed initiator ATG of the GCN1 protein sequence and extends to the SalI site 521 nt downstream of the TGA stop codon. The numbers
on the left and right are nucleotide and codon positions, respectively, numbered from the first methionine at +1. The EamI105I site at nt 192
(the site of the frameshift mutation in plasmid pLC27) is underlined. Sites denoting the endpoints of deletions in plasmids pLC15 (the PflMI
site at nt 1267) and pLC20 (the KpnI site at nt 7424) are also underlined. The shaded region indicates the portion of GCN1 that is homologous
to the EF-3 proteins. The internal repeat of GCN1 is also underlined.

effect on cell viability under nonstarvation conditions. To
test directly whether GCNJ is required for growth under
nonstarvation conditions, we deleted the GCN1 gene from
one homolog and replaced it with the URA3 gene in the
ura3-52Iura3-52 diploid strain H1056, as described in Mate-
rials and Methods. The strain harboring the gcnlA::URA3
gene replacement was sporulated; in 29 tetrads we observed
2+:2- segregation for both Ura prototrophy and 3-AT sen-
sitivity, and all Ura+ spores were 3-AT sensitive. This
finding indicates that the gcnlA& strains were viable and 3-AT
sensitive. In addition, we saw no effect on growth rate under
nonstarvation conditions when gcnlA strains were trans-
formed with a plasmid bearing GCNJ (data not shown). On
the basis of these results, we conclude that GCNI is a
nonessential gene which is required for wild-type growth
only when cells are starved for an amino acid.
GCNJ was localized to chromosome VII in the vicinity of

the CDC55 gene by hybridizing a radiolabeled GCN1 probe
to an ordered lambda library of yeast genomic DNA frag-
ments (data not shown; see Materials and Methods).

Sequence similarity between GCN1 and a translation elon-

gation factor present in fungi. A search of the GenBank data
base revealed that a portion of the GCN1 protein of more
than 800 amino acids is highly similar in sequence to a

protein identified in several fungal species known as EF-3. In
S. cerevisiae, EF-3 is a protein of 116 kDa with ribosome-
dependent ATPase and GTPase activities that is essential for
translation elongation in vitro (16, 65, 66). At present, EF-3
has no obvious counterpart in the mammalian or wheat germ
translational apparatus. Biochemical analysis of the S. cer-

evisiae EF-3 protein has led to the proposal that EF-3
stimulates EF-la-dependent aminoacyl-tRNA binding to the
ribosomal A site during elongation (8, 38). More recent
studies suggest that EF-3 promotes translation elongation by
stimulating the release of deacylated tRNA from the E site
(69). This function appears to require the ribosome-depen-
dent nucleoside triphosphatase (NTPase) activity of EF-3,
which is influenced by deacylated tRNA (58a, 69).

Figure 4 shows a sequence alignment between 808 resi-
dues (residues 1330 to 2137) of GCN1 and the homologous
sequences of EF-3 from S. cerevisiae (54, 60), Candida
albicans (22, 50), and Pneumocystis carinii (77). The three
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GAGCCAATTCTTGATICAATTTrGGCTTGGTl-lCTTGTTTCTGCGAGTGAACAAAAAGATCCAT,GGCAAGGAAGAAGTACCGTTGCTATTACATTAAAAATCATGGCTAAGGC'i-'li'CGCA
E P I L D Q F G L V L V S A S E Q K D P W Q G R S T V A I T L K I M A K A F S A

GAGGATGATACTGTCGTTAACAVKATAAAAKDMEGTCGATVGATEGAGGCTAGTAGACAGAGAGCCTAGTTECGTCAAGAAATGAAAGAAGCTGGTGTTGAATTAATTACGTTACAT
E D D T V V N I I K F L V D D G G L V D R E P I V R Q E M K E A G V E L I T L H
GGCTCACAAAACT'CGAAGGATTTAATT'CCTATATTTrGAAGAAGCATTAAGCTCCAGTACGGACAGTv,CCTTAAAAGAGAACGTTATTATTTTGMTATGGTACATTAGCAAGACATTACAG
G S Q N S K D L I P I F E E A L S S S T D S A L K E N V I I L Y G T L A R H L Q
CAAAGTIGATGCAAGGATTICACACGATCATTGAAAGATTGCTTTCAACTTTGGATACTCCTTCTI DCGGATATTCAACAGGCTGT~GTICGGCTIGrATAGCACCACTAGTTTTCAGTTCAAA
Q S D A R I H T I I E R L L S T L D T P S A D I Q Q A V S A C I A P L V F Q F K
CAAAAAGGTIGA7rACTACIATCCTAATGGAGAAACTGCTGAATCCAACTTCTTCTATGCGGAAAGGGGCCTTGG CGTTTAGTGAAAGGTTACGGTATC
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G N F N A L S T L L K K V D K P T L E K L V K P A K Q S L A L T G R Q G Q D V A
GCATTTAAGCTTCCAAGAGGCCCTAACTGT'GTTTGCCTATmCTTGMCATGGTTTIGATIGTATGGTTCGAATGATGAAAGGGAAGAATCTGCATTAGCCATTrGCTGACGTTGTTTevAAG
A F K L P R G P N C V L P I F L H G L M Y G S N D E R E E S A L A I A D V V S K

ACCCCT PCCGCTAACTGAAGCAAGCCTT GAGCGTAATTACPLICRTGTGRCCATTADTTG AGATTTA LFGTA CTA
T P A A N L K P F V S V I T G P L I R V V G E R F S S D I K A A I L F A L N V L
TTCATTAAGATTCCAATGTTCTTGAGGCCTTTATICCCTICAATTACAAAGAACATTTGTTAAATCCTTGTCTGACGCTACCAATG.AAACGTT-lACGTCIGCGCCGCAAAAGGCTol.Sr
F I K I P M F L R P F I P Q L Q R T F V K S L S D A T N E T L R L R A A K A L G
GCCCTGATTAAG TACCTCGTGTTGACCCTCTAGTCATT,GAACTGGTGACAGGTGCCAAGCAAGCCACAGAT'GAAGGTGTCAAGACTGCGATGCTTAAAGCTTACTGGAAGTTATT
A L I E H Q P R V D P L V I E L V T G A K Q A T D E G V K T A M L K A L L E V I

ATG,AAGGCTGGTTCCAAATTAAACGAAAATITCTAAGACAAACATTGT,CAATTTAGT7TGAGGAAGAAATIGTTGGGTAGCAATGACAAATTGGCAGTTzTTrACGCTAAATTAATCGGATCG
M K A G S K L N E N S K T N I V N L V E E E M L G S N D K L A V A Y A K L I G S
TTATCAGAGA7=TI.GAACGACGAAGCCCACAAGATATTGCAAGACAAGGTTTTAATGCAGATCTAGATGGAGAAACCGGTAAGTTTGCTATTCTGACTTT,GAATTCu-l-I--i-lAAA
L S E I L S N D E A H K I L Q D K V L N A D L D G E T G K F A I L T L N S F L K

GATGCACCAACACAITAT ATCGGGCTTGATAGACGAATTT1GTAAGTTACATTTTGAAT,GCAATCCGTTCCCCTGATGTTrACTTCGGAGAAAA7&ATTGCTGCTGxGTAAA
D A P T H I F N T G L I D E F V S Y I L N A I R S P D V Y F G E N G T I A A G K

TTACLLTlATTAGAAGGAGAAAAGAGGTCEKRSPFV KDGTTAAAAAGGATGCATEP IGDIATTGGCGAIGAAAACAT NKAATCA AAVCT CTTA
L L L L E G E K R S P F V K K D A A E P F K I G D E N I N L L I N E L S K A V L
CAACCAGCCAGTAATTCTACGGATGTAAGAAGGTTGGCCTTGGTIGGTTATAAGAACACTAGCCAGATTCAAATTAGACGAGTGCATTAAGCAATACTTCGATvTAGTAGGACCATCTTA
Q P A S N S T D V R R L A L V V I R T L A R F K F D E C I K Q Y F D V V G P S V
TTTCTTGCTTGCGTGATuCCTGTrATCCCAAVTAAGCTCGCAGCAGAAAAAGCATATTTAGC CI I lAIAATGITTGAJGAAGATG'ACATGCATAC¶CCACGAG GAAA
F S C L R D P V I P I K L A A E K A Y L A L F K L V E E D D M H T F N E W F A K
ATTTCAGATCGCGGTAACAGCATCGAAACTGTCACAGGTACTACAATTCAATTACGGTCT7OTGGGACTATACCAAGAGGGTT GGTAAAAGGTTAGCAAATTICGAAAGAGAAAGGATT

T S D R G N S I F T V T G T T I O L R S V G D Y T K R V G K R L A N V E R E R I11- - -V..1 11 . . . V - - - y &>_. . .,_,. .- . - -

GCTIGCCGGAGGAGAGGAAACAATGTT'AGTGACAGATTTGAAGATGAAAGAGAAATAl>GGCTGTCGGAGGTGITTGAATTrAACCACT,GATATTT7GAAGAAAAT'TCAAT~GTGGTAACC
A A G G D A E T M F S D R F E D E R E I W A V G G V E L T T D I *

TCGTTACii'i'i'GATTT,GATATATTATTCTCGTTATATATAATACCACATAA ATATAAAA5GAAATAr7.AAGTCTT CCGCTG TGCATAAGGGTrATTTATATATCTATr

TAAACGGTIGATACAA=ATCTCATTAGACATAAGTCCAGAT FGTA2-ACATGAA inuedG.GACTTGCArTAGACACTGATmCGGTAATTAAGAAAGT

FIG. 2-Continued.

EF-3 genes are extremely similar, with the S. cerevisiae
protein sequence showing 77% identity and 84% similarity to
the C. albicans protein and 58% identity and 72% similarity
to EF-3 of P. carinii. All three EF-3 proteins possess

identical amino acids at 48% of the positions. Among these
invariant residues, GCN1 contains the identical amino acid
or a conservative replacement 25 and 48% of the time,
respectively. A comparison of GCN1 with the S. cerevisiae
EF-3 protein indicated that the proteins are 21% identical
and 48% similar over a region of 855 amino acids (represent-

ing greater than 80% of the EF-3 sequence). The statistical
significance of this similarity was tested by determining the
quality scores (a value incorporating similarities and gaps in
sequence alignments) between the homologous segments in
GCN1 and S. cerevisiae EF-3 with 100 randomized se-

quences of the same composition and length (see Materials
and Methods). The quality score for the alignment of the two
segments from GCN1 and EF-3 was 13.6 standard deviations
above the average score for the randomized sequences,

indicating a very high level of statistical significance for this
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FIG. 3. RNA blot hybridization analysis of GCN1 mRNA. Total
RNA from isogenic yeast strains F113 (GCNJ) and H2078
(gcnlA::URA3) was fractionated by 1% agarose-formaldehyde gel
electrophoresis, transferred to GeneScreen Plus membranes, and
hybridized with radiolabeled DNA probes for the indicated genes.
(Exposures for the four probes were different.) R and DR, condi-
tions repressing and derepressing for genes under general control,
respectively, as described in Materials and Methods. The sizes (in
kilobases) of RNA molecular weight markers (purchased from
Bethesda Research Laboratories) are shown on the left of the GCN1
panel.

sequence relatedness. The level of homology is even greater
when the analysis is restricted to the N-terminal third of S.
cerevisiae EF-3: GCN1 is 26% identical and 51% similar to
EF-3 over a stretch of 317 amino acids (residues 1330 to 1641
of GCN1 and residues 14 to 326 in EF-3) in which the level
of significance is 21 standard deviations over the mean. In
addition, there appear to be smaller regions of even greater
similarity. For example, there is a region of GCN1 (positions
1489 to 1609) that is 64% similar to the EF-3 genes and
contains a segment of 25 amino acids in which all four
proteins are 48% identical (GCN1 residues 1572 to 1596; Fig.
4).
These sequence comparisons suggest that this roughly

800-amino-acid segment of GCN1 has a structural feature or
biochemical function in common with the fungal EF-3 gene
products. EF-3 contains an internal repeat of approximately
200 amino acids, and each repeat contains a bipartite nucle-
otide-binding motif (54, 60) that is common to a number of
NTPases involved in membrane transport and drug resis-
tance (GXXGXGKS and LSGG[X16]ILLLDEP[X31LD [33,
72]). Although the region of homology between GCN1 and
EF-3 overlaps these nucleotide-binding sites, the invariant

residues in these motifs are not present in GCN1 (Fig. 4),
making it unlikely that the corresponding regions in GCN1
have nucleotide-binding properties. It is curious, however,
that GCN1 contains a long internal repeat of approximately
290 amino acids which overlaps the region of sequence
similarity with EF-3 but which is not coincident with the
EF-3 repeats (Fig. 1 and 4). An alignment of these GCN1
repeats (at positions 1385 to 1674 and 1701 to 1937 in GCN1)
revealed 28% identity and 52% similarity between the two,
with a quality score 13 standard deviations above the mean.
GCN1 stimulates GCN4 expression at the translational level.

Under conditions of amino acid sufficiency, translation of
GCN4 mRNA is repressed by four uORFs in its mRNA
leader. By using GCN4-lacZ fusions, it was shown that
removal of all four uORFs leads to high constitutive GCN4
expression, independent of amino acid levels and the posi-
tive regulators GCN2 and GCN3 (34, 48). The presence of
uORF4 alone (counting from the 5' end) is sufficient to fully
repress GCN4 translation, whereas uORF1 must be present
upstream from uORF4 to overcome this repression and
permit increased GCN4 expression under conditions of
amino acid starvation (49). It was shown previously that the
low-level expression of amino acid biosynthetic enzymes
associated with the gcnl-l mutation could be overcome by
removal of all four uORFs from the GCN4 mRNA leader
(68). This finding was consistent with the idea that GCN1 is
an activator of GCN4 expression that functions by antago-
nizing the inhibitory effects of the uORFs on translation
initiation at GCN4.
To obtain more direct evidence for this conclusion, we

measured the expression of GCN4-lacZ fusions containing
different combinations of the uORFs in isogenic wild-type
GCNJ and mutantgcnlA strains (constructed as described in
Materials and Methods). In agreement with previous results,
we observed a seven- to eightfold derepression of 3-galac-
tosidase activity when wild-type GCNJ cells bearing the
fusion construct containing all four uORFs were subjected to
histidine starvation by the addition of 3-AT (derepressing
conditions). Deletion of GCNJ severely impaired the dere-
pression of this construct, indicating that GCN1 is required
for increased GCN4 expression under starvation conditions
(Fig. 5). As expected, in the wild-type GCNI strain, expres-
sion of the fusion lacking all four uORFs was very high and
unregulated, whereas that containing only uORF4 showed
diminished derepression and reduced expression under star-
vation conditions compared with the construct containing all
four uORFs. Deletion of GCNJ had little or no effect on the
expression of these last two constructs (Fig. 5) that are
defective for translational control in wild-type cells. These
results indicate that GCN1 stimulates GCN4 expression at
the translational level by overcoming the inhibitory effects of
the uORFs in the GCN4 mRNA leader.

Deletion of GCNI eliminates the GCN2-dependent phos-
phorylation of eIF-2a in vivo. The GCN2 protein kinase is
required to overcome the inhibitory effects of the uORFs on
translation of GCN4 under conditions of amino acid limita-
tion. GCN2 stimulates GCN4 expression by phosphorylation
of eIF-2a on serine 51. We sought to determine whether
GCN1 stimulates GCN4 expression by promoting the phos-
phorylation of eIF-2a catalyzed by GCN2. To address this
possibility, we examined the phosphorylation state of eIF-2ao
in isogenic GCNJ and gcnlA strains using isoelectric-focus-
ing gel electrophoresis to separate differentially phosphory-
lated forms of eIF-2a, followed by immunoblotting with
eIF-2a antibodies to visualize the different isoforms. In
agreement with the results of Dever et al. (20), the phosphor-
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1350 s... 1400
C. albicans EF-3 L LSKLQVA .. D N ..KDEAASN ISTEIN.... SSIVEHDVPV EFrFDLKKQI QSKDAKVSLA ALDAYKHIAS TNGLSPSVEP YVVDLVSEVA
S. cerevisiae EF-3 L FQKLSVATAD N ..RHEIASE VASFLN.... GNIINDVPE HFFGELAKGI ..KDKKTAAN AMQAVAHIAN QSNLSPSVEP YIVQLVPAIC
P. carinii EF-3 L IPKLKIS4QE T .DKNEVIK NSEQHS .... SVSWDPDTCE NLYITLE1QI ESKDTIAREQ ALKAL ..LLT LDATNKRVEP YLVRLLPRVL
S. cerevisiae GCN1 L MEKLLPTVA SSMRKGAAWG IAGLVKGYGI SALSkrDIIR NLIEAAEDKK EPKRRESVGF CFQYLS.... ESLGKFFEP YVIEILPNIL
Consensus L l-KL-va--d n--r---a-- iasfl----- s-i-E-Dv-- nlf--l---i e-Kd--s--- aLqal--i-s -nals--vEP YvVqllp-v-
Identity to GCN1 # f f #
Similarity to GCN1 * * ** * * * ***** * * * ** ** * * * *t * *** ** ******* *

1450 1500
C. albicans VKAG.DKNKD VQTAASDALL AIASAITPT VKAILPKLID NLTNNKWTE KVAILRAVSQ LVDTAKAQIA LRMPELIPVL SESMW =E VKEAATATIT
S. cerevisiae TNAG.NKDKE IQSVASETLI SIVNAVNPVA IKALLPHLTN AIVETNKWE KIAILAAFSA MVDAAXDQVA LRMPELIPVL S D1 VKAAATAAC
P. carinii KQVGLEKVAA VRTQASTVAE DIIKTMNPYA VKTILSHNTN SIXTSGKWME KNRAFRLLDM LVEKAPCQMS YRLPELIPIL SESM HTRTD IXNQARXTWIT
GCNl XNLG.DAVPE VRDATARATX AINAHTTGYG VKKLIPVAVS NLDEIAWRT. KRGSVQLLGN MAYLDPTQLS ASLSTIVPEI VGVLNDSHKE VRKAADESLK
Consensus -n-G-dk--e V-t-as---- aIms-m-p-a VK-llp---n nl--t-kW-e Kma-s--ls- lvd-a--Qla -rlpelIPvl sesMwDtkkE Vk-aA--tMt
Identity ## ft # # #
Similarity * * * * * * **** * ** *** * ** * * * * ** * *** * *** * * ** ** ** ** **

1550 1600
C. albicans KSTETIDNKD IEKFIPQLIS CIAKPTE.VP ETVHLLGAT FVSEVTMA4L SIMAPLLSRG LAERDTAIKR KAAVIVDNMC KLVEDPQIVA PFMDKLLPGL
S. cerevisiae KAlTVDNKD IERFIPSLIQ CIADPTE1.VP ETVLGAT FVAEVTPATL SIMVPLLSRG LNERETGIKR KSAVIIDNMC KLVEDPQVIA PFLGKLLPGL
P. carinii SVCTLISNPD IDKFIPVLID CIAQPEK.VP ETIHTLGATT FVQEVHASTL SIMVPLLYRG LNIETTIKR KSAVIIDNMC KLVEDPYIIA PFLPKLIPTL
GCN1 RFGEVIRNPE IQKLVPVLLQ AIGDPTKYTE EALDSLIQTQ FVHYIDGPSL ALIIHIIHRG MHDRSANIKR KACKIVGNMA ILVDTKDLI. PYLQQLIDEV
Consensus k--e-I-N-D IekFIP-Liq cIadPt--vp Etvh-LgaTt FV-eV-aatL simvpll-RG LnERet-IXR KaavIidNMc kLVEdpqiIa PFL-kLlp-l
Identity # $ ## # # # # * # f # ## ## ft # #
Similarity * * * * * ****** *** ***** * * * * ** * **** **** ** ** **** *** ** ** ** *** *** *** ** *

1650 *4 1690
C. albicans K.NFANMADP EAREVTQRAL NTLR.RVGAV GENDTIPEVS TAGDIDVTLN 1FNKLVADKK IAXRFDVALN YIAAIAGDLV DERIQPEAW LQNVLPFAT.
S. cerevisiae KSNFATIADP EAREVTLRAL KTLR.RVGNV GEDDAIPELS HAGDVSTTLQ VVNELLKDET VAPRFKIVVE YIAAIGADLI DERIIDQQkW FTHITPYMT.
P. carinii EHIKETIGDP ECRSVVNRSL ATLI.RVGNV KEGK.IPEVL NIAKPENCME TLLSILKGQE LVPVSDVYLN YISCIASQLI DEKNNEVVDW DVNISPYLQ.
GCN1 EIAMVD.PVP NTRATAARAL GALVERLGEE QFPDLIPRL.........LD TLSDESKSGD RLGSAQALAE VISGLGLTKL DM4LPTILAG VTNFRAYIRE
Consensus ------iadP e-R-v--RaL -tL--RvG-v -e-d-IPel- --a-----L- -ln-llk--- l----dv-l- yIaaigadli DEr--d--aw 1-ni-pYl--
Identity # # # ### f ft
Similarity * * * *** * *** * ** * * ** * * ***** * ** * * *

1750
C. albicans .....IFLHE KEAKEIIEEF RKRAIDNIPQ PPSvEDEEDE GEDLCNCEFS LAYGAKILLN KTQFRLKRNR RYG MRA IANGQVEGFP
S. cerevisiae .....IFLHE KKAKDILDEF RKRAVDNIPV GPNFDDEEDE GEDLCNCEFS LAYGAKILLN KTQLRLKRAR RYGI l. IANGQVDGFP
P. carinii .....PIILK ADINCIIDQF RKRSISGF.H SSSAESE GEDLCNCEFS LAYGAKILLN RTSLNLKRGY RYG S IFNGQLEGFP
GCN1 GFMPLLLFLP VCFGSQFAPY INQIIQPILS GLADNDENIR DTALXAGKLI VKNYATKAVD ....ER .. GMFDENDR IRLSSVQLTG ELLFQVTGIS
Consensus -----ifl-- -----iideF rkraId-i-- g-s-edEede gedLcnceFs laygAkilln kt-l-LkR-- ryGlcgpNg- gk--Stllra i-ngQveGfp
Identity # # ## # #
Similarity * *** ** ** * * * * ** ** ** * * * **

1800 1850
C. albicans TQDECKTVYV EHDIDGTHAD TTVVE.....F......FVIE DGEVGL.TKD VWDELREFN FSDEMINMPI LALARAVLKN
S. cerevisiae TQEBCRTVYV EHDIDGTHSD TSVLD.......FVFE SG.VG. .TKE AIMDKLIEFG FTDEI4IAMPI LALARAVLRN
P. carinii T. .ELKTAYV EHDIDDTESK TSVFD..... ...... FIAN DPSVVVKNKQ EVISSLLEHS FTEDMLSIPI S LALVRAMLRQ
GCN1 SRNEFSEEDG DHNGEFSGKL VDVLGQDRRD RILAALFVCR NDTSGIVRAT TVDIWALVP NTPRAVKEIL PTLTGHIVTH LASSSNVLRN IAAQTWDLV
Consensus t--E-kt-yv EHdiD-t-s- tsVld----- ------FV-- ---vgl--ke -V---I-e-s ftdemi--pi --LsGgwkmk LAlaravLrn -dilILdEpt
Identity # f #
Similarity * * *** * * ** ** ** * * * * *** ** * **** * *

1900 *** 1950
C. albicans NI qVNVAW LVNYLNT.CG ITSIIVSHDS GFLDNVTQYI IHYEGFKLRX YKGNLSEFVK KCPSAQSYYE LGASDLEFRF PEPGFLEGVK TKQKAIVKVS
S. cerevisiae N44rVNVAW LVNYLNT.CG ITSITISHDS VFLDNVCEYI INYEGLKLRK YXGNFTEFVK KCPAAKAYEE LSNTDLEFKF PEPGYLEGVK TKQKAIVKVT
P. carinii N4aiKNVAW LENFLTSQTH ITSIIVSHDS XFLDNVVQAI IHYEI KLK YMGNNSKFIT LVPSARSYQD ISMSEIEFSF PEPGYLEGVK TKQRAICRMR
GCN1 RRVGGNALSQ LLPSLEESLI ETSNSDSRQG VCIA.LYELI ESASTETISQ FQSTIVNIIR TALIDESATV REAAALSF.....DVFQDVV GKTAVDEVLP
Consensus nhld--nvaw LvnyL-t--- iTSi-vShds -fldnv-e-I ihye-fklrk Y-gnls-fik --psa-sy-e ls-sdleF-f pepgyLegVk tKqkai-kl-
Identity # # ft # # #
Similarity ** ** ** * ** **** * * * * * * * * ** * * * * ** * * *

2000 2050
C. albicans NMSFQYPGTS KPQIQDINFQ CSLSSRIAVI L INVLTGELLP TTGEFYVHEN CRIAYIKQHA FAHIDNHLDK TPSEYIQWRF QTGEDRET..
S. cerevisiae NKEFQYPGTS KPQITDINFQ CSLSSRIAVI INVLTGELLP TSGEVYTHEN CRIAYIKQHA FAHIESHLDK TPSEYIQWRF QTGEDRET..
P. carinii DIEFQYEGTS EPQIKNVSLQ VSLSSRIAVI IKVLCGELIP QKGEVWCHPN LRIAYVAQAA FVHLGSHENK TPSEYIQWRY RTAEDSET..
GCN1 YLLH1MSD NSDFALLGLQ EIMSKKSDVI FP........ .. ILIPTLLA PPIDAF ..RA SALGSLAEVA GSALYKRLSI IINALVDAII GTSEDESTKG
Consensus nm-fqy-gts -pqi-dinlQ -sLSsriaVI gPngagkstl i-VL-geLlp --gE-Y-h-n -riayi-q-A fahl-shldk tpseyIqwrf -TaED-eT--
Identity # # ft # # # ##
Similarity * ** * * ** ** * ** * ** *** * * ** * * * * * ** * ** **** *

2100 2137
C. albicans .....MDRAS RQINEED.....QNMNKIF KIEGTPRRIA GIHARRRF.. KNSYEYE
S. cerevisiae .....MDRAN RQINENDA.....EAMNKIF KIEGTPRRIA GIHSRRKF.. KNTYEYE
P. carinii ..... IDRAS RQLTENDE ...H.MNKIF KINGTSRKIQGIHSRRKL.. KNSYEYE
GCN1 ALELALDRVF LSVNDDEGLH PLLQQIMSLL KSDNIEKRIA VLERLPNFFD KTVLDFD
Consensus -----mDRas rqinEdD--- ---q-mnkiF Kiegt-rrIa gihsrrkF-- KnsyEYE
Identity ft # #
Similarity *** ***** * * ** * * **** * * *

FIG. 4. Sequence alignment of a portion of GCN1 with EF-3 from three species of fungi. The BESTFIT program was used initially to align the
GCN1 sequence with the sequence of EF-3 from S. cerevisiae. The boundaries of the homology determined there (GCN1 positions 1330 to 2137)
were used with the PILEUP program to align all four sequences. The C. albicans, S. cerevisiae, and P. carinii sequences begin at the 17th, 14th,
and 14th amino acid from their respective N termini. Dots indicate gaps introduced to maximize similarities. The line labeled Consensus marks the
positions of amino acid identity or similarity among any three of the four proteins. A lowercase letter indicates sequence similarity, allowing for
conservative replacements according to the criteria of Doolittle (26). An uppercase letter indicates identity or near identity; i.e., an uppercase letter
is used if each pairwise combination of amino acids gives a score of greater than 1.0 by using the sequence comparison table of Gribskov and
Burgess (28). The line marked Identity uses pound signs to indicate positions identical among all four of the aligned sequences. The line marked
Similarity uses asterisks to indicate positions in which the GCN1 sequence shares the same amino acids or a conservative replacement with the
Consensus line. The numbers above the lines represent the positions of the amino acids in the predicted GCN1 protein sequence, aligning the last
digit with the amino acid. The regions in the EF-3 sequences corresponding to the NTP-binding motifs GXXGXGKS and LSGG(X16)
ILLLDEP(X3)LD are shaded. The locations of the two GCN1 repeats (amino acids 1385 to 1674 and 1701 to 1937) are indicated by the arrows
followed by three dots. Identity between all four proteins is 104/828 (12% of positions); similarities between any three of the four proteins is 528/828
(62%); GCN1 is part of this latter consensus sequence at 330/528 (63% of the positions). There exists a 1-amino-acid discrepancy between the
predicted sequences of the C. albicans protein (22, 50). The C. albicans sequence of Myers et al. (50) was used in this figure.
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GCN4-lacZ Expression (U)

Strain Construct R DR

OOODE~ 14 100

GCN1 Xxx, 1100 1000

9 26

7 14

gcnlA xxxxi 920 1000

x 8 16

FIG. 5. Analysis of ,3-galactosidase expression from GCN4-lacZ
fusions in GCNJ and gcnlA yeast strains. Strain F113 and its
isogenic derivative H2079 were transformed with plasmids bearing
GCN4-lacZ fusions with the wild-type leader or two variants of it
lacking either all four or the first three uORFs, as indicated. (Boxes
represent the upstream ORFs present in the GCN4 message, and an
"X" indicates the presence of a mutation that alters the AUG codon
of the ORF.) Cells were grown under repressing (R) or derepressing
(DR) conditions as described in Materials and Methods. Values
reported represent the mean values from three independent trans-
formants and varied less than 30% from the individual measure-
ments that were averaged, except for the derepressed values from
the gcnl deletion strain, which all varied less than 84% from the
mean. U, units of ,-galactosidase expressed as nanomoles of
o-nitrophenyl-o-D-galactoside hydrolyzed per minute per milligram
of protein.

ylated form of eIF-2a increased in abundance when the
wild-type GCN1 strain was grown under histidine starvation
conditions (Fig. 6, lanes 1 and 2). It was shown previously
(20) that the appearance of this phosphorylated species is
completely dependent on the GCN2 protein kinase and
serine 51 in eIF-2ao (Fig. 6, compare lanes 1 and 2 with lanes
9 and 10). Deletion of GCN1 completely abolished the
phosphorylated form of wild-type eIF-2ao under both starva-
tion and nonstarvation conditions (Fig. 6, lanes 3 and 4). The
fact that the gcnlA deletion had no effect on the isoelectric
point of the mutant form of eIF-2a in which serine 51 was
substituted with alanine (Fig. 6, compare lanes 9 to 12)
indicates that inactivation of GCN1 prevents phosphoryla-
tion on serine 51 rather than affecting one of the sites of
constitutive phosphorylation on eIF-2ao in yeast cells (20).
We also examined the effect of the gcnlA mutation on the

phosphorylation state of eIF-2a in the presence of a plasmid
expressing the constitutively activated form of GCN2 pro-
tein kinase encoded by GCN2Y-E1537G (56). In the GCN1
strain, this dominant GCN2 allele led to hyperphosphoryla-
tion of eIF-2ao in the absence of amino acid starvation;
however, the phosphorylated form of eIF-2at was completely
eliminated by deletion of GCN1 (Fig. 6, compare lanes 7 and
8 with lanes 5 and 6). As would be expected from these
results, the gcnlA allele overcomes the constitutive dere-
pression of the general control system that is normally
conferred by the GCN2-E1537G allele (44a). These findings
suggested that GCN1 is required in vivo for the phosphory-
lation of eIF-2a on serine 51 by GCN2.

Evidence that GCN1 is specifically required for GCN2
kinase function rather than for negative regulation of an
eIF-2a protein phosphatase. The fact that we did not observe
eIF-2a phosphorylation in the gcnlA mutant could indicate

-C- -

<,G 9s GCN2 c SU12 -S51A

eIF-2a-(c )- ,.sf-m.P ;s e

eIF-2a

1 2 3 4 5 6 7 8 9 10 11 12
FIG. 6. Isoelectric focusing gel electrophoresis of eIF-2a phos-

phorylation in GCNJ and gcnlA/ yeast strains expressing wild-type
GCN2 or the GCN2C-E1537G protein. Whole-cell extracts were

prepared from strains grown under conditions in which the general
control system is repressed (R) or derepressed (DR), as described in
Materials and Methods. Total proteins were separated by isoelectric
focusing on a vertical slab gel, and eIF-2a was detected by immu-
noblot analysis using polyclonal antiserum specific for this protein.
The acidic end of the gel is at the top. The relevant genotypes of the
strains from which the extracts were prepared are shown above the
lanes. Lanes 1 and 2, strain H1896 GCN1 SUI2 GCN2; lanes 3 and
4, strain H2089 gcnlA SUI2 GCN2; lanes 5 and 6, strain H1816
GCN1 SUI2 gcn2A transformed with plasmid p914 bearing the
GCN2c-E1537G allele; lanes 7 and 8, strain H2085 gcnlA SUI2
gcn2A transformed with plasmid p914; lanes 9 and 10, strain H1897
GCNI SUI2-S51A GCN2; lanes 11 and 12, strain H2091 gcnlA&
SUI2-SSJA GCN2. The SUI2-SSlA allele encodes eIF-2a containing
alanine instead of serine at position 51. The -P symbol denotes the
location of eIF-2ct that is phosphorylated on serine 51.

that GCN1 prevents the dephosphorylation of eIF-2a on

serine 51 by inhibiting a protein phosphatase instead of
stimulating the protein kinase activity of GCN2. According
to the former model, deletion of GCN1 would activate the
putative phosphatase and thereby eliminate the phosphory-
lated form of eIF-2ot that is required for translational dere-
pression of GCN4. We reasoned that if this hypothesis were
correct, the gcnlA mutation should decrease the levels of
phosphorylated eIF-2aL even when the phosphorylation re-

action is catalyzed by a heterologous eIF-2ax kinase.
Two mammalian protein kinases that phosphorylate

eIF-2ac on serine 51 have been described: HRI (also known
as HCR), which is activated in heme-depleted reticulocyte
lysates, and dsRNA-PK (also known as p68, dsI, and DAI),
which is activated by double-stranded RNA during viral
infections (reviewed in reference 32). It was shown recently
that both of these mammalian eIF-2ao kinases will phos-
phorylate S. cerevisiae eIF-2a, specifically on serine 51, and
substitute for GCN2 in stimulating GCN4 translation when
expressed in gcn2A yeast strains (19). In addition, overex-

pression of these mammalian kinases inhibits the growth of
yeast cells (10, 19), mimicking the effects of genetically
activated forms of GCN2 encoded by GCN2c alleles (20, 56).
To determine whether GCN1 is required for hyperphos-

phorylation of eIF-2oa by dsRNA-PK, we examined the
effect of deleting GCN1 on the growth rate of a gcn2A strain
expressing dsRNA-PK under the control of a galactose-
inducible promoter. In a wild-type GCNJ strain, induction of
dsRNA-PK by growth on galactose was nearly lethal, pre-
venting colony formation from single cells (Fig. 7A). In
agreement with previous results (10, 19), this lethality was
overcome completely either by growing the strains on me-

dium lacking galactose (in which GAL promoters are unin-

IR DR' R DR R DR R DR R DR R DR
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SR SGAL

dsRNA-PK
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FIG. 7. Effects of deleting GCNI on amino acid analog sensitivity and colony size (growth rate) under nonstarvation and starvation
conditions in gcn2A strains expressing dsRNA-PK, HRI, or the GCN2C-E537K,E1522K protein kinase. Strains H1816 and H1817 and their
isogenic derivatives H2086 and H2088 containing gcnlA were transformed with plasmids encoding wild-type dsRNA-PK (p1420), the
dsRNA-PK mutant with the K296R substitution (p1421), wild-type HRI (p1246), the HRI mutant with the K199R substitution (p1247), or the
GCN2C-E537K,E1522K protein kinase. (A) Transformants were streaked on minimal medium containing raffinose (SR) or galactose (SGAL)
as the carbon source, as indicated, and incubated at 30°C for 3 to 5 days. (B and C) Patches of transformants were grown to confluence on

SD medium plates and replica plated to SD, SR, SGAL, SD + 3-AT, or SR + 3-AT medium. Plates were incubated at 30°C for 3 days.

duced), by mutating lysine 296 in the putative ATP-binding
site of dsRNA-PK, or by mutating serine 51 in eIF-2a (Fig.
7). Deletion of GCN1, however, did not relieve the lethal
effect of dsRNA-PK induction on galactose medium (Fig.
7A). This last result stands in contrast to our previous
observation that deletion of GCNJ eliminates the slow-
growth phenotype associated with GCN2C alleles (56), as
shown in Fig. 7 for GCN2C-E537K,E1522K

It could be argued that induction of dsRNA-PK on galac-
tose medium leads to such high levels of eIF-2a phosphory-
lation that the hypothetical stimulation of an eIF-2a-phos-
phatase by inactivation of GCNJ would not reduce the level
of eIF-2a phosphorylation enough to overcome the toxicity
of dsRNA-PK. In an effort to eliminate this possibility, we
determined whether deletion of GCNJ would reverse the
effects on translation initiation associated with low-level
expression of the mammalian eIF-2a kinases. In agreement
with the results of Dever et al. (19), low-level expression of
dsRNA-PK on glucose medium (which represses GAL pro-

moters) or HRI on raffinose medium (which neither re-
presses nor induces GAL promoters) had no effect on the
cellular growth rate (Fig. 7B and C); however, it was
sufficient to stimulate GCN4 expression and confer resis-
tance to 3-AT in agcn2A strain. As shown in Fig. 7B and C,
this 3-AT-resistant phenotype was completely dependent on
conserved lysines in the catalytic domains of the mammalian
eIF-2a kinases (lysine 296 in dsRNA-PK and lysine 199 in
HRI) and on serine 51 in eIF-2a, indicative of translational
derepression of GCN4 by phosphorylation of eIF-2a. Impor-
tantly, the ability of dsRNA-PK or HRI to confer 3-AT
resistance in the gcn2A strain was not detectably affected by
inactivation of GCN1, whereas the significantly greater
resistance to 3-AT conferred by the GCN2"-El537G allele
(56) was diminished by the gcnlA allele (Fig. 7B and C).
We also used isoelectric-focusing gel electrophoresis anal-

ysis to measure the effect of a gcnlA allele on the level of
eIF-2a phosphorylation catalyzed by low levels of HRI in
strains grown on raffinose medium. Recall that under these
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GCN1: + A + A + A + A

SU12: + + + + FS51+ +

kinase: IGCN2Cc IF HRI I HI
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FIG. 8. Isoelectric focusing gel electrophoresis of eIF-2ot phos-

phorylation in GCNI and gcnlA yeast strains expressing GCN2C-
E537K,E1522K or the HRI protein kinase. Whole-cell extracts were

prepared from strains grown for 12 h in medium containing raffinose
as the carbon source and analyzed as described in the legend to Fig.
6. Lanes 1 and 2, strains H1816 (GCN1) and H2085 (gcnlA)
transformed with plasmid p1056 bearing the GCN2Y-E537K,E1522K
allele; lanes 3 and 4, strains H1816 (GCN1) and H2085 (gcnlA)
transformed with plasmid p1246 encoding the wild-type HRI kinase;
lanes 5 and 6, strains H1817 (GCNI SUI2-S51A) and H2087 (gcnlA
SUI2-S51A) transformed with plasmid p1246; lanes 7 and 8, strains
H1816 (GCN1) and H2085 (gcnlA) transformed plasmid p1247
encoding the HRI mutant with the K199R substitution. +, wild-type
GCN1 allele; A, the gcnlA allele described in Materials and Meth-
ods; S51A, the variant form of eIF-2a containing the serine-to-
alanine substitution at position 51; GCN2C, the presence of the
GCN2?-E537K,E1522K allele. The -P symbol denotes the location
of eIF-2ao that is phosphorylated on serine 51. We presume that the
trace amount of phosphorylated eIF-2a seen in lanes 7 and 8 reflects
a very low level kinase activity for the HRI mutant with the K199R
substitution.

conditions, the GCN2Y-E537K,E1522K allele led to signifi-
cant inhibition of general translation (as measured by slow
growth) and was completely dependent on GCNI for this
phenotype, whereas expression of HRI had no impact on cell
growth in the presence or absence of GCNI (Fig. 7). As
shown in Fig. 8, the gcnlA mutation had no detectable effect
on the level of eIF-2ot phosphorylation catalyzed by HRI in
raffinose-grown cells, whereas inactivation of GCN1 greatly
reduced eIF-2a phosphorylation by the GCN2Y-E537K,
E1522K product (compare lanes 3 and 4 with lanes 1 and 2).
The fact that GCN2 is dependent on GCN1 for the phospho-
rylation of eIF-2ao in vivo whereas the same reaction cata-
lyzed by dsRNA-PK or HRI is not detectably affected by
deletion of GCN1 strongly suggests that GCN1 is specifically
required for GCN2 kinase function rather than for negative
regulation of an eIF-2ao phosphatase.
GCN2 protein isolated from cell extracts lacking GCN1 can

phosphorylate eIF-2at in vitro. We next sought to determine
whether GCN1 is required for expression of GCN2 or for
some fundamental aspect of GCN2 kinase function, such as

substrate binding or catalysis. It was shown previously that
GCN2 protein immunoprecipitated from cell extracts can

catalyze autophosphorylation (55, 75) as well as specific
phosphorylation of eIF-2ot purified from rabbit reticulocytes
or from yeast (20). The level of GCN2 kinase activity
detected in these assays is unaffected by GCN2f mutations
and by amino acid starvation of cells prior to extract
preparation (75). To determine whether GCN2 protein ki-
nase is present in an active form in gcnlA cells, we immu-
noprecipitated GCN2 from cell extracts prepared from iso-
genic GCNI and gcnlA strains and analyzed the resulting
immune complexes for their ability to catalyze autophos-
phorylation of GCN2 and phosphorylation of eIF-2aL purified

from rabbit reticulocytes. Figure 9 shows that GCN2 im-
mune complexes isolated from GCN1 and gcnlA strains
were essentially identical in their ability to catalyze both
phosphorylation reactions. A control experiment confirmed
that the kinase activity was attributable to GCN2 (Fig. 9A,
lanes 6 and 7; Fig. 9B, lane 3), insofar as it was abolished by
a mutation in the conserved lysine residue in the putative
ATP-binding site of GCN2 (lysine 559 changed to an argi-
nine). Coomassie blue staining of the polyacrylamide gel in
Fig. 9B showed that equivalent amounts of GCN2 were
present in the immune complexes isolated from the wild-type
and GcnlA strains containing high-copy-number GCN2.
Although we cannot rule out a quantitative contribution of
GCN1 to substrate binding or catalysis by GCN2, the results
shown in Fig. 9 eliminate an obligate requirement for GCN1
in the catalytic function of the GCN2 kinase domain. In
addition, the fact that GCN2 kinase activity is present at
nearly the same levels in GCN1 and gcnlA extracts is
inconsistent with the possibility that GCN1 is required for
expression of GCN2 or for a posttranslational modification
of the protein that is essential for catalytic function.

DISCUSSION

GCN1 is required in vivo for phosphorylation of eIF-2a by
the protein kinase GCN2. The last few years have seen great
progress in our understanding of the translational control of
the GCN4 gene of yeast. One of the key steps in this control
mechanism is phosphorylation of eIF-2a on serine 51 by the
protein kinase GCN2 under conditions of amino acid starva-
tion (20). By analogy with mammalian cells, phosphorylation
of eIF-2a should inhibit the recycling factor eIF-2B and
diminish the formation ofeIF-2-GTP-Met-tRNA"' ternary
complexes that deliver initiator tRNAMet to small ribosomal
subunits (32). As a result, many 40S subunits that resume
scanning the GCN4 mRNA leader after translation of uORF1
will not rebind the ternary complex and become competent
for reinitiation until after scanning past uORFs 2 to 4 but will
do so before bypassing the GCN4 start codon and reinitiate
at GCN4 instead (1, 20). The positive regulator GCN3
encodes a nonessential subunit of eIF-2B that appears to be
required only for the inhibition of eIF-2B function by the
phosphorylated form of eIF-2a (11, 12, 19, 29, 56). It is
thought that, in the absence of GCN3, no decrease in eIF-2
recycling occurs in response to phosphorylation of eIF-2a
and consequently GCN4 translation is not induced in re-
sponse to amino acid starvation.
The gcnl-l mutation has the same phenotype as a deletion

of GCN2 or GCN3, impairing the derepression of genes
encoding enzymes subject to general amino acid control
(Fig. 3). The results presented here show directly that GCNI
functions in conjunction with GCN2 and GCN3 in the
translational derepression of GCN4 expression in amino
acid-starved cells (Fig. 5). Unlike GCN3, which mediates the
inhibitory effect of phosphorylated eIF-2 on translation
initiation (19), GCN1 is required in vivo for the phosphory-
lation of eIF-2ot by GCN2 (Fig. 6 and 7). These findings are
consistent with our previous genetic observations that the
constitutive derepression of GCN4 translation and low
growth rates conferred by GCN2C alleles are eliminated by
the gcnl-l mutation (29, 56). The same phenotypes con-
ferred by gcn3c mutations were found to be unaffected by
deletion of GCN2 and by the gcnl-l allele (29). This result is
in accord with the idea that GCN1 works in conjunction with
GCN2 to catalyze eIF-2ao phosphorylation, whereas GCN3
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FIG. 9. In vitro analysis of GCN2 kinase activity from strains
containing wild-type GCN1 or the gcnl deletion allele. Strains were
grown under repressing (R) or derepressing (DR) conditions and
harvested as described in Materials and Methods. (A) GCN2 auto-
phosphorylation assay. GCN2 was immunoprecipitated from sam-
ples containing equal amounts (400 p,g) of total protein, and immune
complexes were incubated in KIN buffer in the presence of
[,y-32P]ATP for 20 min. Radiolabeled samples were analyzed by
sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis
followed by autoradiography. Lane 1, 200-kDa molecular weight
marker; lanes 2 to 5, strain H1816 (GCNI) or H2085 (gcnlA)
transformed with plasmid p585, a low-copy-number (L.C.) plasmid
containing wild-type GCN2; lanes 6 and 7, strain H1816 (GCNI)
transformed with p644, a high-copy-number (H.C.) plasmid contain-
ing the gcn2-KS59R allele; lanes 8 and 9, strain H1816 (GCN1)
transformed with H.C. plasmid p630 containing wild-type GCN2.
(B) Phosphorylation of rabbit eIF-2a. Conducted as for panel A,
except that all reactions contained 1 p.g of purified rabbit eIF-2a and
immune complexes contained GCN2, Gcn2-K559R, or no yeast
proteins (lane 2). For reactions in lanes 2 to 7, the eIF-2 was
incubated at 50°C for 9 min prior to the addition of GCN2 to reduce
background phosphorylation by endogenous kinases in the eIF-2
preparation. Lane 1, 43- and 30-kDa molecular weight markers; lane
2, control reaction in which the yeast extract was omitted; lane 3,
strain H1816 (GCN1) transformed with H.C. plasmid p644 contain-
ing gcn2-K559R; lanes 4 and 5, strain H1816 (GCN1) or H2085
(gcnlA) transformed with H.C. plasmid p630 containing GCN2;
lanes 6 and 7, strain H1816 (GCNI) or H2085 (gcnlA) transformed
with L.C. plasmid p585 containing GCN2 by using 10 times as much
extract (4 mg) as in lanes 5 and 6. The apparent differences in levels
of GCN2 kinase activity between repressing and derepressing con-

is required to transduce the phosphorylation signal to the
translational machinery.

It was conceivable that GCN1 stimulated eIF-2a phos-
phorylation and the ensuing translational derepression of
GCN4 by negative regulation of an eIF-2ax phosphatase such
as GLC7 (73). This hypothesis is very unlikely in view of our
finding that the level of phosphorylation of eIF-2ao by the
mammalian protein kinases HRI and dsRNA-PK is indepen-
dent of GCN1 over a wide range of kinase function (Fig. 7
and 8). Our observation that GCN2 kinase activity in cell
extracts is not detectably diminished by deletion of GCNJ
(Fig. 9) indicates that GCN1 is not required for GCN2
expression. It is also inconsistent with an obligate require-
ment for GCN1 in the catalytic function of the GCN2 kinase
domain. However, the level of GCN2 kinase activity in our
in vitro assays is unaffected by GCN2C mutations and by
amino acid starvation (75), indicating that the in vivo control
mechanisms that couple GCN2 function to amino acid avail-
ability do not operate under these in vitro conditions.
Therefore, the fact that GCN1 does not affect GCN2 kinase
activity in vitro does not eliminate the possibility that GCN1
functions in vivo to stimulate substrate binding or catalysis
by GCN2, either in a constitutive fashion or in response to
amino acid starvation.
One possibility is that GCN1 mediates the stimulatory

effect of uncharged tRNA on GCN2 kinase function, perhaps
working in conjunction with the HisRS-related region in
GCN2. This hypothesis is ostensibly at odds with the fact
that GCN2Y mutations which lead to high-level GCN2 kinase
function in the absence of amino acid starvation (20, 56) do
not overcome the requirement for GCN1 in eIF-2a phos-
phorylation by GCN2 (Fig. 6 and 8). However, it is possible
that the GCN2C mutations simply make GCN2 hypersensi-
tive to uncharged tRNA and that GCN1 is still required to
mediate the stimulatory effect of uncharged tRNA on GCN2
kinase function. Alternatively, GCN1 could be required for
proper localization of GCN2 with the translational machin-
ery, providing it with access to the substrate eIF-2ot or with
the activator uncharged tRNA. The latter hypothesis pro-
vides a straightforward explanation for the nearly complete
dependence of the phenotypes of GCN2C mutations on
GCN1 function. It is noteworthy that in GCN2C-El537G
cells, phosphorylation of eIF-2a was completely abolished
by deletion of GCN1 (Fig. 6), whereas in GCN2-E537K,
E1522K cells, low-level phosphorylation still occurred in the
absence of GCNI (Fig. 8). This observation is consistent
with the fact that GCN2Y-ES37K,E1522K leads to greater
activation of GCN2 function than does GCN2Y-E1537G (56)
and with the fact that GCN1 is not required for GCN2
catalytic function per se (Fig. 9). Apparently, the mutations
in GCN2c-ES37K,E1522K render GCN2 kinase activity par-
tially independent of the stimulatory function of GCN1 in
vivo.

Sequence similarity between GCN1 and EF-3 suggests an
interaction between GCN1 and the ribosome or tRNA. The
sequence ofGCNJ was obtained in anticipation that it would
provide insight into the role of GCN1 in general amino acid
control. GCNI encodes an unusually large polypeptide with
a predicted molecular weight of nearly 300,000. A stretch of
ca. 88,000 Da in the central one-third of the GCN1 protein

ditions in panel A were not observed reproducibly, in agreement
with previous results (75), nor were the slightly higher levels seen in
the gcnlA strain in panel B.

A.

B.

GCN1:
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shows a high degree of sequence similarity with EF-3. EF-3
was first identified as a biochemical activity indispensable
for the elongation phase of protein synthesis in a cell-free
translation system prepared from S. cerevisiae (65, 66). The
EF-3 activity was purified and shown to reside in a single
polypeptide of ca. 125,000 Da (16). Recent studies suggest
that EF-3 stimulates the EF-la-dependent binding of ami-
noacyl-tRNA to the A site of the ribosome by promoting
release of deacylated tRNA from the E site, dependent on
NTP hydrolysis (69). There is also evidence that EF-3
contributes to the fidelity of translation (59, 60) by stimulat-
ing binding of cognate aminoacyl-tRNAs at the expense of
noncognate aminoacyl-tRNAs (38, 70). Although EF-3 has
not been identified in plants and animals, this may not
represent a fundamental difference between the mechanism
of protein synthesis in fungi and higher eukaryotes. EF-3
possesses ATPase and GTPase activities that are dependent
on the presence of yeast ribosomes (38, 71), raising the
possibility that EF-3 represents a solubilized ribosomal
protein that hydrolyzes NTPs only when bound to its proper
location on ribosomes. Mammalian and plant ribosomes
contain ATPase and GTPase activities that remain associ-
ated with the ribosome even when subjected to a high-salt
wash, which could indicate that an equivalent of fungal EF-3
is present in these organisms and behaves like an integral
ribosomal protein. Consistent with this latter hypothesis,
antibodies against EF-3 were reported to cross-react with
ribosomal components from brine shrimp, slime mold, and
rat liver (46) as well as fission yeast (15).

Cloning and characterization of the genes encoding EF-3
from S. cerevisiae (54, 60) and two other fungi (22, 50, 77)
revealed that EF-3 from each of these species contains two
bipartite NTP-binding sites in the context of a large internal
repeat of greater than 200 amino acids (54, 60, 77). These
putative NTP-binding motifs have been shown to be in-
volved in the ATPase and GTPase activities of EF-3 (7). It is
curious that GCN1 does not possess the conserved and
invariant residues comprising the bipartite NTP-binding sites
of EF-3 but nonetheless possesses a large internal repeat of
several hundred amino acids that encompasses one of the
internal repeats in EF-3 containing the NTP-binding sites
(Fig. 1). The repeats in GCN1 may represent two domains
with similar functions, but these functions probably do not
involve NTP binding and hydrolysis.
The fact that EF-3 stimulates the EF-la-dependent bind-

ing of cognate aminoacyl-tRNAs to the ribosomal A site
raises the possibility that the segment in GCN1 similar in
sequence to EF-3 is involved in detecting uncharged tRNA
in amino acid-starved cells. We showed previously that
GCN2 interacts with ribosomes and suggested that its
HisRS-like segment would be required to detect uncharged
tRNA and activate the adjacent protein kinase moiety of
GCN2 (55). In view of our present finding that GCN1 is
required for GCN2 kinase activity in vivo, it could be
suggested that GCN1 mediates an interaction between
GCN2 and the ribosomal A site by virtue of its EF-3-like
region. It is noteworthy that a positive effector of the general
control response in bacteria, the RelA protein, is also
associated with the ribosomal A site and produces the
alarmone guanosine tetraphosphate (ppGpp) in response to
nonenzymatic binding of uncharged tRNA to the ribosome
(6, 27). Perhaps this efficient mechanism for detecting star-
vation for a single amino acid at the level of uncharged tRNA
on the ribosome is similar between eukaryotes and prokary-
otes.
Our results are also interesting in relation to the regulation

of eIF-2a kinases in higher eukaryotes. The dsRNA-PK and
HRI kinases are thought to be present in latent form and
activated in response to specific stimuli: dsRNA during viral
infections in the case of dsRNA-PK and heme deprivation
for HRI. The activity of these kinases must be tightly
regulated, because too much eIF-2a phosphorylation inhib-
its translation initiation (32, 45) whereas too little
dsRNA-PK activity appears to result in oncogenic transfor-
mation (41). There are several known cases of viral gene
products that block activation of dsRNA-PK as a means of
preventing the inhibition of total protein synthesis in infected
cells (9, 17, 39, 45). In addition, it appears that influenza
virus blocks activation of dsRNA-PK by stimulating a latent
inhibitor of the enzyme encoded by the host (42, 43). Thus,
it seems likely that numerous proteins are involved in
regulating the activity of eIF-2a kinases in mammalian cells.
It is also noteworthy that the presence of a defective tRNA
synthetase, which elicits the starvation response in yeast
cells, results in an increased level of phosphorylation on
eIF-2a in mammalian cells (14). Since our results indicate
that GCN1 is required for activation of the GCN2 protein
kinase in amino acid-starved yeast cells, it is conceivable
that there exists a functional equivalent of GCN1 in mam-
malian cells. Future studies on the molecular mechanism of
this activation process may provide important clues about
how eIF-2a phosphorylation and translation initiation are
regulated in mammalian cells under stress conditions like
amino acid starvation.
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