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ABSTRACT

Genomic and cDNA clones homologous to the yeast GCN2 elF-2a kinase (YGCN2) were isolated from
Drosophila melanogaster. The identity of the Drosophila GCN2 (dGCN2) gene is supported by the unique
combination of sequence encoding a protein kinase catalytic domain and adomain homologous to histidyl-
tRNA synthetase and by the ability of dGCN2 to complement a deletion mutant of the yeast GCN2 gene.
Complementation of Agen2 in yeast by dGCN2 depends on the presence of the critical regulatory phosphory-
lation site (serine 51) of elF-2a. dGCN2 is composed of 10 exons encoding a protein of 1589 amino acids.
dGCN2 mRNA is expressed throughout Drosophila developmentand is particularly abundant at the earliest
stages of embryogenesis. The dGCN2 gene was cytogenetically and physically mapped to the right arm of
the third chromosome at 100C3 in STS Dm2514. The discovery of GCN2 in higher eukaryotes is somewhat
unexpected given the marked differences between the amino acid biosynthetic pathways of yeast vs.
Drosophila and other higher eukaryotes. Despite these differences, the presence of GCN2 in Drosophila
suggests at least partial conservation from yeast to multicellular organisms of the mechanisms responding

to amino acid deprivation.

major control point regulating eukaryotic protein
synthesis is the phosphorylation of the « subunit

of eukaryotic initiation factor-2 (elF-2a) by a family of
elF-2a-specific kinases. This extensively studied process
involves inhibition of a guanylate exchange factor,
elF-2B. elF-2B is required to recycle elF-2/GTP so that
sufficient ternary complex (elF-2/GTP/initiator tRNA-
methionine) is present to initiate translation. The elF-
2a kinases have been cloned previously in both mamma-
lian (PKR and HRI) and yeast (GCN2) systems. Each
of these elF-2a kinases originally were identified as af-
fecting protein synthesis in response to physiological
stress signals. PKR participatesin the interferon-induced
antiviral response and is thought to be activated by dou-
ble-stranded RNA produced during viral infection. PKR
has been implicated in a number of other processes
including cellular growth, differentiation, oncogenesis,
and apoptosis (Petryshyn et al. 1988; Li and Petry-
shyn 1991; Koromilias et al. 1992; Barber et al. 1995;
Der et al. 1997; Lee et al. 1997; Williams 1997). HRI
is activated in reticulocytes by low levels of hemin or by
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heat shock. These mammalian kinases, when active, are
thought to effect a global repression of protein synthesis
by ternary complex limitation (for reviews see Mathews
1990; Wek 1994; Chen and London 1995). The yeast
elF-2a kinase GCN2 is activated by amino acid starva-
tion. Unlike the mammalian kinases, GCN2 derepresses
the translation of a single mMRNA encoding the transcrip-
tion factor GCN4 without repressing global protein syn-
thesis. GCN4 activates the transcription of more than
30 amino acid biosynthetic enzymes participating in
multiple biosynthetic pathways. This transcriptional up-
regulation occurs in response to starvation for any one
of at least 10 amino acids, and thus has been termed the
“general control” of amino acid biosynthesis in yeast (for
a review see Hinnebusch 1988).

Control of amino acid biosynthesis by elF-2a phos-
phorylation has been studied extensively in yeast (for
reviews see Wek 1994 and Hinnebusch 1996), and
occurs by an elaborate mechanism involving the 5'-
untranslated region (5" UTR) of the GCN4 mRNA. This
unique leader contains four short upstream open read-
ing frames (UORFs 1-4), whose ability to engage the
ribosome in translational initiation and termination is
critical for translational control. When amino acids are
not limiting, after translating uORF 1, the 40S ribosomal
subunits are thought to remain associated with the
mMRNA and reinitiate at one of the downstream uORFs 2,
3, or 4. In the example of UORF 4, the unique sequence
context surrounding its stop codon causes strong trans-
lational termination in which the 40S ribosomal sub-
units dissociate from the mRNA. As a result, translation
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at the authentic GCN4-coding sequence is inhibited.
However, under conditions of amino acid starvation,
yGCN2 is activated by the presence of increased levels
of uncharged tRNA, leading to elF-2a phosphorylation
and a reduction in the amount of ternary complex avail-
able to initiate translation. GCN2 senses the level of
uncharged tRNA viaa domain closely related to histidyl-
tRNA synthetases. Ternary complex limitation is
thought to increase the length of time required for the
scanning ribosome to reinitiate translation. Thus, 40S
ribosomal subunits bypass the downstream uORFs 2, 3,
and 4 and, instead, reinitiate at the authentic GCN4
AUG. As a result, GCN4 translation is derepressed.

A similar “cross-pathway” control system appears to
exist in at least two other lower eukaryotes, Neurospora
crassa and Aspergillus nidulans, as well as in higher plants
(Guyer et al. 1995; Sachs 1996). Metazoans, however,
cannot synthesize all 20 amino acids and obtain the 10
essential amino acids from their diet. This raises the
question of how starvation for essential and nonessential
amino acids may affect protein synthesis in higher eu-
karyotes.

Although it has been frequently speculated that an
elF-2a kinase may exist in higher eukaryotes to regulate
a response to amino acid deprivation, attempts to iden-
tify biochemically a specific elF-2a kinase have not been
successful. We report the identification of an apparent
homolog of yeast GCN2 elF-2a kinase in Drosophila,
Drosophila GCN2 (dGCN2). The presence of this en-
zyme in higher eukaryotes strongly suggests that similar
pathways for controlling amino acid starvation may exist
between lower and higher eukaryotes despite the differ-
ence in their capacities to synthesize amino acids.

MATERIALS AND METHODS

PCR cloning: Total RNA was isolated from developmentally
staged Drosophila embryos, larvae, pupae, and adults (13
stagestotal) using TRIzol reagent (GIBCO-BRL, Gaithersburg,
MD) following reagent protocol. Up to 50 mg of tissue was
homogenized by pellet pestle per sample. Poly(A)* RNA was
isolated by the Oligotex mRNA Mini Kit (Qiagen, Chatsworth,
CA) using 250 pg total RNA per sample. First-strand cDNA
was synthesized by random hexamer priming using the Super-
script 11 RT kit (GIBCO-BRL) from an amount of poly(A)*
RNA equivalent to 5 g of total RNA. Approximately 20 .l
of cDNA was synthesized per sample. Two microliters of cDNA
was used in PCR amplification using degenerate oligonucleo-
tide primers (5’ primer: 5° ATY CAA RAT GSA RYW SGY
GA; 3’ primer: 5" GGY TTS ARR TCR CGR TG) at a final
concentration of 1 um each in a 50-pl reaction with 1.5 mm
MgCl,. The PCR amplification profile included an initial dena-
turation at 94° for 5’ followed by a cycle of 94° for 15 sec, 43°
for 30 sec, and 72° for 1 min, for a total of 30 cycles, followed
by a final elongation at 72° for 7 min. A “hot-start” procedure
was used by adding a cocktail containing the polymerase and
dNTPs after the thermocycler reached 94°. Twenty microliters
(40%) of each PCR reaction was visualized by agarose gel
electrophoresis.

Screening of PCR products: Entire PCR reactions were
cloneden masse into the TA cloning vector pT7Blue (Novagen,

Inc., Madison, WI). Plasmid DNA (Qiagen) was isolated from
the 310 colonies found to hybridize to both PCR primers,
and the thymidine pattern was sequenced by Sequenase (U.S.
Biochemical Co., Columbus, OH) using a modified annealing
reaction. Sequencing was primed using a T7 promoter primer
(5" TAA TAC GAC TCA CTA TAG GG). Plasmids containing
extremely short inserts and plasmids containing obviously du-
plicate sequences were eliminated. Some 125 plasmids con-
taining apparently unique sequences were fully sequenced on
one strand by T7 priming. Deduced amino acid sequences
were subjected to a BLAST protein database similarity search
using a Pam250 matrix.

Library screening: Some 10° pfus from a Drosophila Can-
ton-S (18-hr embryonic) cDNA library in \gtl0 (Clontech,
Palo Alto, CA) were screened using a *P-labeled random
primed probe (Decaprime 11; Ambion) consisting of four tan-
dem repeats of the original GCN2-like PCR product (derived
from pTK334). Phage DNA was isolated using the Qiagen
Lambda Maxi Kit, and inserts were released with EcoRI diges-
tionand cloned into pBluescript (KS+). Subsequent sequence
analysis indicated that library inserts were truncated internally
at EcoRI sites during library construction. Full-length cDNA
sequence thus was isolated by rapid amplification of cDNA
ends (RACE; see below).

Some 10° pfus from a Drosophila Canton-S (0-12-hr embry-
onic) genomic library in AFIXII (Stratagene, La Jolla, CA)
were also screened using the pTK334-derived probe. Phage
DNA was isolated from positively screening clones (Lambda
Maxi Kit; Qiagen); inserts were released with Notl digestion
and cloned into pBluescript (KS+). The molecular map of
these clones was determined by a combination of restriction
digestion and Southern hybridization. A variety of smaller
restriction fragments were subcloned and sequenced to ana-
lyze the sequence of these clones.

5’and 3’ RACE: To isolate terminal cDNA sequence, RACE
was performed on total RNA isolated from 2—-4-hr Drosophila
embryos. The 5" RACE system for rapid amplification of cDNA
ends (GIBCO-BRL) was used to isolate 5" cDNA sequence. A
dGCN2-specific primer (5’ GTG ACT ATG GGA TAC AC) was
used to synthesize first-strand cDNA. PCR amplification was
performed using a second, nested dGCN2-specific primer (5
TAC TAA GGC ATC CAG GAC ACC G) with the Abridged
Anchor Primer provided in the kit. The single ~1.5-kb PCR
product was cloned into pT7Blue and sequenced.

3’ RACE was performed using a single anchored oligo(dt)
primer (5 CCA GTG AGC AGA GTG ACG AGG ACT CGA
GCT CAAGCT TTT TTT TTT TTT TTV N) to synthesize
first-strand cDNA. PCR amplification was performed using this
same oligonucleotide as a 3" PCR primer with a set of three
staggered dGCN2-specific primers as 5’ primers (5’ GAT ACG
ACT CTATGC TGC ATG; 5 AGC CATTTG TCA GCC TTG;
5’ CCT CAA GAA GGA GAC CTT TG).

Construction of full-length dGCN2 cDNA: As the Agtl0
cDNA clones were all truncated at two internal EcoRI sites,
corresponding to nucleotide positions +1889 to +4151, it was
necessary to construct full-length cDNA in segments. 5’ and
3’ RACE products did not overlap with the Agt10 cDNA clones,
as, at that time, more 5’ and 3’ terminal sequence was known
from genomic sequencing. Thus, PCR products overlapping
with the Agt10 EcoRI fragment and corresponding to positions
+204 to +1977 and from positions +3945 to +5520 were
amplified using two sets of dGCN2-specific primers (nt 204—
1977: 5" AA CTG CAG1 TTG TGA AAT TGC ACA CCG and
5 ATG GCG TAC TCT CGG TTG; nt 3945-5520: 5’ CAT
TGC GGG AAC TTG AAA C and 5’ AA CTG CAG GCA AGA
AAG TTC GGA TAC TTA ATC). In the primer sequences,
the underlined Pstl sites were included for subsequent cloning
purposes. Pstl does not cleave the dGCN2 cDNA between posi-
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tions +204 and +5520). PCR amplification was performed
using Vent DNA polymerase (New England Biolabs, Beverly,
MA) on oligo(dt)-primed, first-strand cDNA (Superscript) syn-
thesized from 2—-4-hr embryonic total RNA (GIBCO-BRL). The
5’ PCR product was digested with Pstl/EcoRI and inserted into
similarly cut pBluescript(KS+), generating pCK423. The 3’
PCR product was cloned without restriction digestion into
pT7Blue at the EcoRV/T-A cloning site, generating pTK424.

A 2.2-kb EcoRI fragment corresponding to the originally
isolated dGCN2 cDNA \gt10 clone was inserted into similarly
cut pBluescript (KS+), generating pCK344. To remove the
3’ EcoRlI site of pCK344, allowing easy insertion of the 5° PCR
product at the 5" EcoRI site, pCK344 was digested with Ndel
(a unique site within the dGCN2 insert at +4009) and Hindlll
(a unique site in the vector that was not contained in the
dGCN2 insert). This Ndel-HindIl1 fragment was replaced with a
99-bp Ndel-HindlIl fragment from pSP72 (Promega, Madison,
WI), generating pCK422 with a unique EcoRlI at the 5’ portion
of the cDNA insert.

The 5’ PCR product, as a 1.8-kb Pstl/EcoRI fragment from
pCK423, was inserted in frame into similarly cut pCK422,
generating pCK428. The 3’ PCR product, as a 1.5-kb Ndel
fragment of pTK424, was inserted in frame into Ndel-digested
pCK428, generating pCK429. Thus, the entire dGCN2-coding
sequence was contained in frame in pCK429 as a 5.3-kb Pstl
fragment.

Yeast plasmid construction: dGCN2 full-length coding se-
quence, corresponding to positions +204 to +5520, was in-
serted as a 5.3-kb Pstl fragment from pCK429 into similarly
cut pEMBLyex4 (Cesareni and Murray 1987), representing
a leader-leader fusion and generating pYK380. This fusion
places dGCN2 under the control of the GAL1-CYC1 hybrid
promoter.

An alternative dGCN2 construct was generated that removed
the entire dGCN2 5’ UTR and added an N-terminal polyhisiti-
dine tag for applications not included in this manuscript.
To generate pEK390, a 1404-bp dGCN2 cDNA fragment was
ligated into EcoRV/Sall cut pET30b+ (Novagen), replacing
positions 206-179 of pET30b+ with positions +357 to +1760
in the dGCN2 cDNA and fusing the dGCN2 coding sequence
to the first 47 codons of the pET30b+ cloning/expression
region. This fusion replaces the dGCN2 5" UTR and the first
11 codons of the dGCN2 coding sequence with the pET30b+
N-terminal coding sequence containing a six-histidine (6-His)
tag immediately after the start codon. A 1397-bp Xbal fragment
from pEK390, consisting of 38 nt of pET30b+ 5" UTR through
the fusion point to position +1576 in dGCN2 cDNA, was li-
gated into similarly cut pCK429, replacing the 5’ terminus of
wild-type dGCN2 with the new leader and the polyhisitidine-
tagged terminus from pET30b+ and generating pCK392.

A series of cloning steps was then performed to provide the
appropriate Hindll1 ends for cloning this 6-His-tagged dGCN2
into the yeast expression vector. The 5’ terminus of His-tagged
dGCN2 was removed from pCK392 by Sacl/EcoRV diges-
tion, with the Sacl site lying with the multiple cloning site
of the pBluescript vector upstream of the Xbal cloning site in
pCK392, and the EcoRV site lying within the dGCN2 cDNA at
position +573. This 414-bp fragment was ligated into similarly
cut pET30b+, generating pEK393. In pEK393, a Kpnl site
lies 33 bp upstream of the original Nrul/EcoRV junction of
PET30b+ and dGCN2 coding sequences, and another Kpnl
site lies 3’ to the dGCN2 insert in pEK393. Thus, pEK393 was
digested with Kpnl to remove most of the pET30b+/dGCN2
insert, and an ~5.2-kb Kpnl fragment from pEK392 was in-
serted in its place. This Kpnl fragment corresponds to
the identical 5 Kpnl site upstream of the original fusion
point and contains the entire dGCN2 cDNA from +357 to
+5520, flanked by a 3’ Kpnl site from the multiple cloning

site in pEK392. Thus, pEK398 contains positions 384-206 of
PET30b+ in a coding sequence fusion to dGCN2 cDNA from
+357 to +5520, flanked by Hindlll sites. The full-length, his-
tagged dGCN2 cDNA was ligated as an ~5.5-kb Hindlll frag-
ment into similarly cut pEMBLyex4, representing a leader—
leader fusion and placing the 6-his—dGCN2 fusion under the
control of the hybrid GAL1-CYCL1 yeast promoter and generat-
ing pYK399.

Cytogenetic localization of dGCN2: The chromosomal loca-
tion of the dGCN2 gene was determined by two methods, in
situ hybridization of polytene chromosomes and analysis of
an ordered P1 phage genomic Drosophila library. For in situ
hybridization, salivary glands were dissected (in 45% acetic
acid) from third instar Drosophila larvae fed on high glucose
media with fresh yeast. Glands were squashed between cov-
erslip and slide in 45% proprionic acid, clamped, and frozen
in liquid nitrogen for 15-30 sec. After freezing, the coverslips
were removed, the slides washed in 70% ethanol for 5 min
and 95% ethanol for 5 plus 10 min, and then the slides were
air dried. Before hybridization, slides were treated with the
following set of washes: 2 SSC/70°/30 min, 70% ethanol/
2X 10 min, 95% ethanol/5 min/air dried, 0.07 m NaOH/3
min, 70% ethanol/2X 5 min, and 95% ethanol/5 min/Zair
dried.

Adigoxygenin (DIG)-labeled probe corresponding to a 2.2-
kb EcoRI cDNA restriction fragment (pCK344) was prepared
using the DIG High Prime Labeling and Detection Starter Kit
(Boehringer Mannheim, Indianapolis). Slides were prehybrid-
ized in 50 wl of 40% formamide, 6X SSC, 5X Denhardt’s
solution, and 100 wg/ml sheared, denatured salmon sperm
DNA for 15 min at room temperature (RT). After prehybrid-
ization, slideswere hybridized in 20 .l of a solution containing
45% formamide, 6 X SSC, 5X Denhardt’s solution, 10% dex-
tran sulphate, and 20 ng DIG-incorporated probe for >16 hr
at 42° in a closed environment. Posthybridization stringency
washes consisted of 45% formamide/6X SSC/42°/2X 15 min,
2X SSC/RT/2X 5 min, and 0.2X SSC/50°/7 min. Probe hy-
bridization was carried out following the kit protocol; the color
reaction was allowed to continue for 16 hr. Hybridization was
localized by microscopy, and the dGCN2 gene was found to
be positioned on the right arm of the third chromosome at
band 100C.

Eight overlapping P1 clones known to correspond to 100C
were obtained (DS00057, DS01453, DS02433, DS02413, DS-
02816, DS03260, DS03999, and DS08061; Hugo Bellen, Bay-
lor University School of Medicine, Houston). PCR amplifica-
tion of crude plasmid DNA isolated from these eight cosmid
clones using dGCN2-specific primers (5’ primer: 5" GGA TAG
AAA GTG TAG ATG ACG CAG; 3’ primer: 5’ GCCTTG CTG
GTG AAT ATG CG) indicated that 26-13 contained dGCN2
sequence. DNA from clones DS02413 and DS08061 was com-
pared to genomic AFIXII library clones by Southern hybridiza-
tion of restriction fragments to a *P-labeled dGCN2 probe
corresponding to a 0.93-kb EcoRI genomic fragment (derived
from pCK353). Additional P1 clones—DS00737, DS02910, DS-
05535, and DS07511—were obtained and subjected to colony
hybridization to the 0.93-kb probe.

Developmental reverse transcription PCR: Total RNA was
isolated by the RNeasy Total RNA kit (Qiagen) from devel-
opmentally staged flies. First-strand cDNA was synthesized
by random hexamer priming using the Superscript Il kit
(GIBCO-BRL) using 5 pg of total RNA per 20 wl reaction.
All optimization experiments were performed with a single
sample of cDNA from one developmental stage, 11- to 13-hr
embryonic. To distinguish definitively between cDNA and any
contaminating genomic DNA, amplification was performed
across introns 5 and 6 of dGCN2 (65 and 64 nt in length,
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respectively) using dGCN2-specific primers (5’ primer: 5’ GGA
TAG AAA GTG TAG ATG ACG CAG; 3’ primer: 5" GCCTTG
CTG GTG AAT ATG CG). As an internal control, both for
the amount of template cDNA per reaction and for theamount
of polymerase activity per reaction, PCR primers used to am-
plify Drosophila elF-2ac cDNAs also were included in the PCR
reaction (5’ primer: 5' CGA AAA GTC CAA ATT GCC; 3’
primer: 5 GGC GCG AAT GTG CTC AAT). These primers
span intron 1 (248 nt) in elF-2a. MgCl, and primer concen-
trations were optimized at 1.5 mm and 0.25 pum, respectively,
and 2 pl of cDNA was used per reaction. Each PCR reaction
was amplified for 30 cycles, and products were visualized by
agarose gel electrophoresis followed by ethidium bromide
staining.

After initial optimization, DNase I-treated (GIBCO-BRL)
cDNA sampleswere serially diluted in twofold increments (1:2,
1:4, 1:8) yielding relative concentrations of 8%, 4%, 2X, and
1X, 8X being the undiluted cDNA sample. These diluted
cDNA templates were amplified at a series of reduced cycle
numbers (30, 25, 22, 20, and 18 cycles) to determine the
number of cycles producing amplification within a linear
range of reaction. PCR products were detected by Southern
hybridization to internal oligonucleotide probes (GCN2 probe:
5 TGC TCT TCG TCG TCG TAG AC; elF-2a probe: 5’ GGA
CAG CAC GTT CAC CAT). Hybridization was quantitated by
Phosphorlmager scanning (Phosphorimager 445SI; Molecu-
lar Dynamics, Sunnyvale, CA) using the IP Lab Gel software
(Signal Analytics, Vienna, VA). The optimal number of cycles
to produce linear amplification was determined to be 25 cy-
cles.

Data regarding the developmental expression levels of
dGCN2 mRNA were obtained by PCR amplification of multiple
cDNA samplesisolated from several stages of Drosophila devel-
opment. Optimal PCR conditions for linear amplification were
used, PCR products were detected by oligonucleotide hybrid-
ization, and amount of hybridization was quantitated by Phos-
phorlimager scanning. Levels of dGCN2 amplification were
normalized to those of elF-2a.

Complementation of a yeast GCN2 null mutation: pYK380
or pYK399, pEMBLyex4, pRS316 (Sikorski and Hieter 1989),
and p722 (Wek et al. 1990) were introduced into the yeast
strain H1894 (MATa gcn2A ura3-52 leu2-3 leu2-112 trpl-A63;
Vazquez de Aldana et al. 1994), and pEMBLyex4 was intro-
duced into H1896 (MATa GCN2 ura3-52 leu2-3 leu2-112 trpl-
A63 Asui2 GCN4-lacZ p1097 [SUI2 LEU2] (Wek et al. 1995)
using standard yeast transformation procedures, and was
grown on SD/-ura minimal media. In addition, pYK399 and
pEMBLyex4 were introduced into yeast strains H1816 (MATa
gcn2A ura3-52 leu2-3 leu2-112 trp1-A63 Asui2 GCN4-lacZ [SUI2-
LEU2] and H1817 (MATa gcn2A ura3-52 leu2-3 leu2-112 trpl-
AB3 Asui2 GCN4-lacZ [SUI2 - S51A LEU2] (Dever et al. 1992).
To determine complementation of the yeast GCN2 starvation
response, yeast transformants were plated on starvation-induc-
ing media. Plating was performed by two alternative methods:
by plating cells grown in liquid culture or by replica-plating
cells from agar plates. For liquid culture plating using strain
H1894, transformants were grown overnight at 30° in SD-ura
liquid media, and titers were diluted to an ODgy, 0f 5 X 1072,
Three 10-fold serial dilutions were prepared, representing
titers of 5 X 1073, 5 X 1074 and 5 X 10°. For strains H1816
and H1817, titers of overnight cultures were diluted to an
ODgy 0f 5 X 1071, and three sevenfold serial dilutions were
prepared, representing titers of 7 X 107% 1 X 107?, and
1.4 X 1073 These dilutions were plated by pronged replica
plator on a series of growth media including SD/-ura, SD/
-ura/-his/+10 mm 3-aminotriazole (3-AT), SGal/raf/-ura,
and SGal/raf/-ura/-his/+10 mm 3-AT. Galactose and raf-
finose were included at 10 and 2% concentrations, respec-
tively. Unless otherwise noted, synthetic media were supple-

mented with histidine, tryptophan, lysine, leucine, and adenine.
Yeast were incubated at 30°, and growth was observed for time
of growth, number of colonies, and size of colonies. For replica
plating from agar plates, synthetic medium was supplemented
with 10% galactose, 2% raffinose, all amino acids except histi-
dine, and 3-AT at the indicated concentrations. Yeast were
incubated at 30° and observed for time and extent of growth.

RESULTS

Isolation of Drosophila GCN2 (dGCN2) cDNA: To
identify and isolate potential elF-2a kinases in Drosophila
melanogaster, we used a PCR-based strategy. Degenerate
PCR primers were designed against kinase subdomains
V and VIB using the sequences of the known elF-2a
kinases (see underlined residues in Figure 2). Kinase
subdomain V contains residues that are more unique to
elF-2a kinases, while subdomain VIB is highly conserved
among serine-threonine kinases as distinguished from
tyrosine kinases. These primers were used to amplify
potential elF-2a kinase sequences present in cDNA pop-
ulations derived from 13 different developmental stages
of D. melanogaster. PCR amplification was performed
under conditions of low stringency, yielding numerous
products and thus necessitating several rounds of sec-
ondary screening. The deduced amino acid sequences
of 125 clones were subjected to a comparison of known
protein sequences via a BLAST protein database search.

As expected, several different protein kinases were
identified among the PCR-selected cDNA clones. These
corresponded to several known Drosophila protein ki-
nases and to potentially new Drosophila homologs of
other kinases. Approximately one-half of the kinase
clones were essentially identical and shared 56% amino
acid sequence identity with yeast GCN2 within the 157-
bp amplified region corresponding to kinase subdo-
mains V-VI (Figures 1 and 2). No other potential elF-
2a kinases were identified despite the fact that the PCR
primers match the other two elF-2a kinases, PKR and
HRI, better than they match most of the other protein
kinase sequences isolated. As our screen was not biased
toward a single elF-2a kinase or developmental stage,
it appears that if other Drosophila elF-2« kinases exist,
they are not expressed under normal growth conditions
at levels detectable by our PCR strategy.

To facilitate the isolation of a full-length cDNA se-
quence of the putative dGCN2 gene, we screened a
cDNA library prepared from 18-hr embryonic cDNA
using the GCN2-like PCR product as a probe. Several
cDNA clones were identified and found to contain the
same sequence as the initial PCR products, as well as
substantial flanking sequence homologous to yGCN2.
All clones, however, were truncated internally at two
EcoRlI sites (2.2 kb in cDNA), presumably because of
faulty methylation protection during the construction
of this library by Clontech. We therefore performed
RACE to isolate the 5" and 3’ termini of dGCN2 cDNA.
Embryonic total RNA was used as the template for cDNA
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Figure 1.—Alignment of the amino acid sequence of Drosophila and yeast GCN2. Identities are underlined. The positions
of conserved kinase subdomains found in the upstream kinase-like domain (lowercase roman numerals) and in the catalytic
domain (uppercase roman numerals) are indicated. Also shown are positions of conserved motifs in the HisRS-related domain
and the position of the ribosome association domain identified in yGCN2.
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synthesis as AGCN2 mRNA is expressed well at this stage
(Figure 7 and data not shown). 5° RACE identified a
single 5’ terminus encoding the 5’ UTR and apparent
N terminus of the dGCN2-coding region. 3' RACE identi-
fied two 3’ termini from each of three staggered dGCN2-
specific primers used for PCR amplification. Sequence
analysis indicated that the ends are colinear, one ex-
tending 189 nt further than the other. Potential polyade-
nylation signals exist for each 3’ end.

Sequence analysis of the putative dGCN2 cDNA pre-
dicts an mRNA of 5749 nt for the longer 3’ end (5559
nt for the shorter 3' end) and a coding sequence of
1589 amino acids. The 5" end of dGCN2 contains 71
residues that do not correspond well to the published
sequence of yeast GCN2 (Wek et al. 1989). However,
a search of GenBank revealed an unpublished yGCN2
sequence containing 69 additional N-terminal amino
acids (1659 residues total) that align well to the putative
amino terminus of dGCN2 (Figure 1). We therefore
argue that these two sequences comprise the authentic
and complete GCN2 coding sequences in yeast and Dro-
sophila. The 5" UTR of dGCN2 is predicted to have a
length of 325 nt, while the 3" UTR predicts a length of
654 nt for the longer and 464 nt for the shorter dGCN2
MRNA. The start codon context, AGAAAUGG, is consis-
tent with the consensus context found for Drosophila
MRNAs (Cavener and Ray 1991).

dGCN2 contains the kinase catalytic domain and histi-
dyl-tRNA synthetase-like domain found in yeast GCN2:
Sequence analysis of dGCN2 indicates the presence of
the kinase catalytic domain conserved among all kinases
(Figure 2), corresponding approximately to amino acids
517-912 within the dGCN2 coding sequence. The
dGCNZ2 kinase domain contains all 11 conserved subdo-
mains identified by Hanks et al. (1988) and Hanks
and Hunter (1995). Within this catalytic motif, dGCN2
contains an insert region located between kinase subdo-
mains IV and V (Ramirez etal. 1992). This insert, found
among all elF-2a kinases, varies greatly between family
members in both length and sequence. The dGCN2 elF-
2a Kinase insert is similar in size to that of yeast GCN2.
Inthis region, dGCN2, aswell as the other elF-2a kinases,
contains clusters of serine residues interspersed with
clusters of acidic residues.

Within the kinase domain, dGCNZ2 is most similar to
yGCN2 (36% identity) and HRI (34% identity) and
somewhat less similar to PKR (25% identity). Some 59
positions in the catalytic domain are conserved among
the seven elF-2a kinase sequences (Figure 2), including
14 positions known to be nearly invariant among all
kinases (Ramirezetal. 1992). At the junction of domains
V and VI, five contiguous residues (WRLFR, residues
722-726) are unique to dGCN2 and yGCN2, as compared
to the other elF-2a kinases.

Like yeast GCN2 (Wek et al. 1990), Drosophila GCN2
contains an HisRS-related domain, corresponding ap-
proximately to amino acids 949-1447. Drosophila and

yeast GCN2 share 17% identity with this region. The
presence of this domain in combination with a protein
kinase domain is a unique characteristic of GCN2 not
found in PKR, HRI, or any other protein kinases. An
alignment of the HisRS-related domain of dGCN2 with
that of yeast GCN2 and the histidyl-tRNA synthetases
of human, Saccharomyces cerevisiae, and Escherichia coli
(Figure 3) indicates that dGCN2 contains all three con-
served functional motifs found in class 11 aminoacyl
tRNA synthetases (Cusack et al. 1991; Ramirez et al.
1992; Delarue and Moras 1993; Arnez et al. 1995).
Although dGCN2 matches the majority of consensus se-
guences in motifs 1-3, both Drosophila and yeast GCN2
are missing key residues, particularly the arginine in
motif 3 (R311 in E. coli) present in HisRSs. This residue
is important for HisRS enzymatic function (Arnez et
al. 1995). In addition two HisRS-specific domains that
participate in forming the histidine-binding pocket, his-
tidyl-tRNA synthetases contain the histidine A and B
regions (Arnezet al. 1995). Yeast and Drosophila GCN2
proteins do not contain the histidine A sequence, but
do contain the histidine B sequence (Figure 3; residues
1265-1277 in dGCN2). As the HisRS-related domains of
both dGCN2 and yGCN2 lack the histidine A region and
important residues in the motif 3 sequence, we pre-
dict they also lack enzymatic activity. Aminoacyl-tRNA-
binding activity, however, is not precluded by this pre-
diction. In fact, it has been shown that yGCN2 can bind
uncharged tRNA, and that mutations in motif 2 impair
tRNA binding. Such binding is thought to be a critical
activation function for yeast GCN2 (Wek et al. 1995).

Drosophila and yeast GCN2 contain a large N termi-
nus (approximately residues 1-516 in dGCN2), the high-
est degree of conservation lying within the first few
hundred residues (Figure 1). This region does not cor-
respond well to any other known proteins, and its func-
tion in yGCN2 has not been determined. Downstream
of this region (beginning at approximately residue 243
in dGCN2 and 260 in yGCN2), both GCN2s contain an
additional protein kinase-like sequence. However, this
protein kinase domain lacks a number of residues invari-
ant or highly conserved among active protein kinases
(Hanks and Hunter 1995). It is therefore highly un-
likely that this domain encodes an active protein kinase;
we therefore have termed this region the degenerate-
protein-kinase domain. Using extensive independent
alignments of Drosophila and yeast GCN2, we have de-
termined which subdomains are present in each degen-
erate kinase domain. We conclude that the Drosophila
protein contains subdomains I-VIII and XI but lacks
clear homology to subdomains IX-X, while the yeast
protein contains subdomains I11-XI. It is interesting
to note that these degenerate kinase domains are very
poorly conserved between Drosophila and yeast GCN2.
Each is considerably more similar to other subclasses of
protein kinases than they are to each other.

During the preparation of this manuscript, another
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Figure 4.—Restriction map of the 24-kb genomic region surrounding the dGCN2 locus. (Top) restriction sites. (Bottom)
relative locations of four independent genomic AFIXII clones. dGCN2 coding sequence is contained between the Xbal and EcoRI
sites in bold. Sac, Sacl; Xba, Xbal; Sal, Sall; RI, EcoRI; HIII, HindlIl.

report of the isolation of D. melanogaster GCN2 cDNA
was published (Santoyo et al. 1997). We note several
differences in sequence at the nucleotide level, includ-
ing a number of synonymous substitutions, two amino
acid changes, and a 23-nt insertion within the 3" UTR.
These differences may represent polymorphisms be-
tween Drosophila strains.

Isolation of the Drosophila GCN2 gene: To deter-
mine the gene structure of dGCN2, we screened a geno-
mic AFIXII library and isolated four independent clones
containing genomic DNA inserts of ~12.3, 14.3, 16.1,
and 16.8 kb. Our restriction mapping of these clones
indicated that they are overlapping and cover a 24-kb
region on the genome (Figure 4). Subsequent cloning
and sequencing of restriction fragments indicated that
all four clones contained sequence corresponding to
the dGCN2 cDNA.

A comparison of cDNA and genomic DNA sequences

(Figure 5) shows that the dGCN2 mRNA is interrupted
by nine small introns ranging in size from 53 to 104
nt, which is consistent with the relatively small size of
many Drosophila introns (Mount 1993). The coding
sequence spans all 10 exons, with the putative start co-
don (the first in-frame methionine) in exon 1 and the
putative stop codon (the first in-frame stop codon) in
exon 10. The 5’ UTR of dGCN2 contains three upstream
AUG codons with ORFs ranging in length from one to
23 amino acids. One of these uUORFs overlaps the N-ter-
minal dGCN2-coding sequence.

Cytogenetic localization of the dGCN2 gene: We deter-
mined the chromosomal location of the dGCN2 gene
by two methods, in situ hybridization of polytene chro-
mosomes and analysis of an ordered P1 phage library.
In situ hybridization using a DIG-labeled probe corre-
sponding to the 2.2-kb EcoRl cDNA library fragment
placed dGCN2 on the right arm of chromaosome 3 in the
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Figure 5.—Restriction map of the dGCN2 transcript. (Top) restriction sites. (Bottom) dGCN2 exons 1-10 indicated by boxes,
separated by lines representing introns 1-9. Relative positions of the translational start (AUG) and stop (TAG) codons are shown.
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region of 100C-D (data not shown). Southern hybridiza-
tion analysis of genomic Drosophila DNA (data not
shown) indicated that dGCN2 is a single-copy gene, con-
sistent with the presence of a single hybridization signal
on salivary gland chromosomes. The chromosomal loca-
tion of dGCN2 was further delineated by mapping
dGCN2 to an array of P1 phage genomic clones in the
100C-D region (Figure 6). dGCN2 maps to 100C3 at a
position corresponding to STS Dm2514 near the Gprk-2
locus.

Developmental expression pattern of dGCN2 mRNA:
Analysis of the dGCN2 cDNA sequence predicts an
MRNA of 5.5-5.7 kb, which is consistent with our find-
ings by Northern analysis. Using two nonoverlapping
dGCN2 cRNA probes, we detected a single RNA species
of ~6.0 kb throughout development at fairly low levels
of expression, with higher expression in early embryos,
midstage pupae, and female adults (data not shown).

To determine quantitatively the expression of dGCN2
mMRNA throughout development, we performed reverse
transcription PCR. After optimizing PCR conditions to
ensure amplification within a linear range of reaction,
we amplified developmentally staged Drosophila cDNA
from embryogenesis and the first larval instar. PCR
amplification of serially diluted cDNA was performed

Chromosome 3R, Band 100:

i msan Y@e
EO=0=0=0=01
O=0=Cn DS05711
DS02433 o=
DS3260
=0=0=0=0=0=0=DS02413
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Figure 6.—Physical map of dGCN2 to arrayed P1 phage

genomic clones in band 100 C. (Top) schematic of chromo-

somal banding pattern. (Bottom) relative positions of P1
clones. Open circles indicate clones negative for dGCN2.
Closed, dark circles indicate clones positive for dGCN2. Closed,
grey circles indicate position of STS 2514 to which dGCN2
maps by comparison of positive and negative clones.

across two small introns within the kinase domain to
distinguish amplification of cDNA from any residual
genomic DNA. PCR products were visualized by hybrid-
ization to an internal oligonucleotide probe and quanti-
tated by Phosphorlimager scanning. elF-2« primers also
were included in each PCR reaction to provide an inter-
nal control for both the amount of cDNA and the effi-
ciency of amplification in each sample.

Relatively high levels of dGCN2 mRNA were detected
in very early embryogenesis (0-1-hr), a time before the
onset of zygotic transcription (Figure 7; Anderson and
Lengyel 1981). Between 1 and 6 hr, dGCN2 mRNA ex-
pression rapidly drops, increasing again slightly during
thefirst larval instar. The high expression level of dGCN2
mMRNA early in embryogenesis strongly suggests that
dGCN2 may be a maternally deposited mRNA, and thus
may play an important role early in development. Fur-
ther RT-PCR analysis detected dGCN2 mRNA expression
throughout development (data not shown), consistent
with our Northern analysis.

Drosophila GCN2 functionally complements a yeast
GCN2-null mutation: To provide functional evidence for
the identity of dGCN2, we tested whether dGCN2 could
genetically complement a yeast GCN2 mutant. We intro-
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Figure 7.—Quantitative RT-PCR analysis of dGCN2 mRNA
expression during early development. Values for dGCN2 or
elF-2a RT-PCR products were quantitated by Phosphorimager
for each of four serial twofold dilutions of cDNA template.
The amount of dGCN2 relative to elF-2« for each dilution was
determined by dividing dGCN2 by elF-2«. The average of these
four ratios was determined and plotted on the y axis. Standard
deviation bars are included. x axis, different cDNA samples
ranging in developmental age, as indicated.
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duced dGCN2 as two different constructs, pYK380 and
pYK399, expressed from the galactose-inducible GAL1-
CYC1 hybrid promoter into the GCN2-deleted yeast
strain H1894. Endogenous GCN2 expression is required
for yeast growth in the presence of the drug 3-AT, which
inhibits imidazole glycerol phosphate dehydratase in
the histidine biosynthetic pathway (Sachs 1996; Figure
8). When we expressed Drosophila GCN2 in H1894
(pYK380 or pYK399), the elF-2a kinase restored growth

dGCN2 in
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Figure 8.—Expression of
dGCN2 in yeast cells deleted
for endogenous GCN2 ki-
nase stimulates the general
amino acid control path-
way in response to histidine
starvation and is dependent
on SUI2 Ser51. Dilutions of
overnight liquid yeast cul-
tures were replica plated
onto agar plates contain-
ing SGal media lacking histi-
dine and supplemented with
10 mm 3-AT. Plates were in-
cubated for 5days at 30°and
photographed. (Top) dGCN2
was expressed using a galac-
tose-inducible promoter in
strain H1894 and compared
to H1894 containing vector
pEMBLyex4, wildtype GCN2
(YyGCN2), or vector pRS316.
Two independent transform-
ants were used per plasmid
(lanes 1 and 2). Overnight
liquid cultures were diluted
to concentrations of 5 X
1072,5x 107% and5 x 107*
ODgoo units. (Middle and
bottom) dGCN2 was ex-
pressed as in top panel in
strains H1816 and H1817,
respectively, and compared
to H1816 and H1817 con-
taining vector pEMBLyex4.
independent trans-
formants were used per
plasmid (lanes 1 and 2).
Overnight liquid cultures
were diluted to concentra-
tions of 7 X 1072, 1072 and
14 x 1073 ODgo units.
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in response to the histidine starvation conditions as
compared to vector alone (Figure 8; data not shown).
These results were determined independently by both
the Cavener and Wek laboratories.

To determine the dependence of the complementa-
tion phenotype on the presence of the regulatory serine
51 (Ser51) phosphorylation site in elF-2a, we intro-
duced dGCN2 (pYK399) into the GCN2-deleted yeast
strains H1816 and H1817. Both strains have elF-2a, en-
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coded by the SUI2 gene, replaced in plasmid form,
which in strain H1817 contains a serine to alanine point
mutation at Serine 51. dGCN2 was only able to restore
growth under histidine starvation conditions in the
H1816 strains containing wild-type SUI2. This same re-
sult has been shown for yeast GCN2 (yGCN2; Dever et
al. 1992, 1993).

DISCUSSION

GCNZ2 is the only known protein kinase that contains
amodified histidyl-tRNA synthetase-related domain. We
have identified a protein kinase in D. melanogaster (Dro-
sophila GCN2) that contains this unique signature. Dro-
sophila GCN2 also shows a higher degree of similarity
to yeast GCN2 than to any other protein sequence in
the current databases. These two facts clearly establish
that we have identified the Drosophila homolog of
yeast GCNZ2. In addition, the ability of dGCN2 to comple-
ment a mutation of yGCN2 under conditions of amino
acid deprivation, as well as the dependence of that com-
plementation on serine 51 of elF2a, argue that it is
functionally homologous.

Drosophila GCN2 is 35% identical to yGCN2 within
the catalytic domain and contains all 11 conserved sub-
domains and all residues known to be highly conserved
among kinases. dGCN2 also contains all residues known
to be particularly conserved among elF-2a kinases (Ram-
irezetal. 1992). Clusters of amino acids in subdomains
V=VII are shared among all seven elF-2a kinases. Each
of these regions contains residues nearly unique to elF-
2a kinases in addition to residues conserved among
serine/threonine and tyrosine kinases (Ramirez et al.
1992). The residues unique to elF-2a kinases in these
regions are 1Q (IQM), F (HRDLKPE), and G (KIGD-
FGL). Subdomain V participates in linking the N- and
C-terminal lobes of the catalytic domain to form the
catalytic cleft, while subdomains VI-VII compose part
of the catalytic core. Subdomain VIB, for example, is
involved in substrate recognition, and the sequence
HRDLKP is consistent with serine/threonine recogni-
tion (Hanks et al. 1988; Hanks and Hunter 1995).

Between kinase subdomains IV and V, all elF-2a ki-
nases contain an additional domain typically not present
in other protein kinases. This domain, denoted the elF-
2a kinase insert region, varies greatly in length and in
sequence between PKR, HRI, and GCN2 (Ramirez et
al. 1992; Wek 1994). Within this region, rat and rabbit
HRI and Drosophila and yeast GCN2 contain stretches
of serines in combination with highly acidic sequences.
While these sequences do not align perfectly, the conser-
vation of the general composition of this region may
be significant. The location of the elF-2a kinase insert
region within a three-dimensional structure has been
predicted by Ramirez et al. (1992), based on a sequence
alignment with cyclic AMP-dependent protein kinase,
to be in the deep catalytic cleft created by a smaller

N-terminal lobe and a larger C-terminal lobe (Knigh-
ton et al. 1991). The N-terminal lobe contains the ATP
binding site, while the C-terminal lobe contains sites
involved in peptide binding and catalysis. Within this
structure, the elF-2a kinase insert region is predicted
to form a loop that extends down into the catalytic cleft
from the N-terminal lobe (Hanks et al. 1988; Knighton
et al. 1991; Ramirez et al. 1992; Hanks and Hunter
1995).

Like yGCN2, dGCN2 contains the three conserved mo-
tifs found in class 11 aminoacyl tRNA synthetases within
its HisRS-related domain (Cusack et al. 1991; Ramirez
etal. 1992; Blechynden et al. 1996). The HisRS-related
domain in yeast GCN2 has been shown to bind un-
charged tRNA and is required for the activation of yeast
GCN2 by amino acid starvation (Wek et al. 1995). The
inclusion of a HisRS-related domain in dGCN2 suggests
that this kinase similarly may be activated by amino acid
starvation. An additional stretch of unique amino acid
conservation between yeast and Drosophila GCN2 lying
outside of the functional motifs or HisRS-specific re-
gions corresponds to residues 1127-1129 (KAQ). The
functional significance of this region is unknown; how-
ever, one constitutively active yYGCN2 mutation in yeast
(GCN2°, A1128G) has been identified within this se-
guence (Ramirez et al. 1992).

The presence of the degenerate protein kinase do-
main in the N terminus of both Drosophila and yeast
GCN2 suggests an important functional role for this
domain. Because this domain lies directly N-terminal to
the active kinase domain in both dGCN2 and yGCN2,
and because both of these degenerate domains contain
the subdomain involved in substrate recognition, it is
possible that the truncated kinase domain may be in-
volved in helping to recruit the elF-2a substrate to
GCN2. Alternatively, this domain may assist in catalysis
and/or oligomerization of GCN2. However, the lack of
critical residues in catalytic subdomain 11 in both yeast
and Drosophila GCN2, as well as other critical residues,
suggests that the degenerate kinase domain does not
play a catalytic role. An in-frame deletion of residues
84-490 or of residues 391-466 (numbering based on
1659 total residues) in yeast GCN2 inhibits GCN2 activ-
ity in both in vivo and in vitro assays (Wek et al. 1989,
1990). The larger deletion completely removes the up-
stream kinase-like domain and more than 150 amino
acids immediately upstream of the kinase-like domain,
whereas the smaller deletion removes domains VIB-IX.
These sequences are thus critical for GCN2 kinase activ-
ity. It remains to be seen which regions of this deletion
are essential for GCN2 function. Another region C-ter-
minal to the HisRS-related domain has been shown to
be necessary for ribosome association in yGCN2 (Rami-
rez et al. 1991). Mutations of lysine residues in this
region in particular abolish ribosome binding (Zhu and
Wek 1998). Furthermore, one GCN2° mutation in this
region, R1488K, adds an additional lysine (Ramirez et
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al. 1992). Thus, lysines appear to be critical for ribo-
somal association. dGCN2 contains lysines in this region
but does not align well to yGCN2. It is therefore unclear
whether dGCN2 contains an active ribosome association
domain.

We have shown by genetic complementation that
dGCN2 can restore growth to Agen2 yeast under condi-
tions of amino acid deprivation (3-AT treatment), and
that this restoration depends on the regulatory phos-
phorylation site (Ser51) in elF2a. This result implies
that dGCN2 replaces yGCN2 in the GCN2/GCN4 path-
way to upregulate the expression of HIS3, whose prod-
uct is inhibited by 3-AT. Cell growth is thereby restored,
as increased expression of HIS3 is able to titer out the
negative effects of 3-AT. Therefore, we predict that
dGCN?2 is activated by amino acid deprivation to phos-
phorylate elF-2«, inhibit elF-2B exchange activity, and
derepress GCN4 translation. Although PKR and HRI
can complement yGCN2 mutations as well (Dever et al.
1993), both apparently are constitutively active and do
not respond to amino acid deprivation. Overexpression
of PKR and HRI in yeast results in a slow growth pheno-
type under nonstarvation conditions, induced by hyper-
phosphorylation of elF-2a and a presumed inhibition
of total protein synthesis (Dever et al. 1993). This is
consistent with their well-established global effects in
mammalian cells (Mathews 1990; Wek 1994; Chen and
London 1995). Wild-type yGCNZ2, on the other hand,
selectively affects GCN4 translation without an effect on
global protein synthesis (Hinnebusch 1996). Further-
more, mutants of yGCN2 that are constitutively active
negatively affect growth under normal nutrition condi-
tions because of elF-2a hyperphosphorylation, although
not to the same extent as wild-type PKR or HRI (Rami-
rez et al. 1992). In contrast to these constitutively active
kinases, we have found that overexpression of dGCN2
in Agcn2 yeast by the galactose-inducible promoter does
not inhibit growth in nonstarved cells (data not shown),
and that galactose induction of dGCN2 expression in
Agcen2 yeast is required to restore growth under star-
vation conditions (Figure 8). Although an alternative
possibility is that dGCN2 protein and/or mRNA is un-
stable in yeast, and that only a small amount of active
dGCN2p is present to phosphorylate elF-2«, we predict
that dGCN2 must be activated by amino acid starvation
to restore growth to Agcn2 yeast.

dGCN2’s ability to restore growth to starved Agcn2
yeast combined with the presence of the HisRS-related
domain leads us to speculate that dGCN2 will participate
in a similar amino acid-sensing pathway in Drosophila.
An outstanding question is whether starvation for essen-
tial amino acids affects protein synthesis differently than
starvation for nonessential amino acids in higher euka-
ryotes. Starvation for both essential and nonessential
amino acids has been shown to inhibit total protein
synthesis (Rannelset al. 1978; Lofgren and Thompson
1979; Ogilvie et al. 1979; Austin et al. 1982; Flaim et

al. 1982; Austin and Clemens 1984; Everson et al.
1989; Kimball et al. 1989, 1991; Pain 1994; Laine et al.
1996) in addition to upregulating the expression of at
least one amino acid biosynthetic enyzme, asparagine
synthetase (AS). AS mRNA levels in rat FAO hepatoma
cells (Hutson and Kilberg 1994) or HeLa cells (Gong
et al. 1991) are increased in response to starvation for
essential amino acids or when Chinese hamster ovary
cells are deficient for leucyl-, methionyl, and lysyl-tRNA
synthetases (Andrulis et al. 1979; Laine et al. 1996).
The response of higher eukaryotes to deprivation of
nonessential amino acids also appears to be similar to
the yeast general control system. Expression of AS
MRNA in rat FAO hepatoma cells is also elevated dra-
matically under deprivation of asparagine or other
nonessential amino acids (Hutson and Kilberg 1994).
In addition, increased AS mRNA expression is seen in
BHK ts11 hamster cells deprived of functional asparagi-
nyl-tRNA synthetase (Gong et al. 1991).

Whether the regulatory mechanism(s) mediating
starvation responses differ for essential vs. nonessential
amino acids in animal cells is unknown. The global
downregulation of mammalian protein synthesis ob-
served in response to starvation for an essential amino
acid appears to result from an abrogation of elF-2B
activity caused by a large increase in elF-2a phosphoryla-
tion (Everson et al. 1989; Kimball et al. 1989; Kimball
and Jefferson 1994). The upregulation of biosynthetic
enzyme expression in response to starvation for avariety
of amino acids, by comparison to the yeast general con-
trol system, may also be regulated by an inhibition of
elF-2B mediated by elF-2a phosphorylation. The simi-
larities in these two mechanisms suggests that similar,
but not necessarily identical, pathways may exist in
higher eukaryotes for regulating starvation responses of
essential and nonessential amino acids.

We foresee at least two possibilities regarding amino
acid deprivation in Drosophila: that amino acid depriva-
tion may be strictly dependent on dietor that amino acid
deprivation may be part of the normal developmental
program. These alternatives are not necessarily mutually
exclusive: GCN2 may be operating in both situations to
regulate amino acid biosynthesis and protein synthesis.
The latter possibility is suggested by the fact that dGCN2
MRNA is expressed during early development at a non-
feeding stage (Figure 7). Genetic evidence suggests that
elF-2a phosphorylation can affect viability and develop-
mental rate under normal growth conditions (Qu et
al. 1997). This implies a potentially important role for
dGCN2 during early development. If dGCN2 does play
a developmental role, then its control of amino acid
metabolism may be an important component of devel-
opment. During nonfeeding stages, such as metamor-
phosis, when there is no dietary input of protein, the
amino acids necessary for protein synthesis must be
obtained either from free stored amino acids or from
the breakdown of larval protein. At such times, it is
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possible that one or more amino acids may drop below
a critical concentration threshold and thus activate
dGCNZ2.

An interesting alternative is that AdGCN2 may respond
to additional signals that are not necessarily related to
amino acid biosynthesis. There are large domains in
the N terminus of Drosophila and yeast GCN2 with
unknown functions and no obvious similarity to any
known protein in the current databases. These regions
may include additional activation domains capable of
responding to ligands other than those involved in
amino acid deprivation.
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