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GCN4 protein mediates the transcriptional activation of amino acid biosynthetic genes in Saccharomyces
cerevisiae by specifically binding to DNA sequences in their 5'-regulatory regions. GCN4 expression is regulated
at the level of translation, with translational derepression occurring under conditions of amino acid starvation.
The product of the GCN2 gene is essential for translational derepression of GCN4. Sequence analysis of the
GCN2 gene reveals that the GCN2 protein has a domain highly homologous to the catalytic domain of all known
protein kinases. Furthermore, gcn2 strains are deficient in a protein kinase activity corresponding to a protein
with the calculated molecular weight deduced from the GCN2 open reading frame. Therefore it is likely that
GCN2 encodes a protein kinase, which may be directly involved in translational regulation of the GCN4 mRNA.
Transcription of the GCN2 gene is increased when cells are cultured in amino acid starvation medium. This
transcriptional activation is mediated by the GCN4 protein, which binds to the promoter region of the GCN2
gene. Thus, this system is modulated by a transcriptional-translational regulatory circuit, which is activiited by
amino acid starvation. Activation is not the result of a simple quantitative increase of either one of the identified
components of the circuit.

In Saccharomyces cerevisiae, amino acid biosynthetic
genes are transcriptionally coregulated in response to amino
acid availability. This regulatory pathway, which coordi-
nates expression of at least two dozen genes (13), constitutes
the general control of amino acid biosynthesis (26). The
removal of amino acids from the extracellular milieu results
in the rapid transcriptional derepression, which is sustained
when the severity of amino acid deprivation is maintained by
metabolic inhibitors (2). The key regulatory molecule in-
volved in the sustained derepression is the GCN4 protein,
which activates transcription by binding to the common
sequence 5' TGA(C/G)TCA 3' located in the 5'-flanking
region of genes under general control (9, 10). When cells are
cultured under conditions of amino acid starvation, the level
of GCN4 protein is increased via a translational control
mechanism, resulting in the enhanced transcription of the
coregulated genes. It is well established that a quantitative
increase in the GCN4 protein in vivo is sufficient to activate
transcription even in nonstarving cells (7, 20, 24).
The translational derepression of GCN4 mRNA depends

on four small open reading frames (ORFs) located in the
5'-untranslated region of the message (20, 25) and on the
functions of the GCNI, GCN2, and GCN3 gene products (8).
Strains carrying mutations in any one of these genes do not
exhibit translational derepression when starved for amino
acids. Furthermore, mutations in the GCN2 gene result in a
fivefold reduction in basal level expression of the GCN4
translation product, suggesting that the GCN2 gene product
plays a more direct role in regulating translation of the GCN4
mRNA. Analysis of cis-acting mutations in the 5' leader of
the GCN4 message suggests that the GCN2 gene product
functions in conjunction with the two most 5'-proximal
ORFs (20, 25). Finally, translation of the GCN4 mRNA is
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subject to negative regulation by a number of genes desig-
nated GCD, for general control derepressed (5, 8). The
cascade of events that is initiated after amino acid depriva-
tion, which ultimately results in the translational derepres-
sion ofGCN4 mRNA, is largely unknown. It is expected that
at least a subset of the GCN and GCD genes is directly
involved in this pathway. Elucidation of the steps involved
necessitates a detailed analysis of the function and regulation
of their respective gene products. As an initial attempt
toward this goal, we have chosen to focus on the GCN2
gene, since, as mentioned above, it appears to play a direct
role in translational control of GCN4.
The GCN2 gene has been previously cloned by comple-

mentation and shown to encode a 4.5-kilobase (kb) mRNA
(2). The level of the GCN2 message is increased after amino
acid starvation only when the GCN4 product is functional,
suggesting that transcription of this gene might be regulated
directly by the GCN4 protein. To further investigate the
transcriptional regulation of the GCN2 gene and to identify
its product, we have determined the complete nucleotide
sequence. This analysis reveals the presence of a single long
ORF with the capacity to encode a protein of 1,020 amino
acids. The predicted amino acid sequence contains a domain
which is highly homologous to the conserved consensus
domain of all metazoan protein kinases as well as yeast
protein kinases. This finding is in agreement with our results
that gen2 strains are deficient in a protein kinase activity,
which is similar in size to that predicted for the GCN2 ORF.
In addition, the 5'-promoter region of the GCN2 gene
contains a GCN4 recognition site, which binds the GCN4
protein in vitro. Our results demonstrate that the GCN2
gene, which is transcriptionally regulated by the GCN4
protein, most likely encodes a protein kinase which may be
directly involved in the translational regulation of the GCN4
message.
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FIG. 1. Restriction map of the GCN2 locus an
tion properties of subcloned derivatives. The c
BamHI (B), EcoRI (R), HindlIl (H), and BglII (B
The EcoRI-EcoRI DNA fragment is 1.2 kb long
depicts the GCN2 ORF. R8 and R9 are deletion
structed in vitro. The lines beneath the map deline2
locus that either complement (+) or fail to comp
mutant strains.

MATERIALS AND METHODS

Strains and media. The wild-type strain
S288C was used in this study, and all mutal
derivatives of this strain. Mutations included
52 leu2-2, gcn2-15, gcn2-15 ura3-52, and gcdl
rich medium consisted of minimal dextrose
with all 20 amino acids; amino acid starvatio
minimal dextrose medium containing 15 mM
triazole, which leads to histidine starvation
DNA sequence and data analysis. Overlappii

the GCN2 locus from the leftmost BamI
rightmost BglII site (Fig. 1) were constructed
and sequenced from both strands by the did(
method. The homology search FASTP algorit]
and Pearson (15) was used to search the Prc
tion Resource protein sequence database c
entries.

Protein kinase assay. A modification of the a
lation assay of Celenza and Carlson (1) was
total yeast proteins were prepared from expoi
wild-type and gcn2 strains by breakage in t'
glass beads in sodium dodecyl sulfate-electri
ple buffer. Then 50 ,ug of total protein from e
fractionated on a 7.5% sodium dodecyl sulfz
mide gel and electroblotted onto a nitrocellu
filter was blocked either with 1% bovine 4
(BSA) or 1% total histones in 30 mM HEPE'
yethylpiperazine-N'-2-ethanesulfonic acid)
teins bound to the filter were denatured with
hydrochloride in 50 mM Tris hydrochloride (I
dithiothreitol-2 mM EDTA-0.05% BSA for
allowed to renature in 50 mM Tris hydr
7.5)-100 mM NaCl-2 mM dithiothreitol-2 m!
Nonidet P-40-0.05% BSA for 20 h at 4°C.
treated with 0.05% BSA in 30 mM HEPES (p
phosphorylation assay was performed in ti
supplemented with 2 mM MnCl2-10 mM
[y-32PIATP (3,000 Ci/mmol) at 25°C for 30 min
washed extensively with 30 mM HEPES (I
ATP, dried, and visualized by autoradiograp
Genomic disruption. The 1.5-kb HindlIl f

GCN2 gene was substituted for a 1.1-kb fragn
the yeast URA3 gene. The resultant 4.1-kb Bi
was used to transform a ura3-52 strain to urac
The transformants were analyzed by South
verify the genomic structure of the substitute
Disrupted strains of the opposite mating typ
assay for mating efficiency, sporulation, and

Transcription initiation mapping. The 5' en
mRNA was determined by primer extension
19-mer (5' GCAATTGACTATCCATTAC 3'

H B Bt plementary to the GCN2 coding strand from positions 83 to
' 'I 102. Labeling of the 5' end was carried out with polynucle-

+ otide kinase and [y-32P]ATP. The primer (5 ng) was annealed
+ with 1 to 5 ,ug of poly(A)+ RNA extracted from wild-type
- yeast strains cultured in amino acid starvation medium.

id complementa- Annealing was accomplished by incubating the mixture at
leavage sites of 100°C for 2 min, followed by quick chilling on ice in a buffer
1g) are indicated. containing 100 mM Tris hydrochloride (pH 8.3) and 100 mM
The thick line KCl. Extension of the annealed primer with reverse tran-

i endpoints con- scriptase was performed as described by Reeder et al. (22).
ate regions of the DNA-protein-binding assays. The DNAs employed in the
lement (-) gcn2 binding assays included a 790-base-pair (bp) BamHI-EcoRI

fragment which contained the GCN2 promoter and deletions
extending from the BamHI site toward the promoter region.
Deletions were generated by the exonuclease III method of
Guo and Wu (4) and subcloned into the vector pUC18. The

i S. cerevisiae HIS3 DNA employed corresponds to the promoter region
nt strains were described by Hope and Struhl (9). Before use the DNA
ura3-52, ura3- fragments were excised with appropriate restriction en-

-J ura3-52. The zymes. The GCN4 protein was produced by in vitro trans-
supplemented lation of an Sp6 polymerase-synthesized GCN4 RNA in

in medium was reticulocyte lysates in the presence of [35S]methionine (800
3-amino-1,2,4- Ci/mmol). GCN4-DNA-binding reactions and electrophore-
2). sis were performed as described previously (9).
ng subclones of Increased expression of GCN2. Overexpression of GCN2
II site to the was accomplished by subcloning the locus onto a yeast
in M13 vectors episomal vector carrying ARS1 and LEU2 as a selectable
eoxynucleotide marker. This clone was used along with an single-copy
hm of Lipmann vector containing an in-frame fusion of the GCN4 gene with
itein Identifica- the Escherichia coli lacZ gene and URA3 as a selectable
ontaining 4098 marker (24) to transform a ura3-52 leu2-2 strain. Alterna-

tively, increased expression was accomplished by cotrans-
Lutophosphory- forming the same strain with a clone containing the GCN4
, used. Briefly, gene deleted for the upstream ORFs (24). 1-Galactosidase
nentially grown assays were performed as described previously (24).
he presence of Other methods. 5' Deletions of the GCN2 promoter region
ophoresis sam- which were generated for the GCN4-binding assays were
zach strain was used to substitute the BamHI-EcoRI fragment in the original
ate-polyacryla- c102-2 clone (2). These clones were used to assay for
lose filter. The complementation of gcn2 strains. Finally time course anal-
serum albumin yses ofRNA levels were performed as described by Driscoll-
S (N-2-hydrox- Penn et al. (2).
(pH 7.5). Pro-
[7 M guanidine RESULTS
pH 8.3)-50 mM Sequence analysis of the GCN2 gene. Plasmid c102-2 was
r 1 h and then isolated as a genomic clone which complements gcn2 muta-
rochloride (pH tions when harbored on the yeast centromere vector YcpSO
M EDTA-0.1% (2). A map of the GCN2 clone is shown in Fig. 1. By deletion
The filter was analysis we have established that the minimum fragment
H 7.5), and the required for in vivo function is included between the leftmost
he same buffer BamHI site and the rightmost BglII site (Fig. 1). This DNA
4gCl2-0.03 ,uM fragment was sequenced in an effort to identify the GCN2
i. The filter was gene product. The sequence of 4,978 nucleotides is pre-
pH 7.5)-l mM sented in Fig. 2. The coding strand of the GCN2 gene was
hy. established by Northern blot and Si protection analysis with
ragment of the single-strand probes specific for both orientations (data not
nent containing shown). Within the transcribed region there is a single long
amHI fragment ORF with the capacity to encode a protein of 1,020 amino
.il prototrophy. acids with a calculated molecular weight of 118,160. The
ern analysis to authenticity of the ORF was confirmed by constructing
d GCN2 locus. in-frame fusions with the E. coli trpE gene by using the
e were used to contiguous regions of the putative GCN2 protein included
germination. within the 1.2-kb EcoRI fragment, the 0.5-kb EcoRI-HindIII
id of the GCN2 fragment, and the 1.5-kb HindIII-HindIll fragment. Each of
with a synthetic these fusion genes was expressed in E. coli, and in all cases
) which is com- a fusion protein of the predicted size was produced.
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-727
CATCCCCCAT CACCAAT1AC ATCCTTTCtC CCAT?(AACT ATCTAAGAAT ALAAAAAAAT ATATACTCCA

-GS7
CAYCACATAC CAAATATACC TATT?ATtGT ?CTCTATGCA ATAACAGCCA TTACATAAAC ATCACATCTT

-567
ACTTCTT?AT TCAAATTAAT CttGACCTCC AACCCCCTCC TTCTTATTTC ATCGCACAAT CCCAACATCA

-31I
CTTTACACCA AACCCtTACA ACTTTATTAT TTCGtTAAC TTCGCACTATA CTCATCTACC TACTTTCTTA

-AA7
CCAACCACTT CACTACCTCA TTTTTGACAT AAGAACCTCC TCTAATCAAT CTATAAACAG CCTAGAATCT-377
?TTTAACCAA ATTTACTTTT ACATTTATCT CTATCTTCTT TCTTACAACA ACTTA?TTTC ATTACAAAAC

-307 Re
CACATTAAAT ACACTAAATT TTCAATCTT ACATTCTTCCGAAACCCTGT TCTCT?TTAA CATTTTATAA-237 "mWI
CCATTCATTT TTTTTTTCaA TAA?TTTCCc TTCCCCTTAA CACATACTAT CTATAAATCT CATTCGCACA-167 So1I*9
TCTCACTTTA CATCAA?ATT ATCAAA?ACA CTCCAACCAA CTTCAACCCA TACCTTCCAT TTATAACCAT-97
CACTTTACTC ACTTAACTAA AACAAACTCT ACTCCCCATA ACCACCCACA CATTATATTC CAAAATTCCC-27 +1 34
TTCCATCTGT TCACAAACAC CCCCTTCAAT CTTCTATAAC ATTACA?TTT CCCATCACCC A

3s 13
ATC TAT CCt TAT ACC CCt CCA CAA ATA CAA TTC AAA AAT
6 Y P Y T A P F I F F K 4

7A
CTA CAA AAT CTA ATC CAT ACT CAA TTC CAA ATC CTC AAA ACT CAA TTT AAC AAA ATC
V Q N V 0 LD N L K SL F K Kr

131
CAC AAC ACC TCC CCA CCC CAA CAG ATT ATA TTT CAA ATT ACA TCT TTT ACT CAA CAA
6 6 T S a CG Q I I F F I T S F T Q C

166
AAA CTC CAC CAA TTT CAA AAT CTC CTA AAT ACA CAG TCC TTC CAA CAT CAT CCA TTA

K L D C F Q 6 V V 6 T Q S L C 0 0 R L
24A
CAA ACA ATC AAA CAA ACT AAA CAA CAA ??A CAA AAC CAA CAA ACA CAA AAA CAA CAC
Q a I K a T K C Q L K K K C R C K Q Q

302
CAA ACA ATA AAA AAA AAC TCA CAT CAC CAC CCA ACC ATA CAT CAA A?T CT? CAA ACA
C T I K K a S 0 K I 1 D C I V Q it

339
CAC TTC CAC AAA ACA CAA CAT CAT CAT CAT CAT TTC CTA TTC AAC ACA ACA ACC CAC
K L K K a Q D 3 0 0 0 L L F 6 R T T Q

16
TTA CAT T?A CAA CCA CCT TCA CAA TCC CTT CCA ?CA C? CAA CCT ATT CGTC TTT TCA
L D L Q * V V A s C K A I V F s

1373
AAA MC TA? ALA CCC AAA A?? CCT AAT AAC TCA ATC T?C AAC TTT AAA CCA C?T OTA
K U T K c K I A 6 6 6 6 F K F K A v v

sso
LAT CC? LAA CCL ATA ALA CTC ACA TCA CAT ATA TTT ACT TTT TCC AAA CAA TTT CTT
6 P K P I K L t 6 0 t F s F 6 K Q F L

367
CTC "C CC? TAT ATA !CA CCA CAA TCT CCC TCG CCA CAT TTT ?AC CTC TTC TCA AAT
v K P T I p p K 6 P L A 0 F S v F 6 6

CAT CCL ALL ACT TTC TAC TAT TIC CTA TCT CAA A?T CAA TTC CAT ALT ACC TAT TTC
6 C K S F T T L L S K I t L D 6 6 Y F

701
LLC LCL ACT AAT CC&AALA ALL CAL ATA CCA LA?T TTA CAC ALL CAC TTA CAC ACC CTC
* T 6 6 C K K a I A N L K K K L K T V

736
TTC "A OCT LAO CAT CAC AAT TO LA?T CCL TTC TTC CC? TAT ACC CTC CAC CCC A?C
L K L K I 0 6 V * 6 L F C T T V K a 6

CCC AGA AL? AAT CCL ACC TTT CTT TCC A" ATA AG CTC TTC ACA CAC TAC TCT AAC
O 6 6 a A T F V V K t R L L T K T C 6

672
TAC TAT CCL TTC CCL CLT TTC ATA CAL TCT CTT CCA TTT CTT LAC TTA CCA ACA CCC
T T t L C 0 L t I6 V C F V 6 L A T 6

929
CTA TTT CCL TCA TTA CAT TOC TTC AAC CA? TC AC CCL TAC ACA AAC TCC CAL TCT
O F C s L 0 C L K D V a P T T 6 V K C

966
TCA TCA ATO TAT CAC CTT ACA AAC CCT CAT CC? CCT CAL CCL TCC ACA TTC TCC AAC
6 S 6 T Q L 6 6 0 P C a C C R L V K

1043
CAC TAT CCC CCL CT? ACT TCA CTC CAC TTA TCC CTA CAC TCT TTT CAL TA? CC? ATC
6 T A a V S 6 L 6 L V L R C F K T A I

1100
CAC ATA TCC ACT ALA ALT CCT TCT ?CC CT? CAC T?A TCT CCA AC? ACA TCC ATA CCC
a t S T K 6 C s S V K L S p S T V I A

1137
CCT CAC T?C TTO ALL TTC LAT AAC CCC ALA CCT CAL ACA TTA ACT CAT AT? TCC CAA
P K L L K F 6 6 A K p Q a L T 0 1 V Q

12113
CT? CC? O?? TTC TTT ATC CAC ATA ATC ACT CCL TCT CAT ATA CGC ATC ALT TTT CAA
L C V L F I Q I N 6 C S 0 I V 6 F K

1271
ACC CC? CAL CAL TTC CTA CA? TCA ACA AC? ATC CAT CAL ACT ?TA TA? CA? CT? CT?
T p Q K F L D S T S N D F T L * D L L

I 328
TCC ALL ATC CT? A?T AAC CAT CCC LAC ALL ACA TTA CCA ACA TTA CAL CTA CTC CCC
S K N L N 6 D p K K R L C T L t L L p

ATC ALA TTC TTA ACC ACC LAT AT? CAC TCT ACA ATC ALT CCG ?TT AAC TTA CTT TCC
I K F L a T 6 1 D S S I 6 6 F 6 L V S

1442
CAL ACT CTC AL? TCT ALT TCC TTC CAC TTA ACT CCT CCA CAT ACC ATA ACC GCT CCC
C s V 6 S 6 S L K L T * C D S I T V 6

1499
CCC LA? CCL CC? AGA ACA CT? TCA CAA TCC ACT ATA CCL ACA ACA tCA TTT ALT CTT
C 6 C C K T L S Q S S t 6 6 6 S r 6 v

CC? ?CC ACA ?TC T4T TCT ATA ALT CC? CCA ACC CAT CAC CAT ATC CTT CTC ACT ?TC
c s 6 r s s 1 6 A A t D 6 D 6 L L T L

1*13 5333
AAC ACA ?TC CAC Ttt TCA CCC CAC CCC CCA TTT CCA CAL C?T CtC AAC CCA CCT ALT
K 6 L 6 F S C Q C A F C Q V V K A 6 6

11370
CCT CTC CAT ACC ACA TAC TAT CGc ATC AAC AAC AT? ACA CAT ACA CAL CAL AAC TTS
A L 0 s 6 5 Y A I K K I 6 6 T K K K L

TCT ACT LTE A?? AC? CAL CTA ATC CTC tTA CCA 1CC TTA A?T CAT CAL TA? Ctt CtC
S T N I S F V N 1. L A S L 6 6 Q S V V

1 76L
CCt TAC TAT CCt CCL TGGCTA CAA CAA CAC ACT ATC CAT CAL AAC CTt ttt CGA tCA
a T 5 A A V L F 0 S 6 0 K 6 V r K S

1641
ACt CAT CAL CAL ACT CAC TTC ACC CAL tCt tCC tCT CAT TTT CAC CAL ALT CAT TTA
T n r F t nn F s s s 0 .K K 6 0 L

6896
TTA CAT CAL ACC AGT AtT TTT ALL ALT AGA ACA ALT CAC CAT TtC CAT AL? ACT AAC
L D Q S S I F K 6 R T 6 6 D L 0 6 S 6

I 9S
CGG CLT TTC ATA tCC CGG TCA CCA TAT CCC CAT ATt CtC tGt GAA A?T ACT tCT CCt
V 0 F I s C S CG F 0 1 V C r. 6 S s

2412
CLT CAT CAL ALT CAL CLT CtA CAC CAT CLT ACt tCC tCG ACt tCC tCC ACC CAL ACt
O 0 K 6 F 0 L 0 6 D T S S t S S s s

2069
CAL CAT CAT ACT CLT ALL CAL TCA AAC ACT ATC CAC AAC C?t CCL ACA ACC AOC ALT
Q D 0 t 0 K K S K S I Q 6 V F R a 6 6

2121
TtT CTA ALL CCC ATC ACT CCT CTT ALE ALE ALA AC? ACC C?T TtT ATT CAL ATC CAC
F v K P N T A v K K S T L F I q 6 r

2163
TAC TCT CAA ALT AGA ACE CTA TAT CAT TTG ATC CAT TCT CAL A?T TTA ALT CAL CAL
Y C F 6 R T L Y D L 6 5 F 6 L P Q Q

2240 754
CCT CAT CA TAT tGC CGG ttA TTt CCL CAL ATT TTC CGA CCL CTC ACT TAT ATA CAT
R 0 E Y w P L F R q 1 L F A L S Y 1 H

2297 w
tCC CAG CCt AtC Att C ACCAGCAT CTGC AL CCT AAC ALT ATT TT? ATA GCT CAL tCG
s Q G I I H R DI L K F K 6 I F I 0 r s

23154
ACA ALT Gtt ALL ATC GGt GAT TTt GGC ttA CCt AAC AAC CTC CAT ACA TCt CtC CAT
6 6 V K I C D F c L A K 6 V 6 6 S L D

2411
ATA Ctt AAC CTA CAT tCA CAG ALT CtC CCA CCC ACC TCA CA? LA? TTA ACA tCC GCC

I L K L 0 S Q 6 L F C S S 0 6 L t 6 A
2468
ATT CGt ACA CCL ATC TAT CT? CCT ACT CAL Ctt ttA CAT CCT ACA CCT CAC TAT ALT

I C t A 6 t V A t K V L 0 C t C N T 6

CAL AAC ATT CAT ACG TAT TCA Ctt GCC ATC ATT Ttt ttt CAL ATC ATC TAT CCT ?TC
K K t D 6 T 6 L C I I F F K I T F F

2562 "I
ACT ACA CC? ATC CAC ACA CTT A?T AT? TTC ALL AAC TTA CCL TCA TC TCC ATA CAL
S T C 6 K I V 6 1 L K K L i V S I I

2639 .

TTT CC? CCT CA? TTC CAC CLT ALT AAC ATC ALL CT? CAL AAC ALL AT? ATA ACO TTA
F F F D F D D 6 K " K V K K K I I I L

CTC ATA CAC C?T CAL CCC A?T ALA ACC CCT CCT CCT ACC ACA ?TT TTA ALT ACT CCT
L 1 D 6 D F 6 K a F C A 6 T L L 6 6 C

2753
TCC CTT CCT CTC AAC CAT CAC CAT CAL CTA ATC AA CAC CCT TTA ALL ACT TTC TCC
V L F v K 6 Q D K v I K K A L K s L 6

2810
ALT CCT TCA TCC CCT TCC CAL CAC CAL CGT CCL CAL ACT TTA TTT AAC CAL TCT TAC
6 P 6 S F V Q Q Q V a a S L F 6 Q 6 T

ACT CSA ACA LAT CLT AT? CTA ?TT CAT AAC TCA CT? CCL ACA TCC ACT CCT TTC CCL
6 L T 6 D t L F D I S V F T 6 t P F A

2924
AAC AT? CTC ACC TCC CAL ATC ACA CAL CAC CTA Ct? ALL A?T TTA CCLA AC ATC CGC
6 I L a 6 Q N t K K V V K I L C 6 N K

2961
CAL STC ALA ATA ATC CTC CtC CCL CCL TTT ttC CAL ACC CCC CCL TAT ACC CGA CCC

r L K I 6 L L a C F F Q 6 P P Y T V I
3036 1020

ACA ATC TAT ATC AAC TCC TTC ACA ACC CCC CTA CCC TCT TCC ACT TAC LAT ATC AT?
a N T N K C L T R A V F s c s Y P N I

3093
TAA

3096
C?TATCCTAT CCCTACCTAT CTATCTAAAA ATCCAACTCT CATTTCTAAC CAATATACCA TCCACCACCT

31166
TTACCOACCT CCTCATCATC AACCTCAACT TTCCAACCTA CAAACTTTCC TCACATTCAC TTCGCACLAA

3236
TTTCCAGAAC TTCCTCACAC TCACCATTTT ATCATGCACAC AACCTTCAAA ATTATCCAC AAATATTAAC

3306
CCTATTTCCT CTATTTCACA AAACAAACAC TTTTTTCATA TTAAATCA?C CTCLATAT?T CCACACTCTT

3376
TTCAACTTTA CAAATATTCA TAAACCCAAA GCCCTCTCAGC TTCACCAATC TTGCCCCAC TAGCCCTTTCC

AAGCTCCCTTC AACCAACTAA ACAA?CAACT AAACCCCCAA CTGACALCA? CTTCTACCCC A??CAATCAT
3316

TTCCACTTAT TCGATTTTAC ACTCCACTTC CAACCACCCA AAAALCCCCT CTATAAATCA ?CATTCATAC
3366

TCCCCATCTA AAAAAAATTC ACCACTC?TT CTCCCA?ATA TCAAACCTTC TCACTTACCT AAAACCCTTA

CAACTTGCCAA CAAATCTTCT CATATCTCCT TTGCTCAACT ACLA?ACCCC TTTTTACAAA CCAGCCATCA
3726

TCTTTCATCC ACTTTATCAC CATCCATCCT CACCTAATLT CA?ACCTCCT GGCCCCCTCC ATCACCCTTT
3796
CATACCTTTT TTCCCACACC ATCACCALAA AACACCACCA ATACTCCTAA CECTECACCT TTCAACTTAC

36168
CC?GCCCAAAT AATATTCCCT ATACCCCALL ACTATTYCAA ACTCCCTTCT CELLATACCA TALACALCACA

3936
AAATACCTTT TTCAALCA?A CACCTC??CA TTGCCALCCCA AECACETETG ATTATTCAT ATCCACTTTT

13006
TCCAACTCTT TGCTGGCCACC AATCCCCCTT ACAATACTCA ATACATTCTC CAACCAAAAC ATLAAACCCC

13076
LATACGTTAC CCA?CTTCCT CCCTCCATCA TATCCTTACT GCCCCCTCAAC ACCATCCTAT ACACTCCATT

TTCCCTATTA AGCACALCACC CTATCCACTA ACCAATCACL ACACAAACTA CAAECCATTA LAAAATALAAA
13216

AATTGACACC TAATCTTCAC ATACA?TT?L ATCT

FIG. 2. Nucleotide sequence of the GCN2 locus. The sequence of 4,978 bases included between the leftmost BamHI site and the rightmost
BglII site is shown. The start site of the GCN2 transcript is indicated (+1), and the GCN4-binding sequence is underlined. The underlined
portion of the translated region corresponds to an ATP-binding consensus sequence. The region of the protein sequence which is homologous
to the protein kinase domain is delineated by the arrowheads.
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H/Y R/L OL-P/R-H(9-1S)K/Q--OFG-A/S(17-26)APE(10-16)0-U--G----E cons

H OL- P -A4 (10) K --OfG- A (34) ATE (12) D-Y--G----E GCM2

a 1 2 3 b 1 2 3

b
754 SQOGI IHROLKPKNIFIDESRAUKIGDFGLAKCUHRSLOILKL0SQALPGSSDAL GCM2

128 HSHRILHRDLKPOMLLINKDGMLKLGDFGLA----ARAFGU--------- PLRAY CDC28

809 TSAIGTAlMYURTEULOGTGHYMEKIOllYSLGIIFFEMIY---PFSTGMERUIMILK GCC2

169 THEIUTLUYRAPEULLGGKQYSTGUOTUSIGCIFAEIMCRKPIFSGODSEI1QIFK CDC28

c
Consensus L/I G-G--G/S-U(10-1 O)A-K

* * * e

GC142 532 S GQGAF G QU ( 12 ) AIK1

FIG. 3. Homology of the GCN2 protein with protein kinases. (a)
Homology of the GCN2 protein from amino acid 760, with the
conserved consensus sequence of the catalytic domain of protein
kinases. (b) Homology of the same region with the catalytic domain
of the yeast CDC28 protein kinase, displayed as the output of the
alignment produced by the Lipman-Pearson algorithm. The double
asterisks indicate homology, and a single asterisk represents a

conservative change. (c) Homology of the GCN2 protein domain
beginning at amino acid 532 with the conserved consensus ATP-
binding domain.

Homology of the GCN2 protein with protein kinases. A
computer homology search with the Lipman-Pearson algo-
rithm (15) and the PIR database revealed that the region of
the GCN2 protein starting at amino acid 754 and extending
for 100 amino acids toward the carboxy-terminus was highly
homologous to the catalytic domain (12) of all known meta-
zoan protein kinases (Fig. 3a). A comparison of this region
with that of the yeast threonine-serine protein kinase en-

coded by the CDC28 gene (16, 21) is presented in Fig. 3b. In
addition, starting at amino acid position 522, the GCN2
protein contains the conserved consensus sequence for the
ATP-binding domain required for kinase activity (14) (Fig.
3c).
gcn2 strains lack a protein kinase activity. To assay for the

presence of a GCN2-dependent protein kinase activity, total
yeast protein was isolated from a wild-type and a gcn2 strain
grown in either rich or amino acid starvation medium. The
proteins were size fractionated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and electroblotted onto
nitrocellulose paper. The filter-bound proteins were rena-
tured and used in an autophosphorylation reaction by incu-
bation with [-y-32P]ATP in the appropriate buffer (1). A
duplicate filter was blocked with 1% total histone rather than
BSA (see above) to allow detection of protein kinases that
are not autophosphorylated under the assay conditions but
are able to phosphorylate a general substrate. A protein
kinase activity capable of phosphorylating the histone coat-
ing was detected in association with a protein species
migrating with an apparent molecular weight of >100,000
(Fig. 4a). This activity was readily detected in extracts from
amino acid-starved cells (lane 2), whereas only very low
levels were observed in cells cultured in rich medium (lane
3). Furthermore, the kinase activity was completely absent
in extracts made from gcn2 strains (lane 1) irrespective of the
growth conditions. Autophosphorylation of the same species
was not observed (Fig. 4b). This result demonstrates that the
gcn2 background is characterized by the absence of a protein
kinase activity, which is increased when wild-type yeast

4-

FIG. 4. gcn2 strains lack a protein kinase activity. Total protein
from a gcn2 strain grown in amino acid starvation medium (lane 1),
from a wild-type strain grown in the same medium (lane 2), and from
a wild-type strain grown in rich medium (lane 3) was size fraction-
ated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
blotted onto nitrocellulose filters, denatured, renatured, and incu-
bated in the presence of [y-32P]ATP as described in Materials and
Methods. The filter in the left panel was coated with total histones,
whereas the filter on the right was coated with BSA. The position of
a marker protein, phosphorylase b, which has a molecular weight of
97,400, is indicated (M). The position of the putative GCN2 kinase
activity is indicated by the arrow. The two additional bands in the
figure correspond to proteins which are autophosphorylated under
these reaction conditions. In addition, yeast cells contain several
other proteins which are phosphorylated in this reaction but migrate
faster than the putative GCN2 kinase activity and are therefore not
included.

cells are grown under amino acid starvation conditions. The
size of the protein is in good agreement with the calculated
size of the GCN2 protein.

This experiment was repeated three times; in each case
results identical to those presented in Fig. 4 were observed.
The reason for the diffuse nature of the band corresponding
to the putative GCN2 kinase activity is not entirely clear.
The most likely explanation for the fuzziness resides in the
nature of the experiment. The general substrate for the
phosphorylation reaction (histone) is simply coated onto the
filter and therefore may be free to diffuse to a limited extent.
In contrast, the two discrete bands corresponding to auto-
phosphorylated species are filter bound.

Dispensable GCN2 protein. It is likely that the previously
described alleles of gcn2 (2) correspond to point mutations,
based on their relatively high frequency of spontaneous
reversion. This raises the formal possibility that these mu-

tations are leaky and do not reflect the true null phenotype.
To address this issue, we disrupted the endogenous GCN2
gene by replacing the 1.5-kb HindIlI fragment encompassing
the protein kinase domain with the yeast URA3 gene. The
genomic structure of the disruption was verified by Southern
blot analysis (data not shown). The resultant strain exhibited
the same phenotype as the strains with UV-induced muta-
tions: normal growth in both rich and minimal media, no

growth in minimal medium supplemented with amino acid
analogs (gen phenotype), normal diploidization, and sporu-
lation.

5'-Upstream region of GCN2 containing the consensus
GCN4-binding DNA sequence. The steady-state levels of the
GCN2 mRNA increased with time when wild-type yeast
cells were cultured under amino acid starvation conditions
(Fig. 5). We have previously shown that this derepression
depends on the presence of a functional GCN4 gene product
(2). Therefore, we searched for a potential GCN4-binding
sequence in the 5' promoter region of the GCN2 gene. The 5'

a
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FIG. 5. Time course analysis of the GCN2 RNA levels in cells
cultured under amino acid starvation conditions. Wild-type yeast
cells were precultured in rich medium, harvested by filtration, and
immediately transferred to amino acid starvation medium. At the
indicated times samples were removed for RNA extractions; 20 ,ug
of total RNA from each time point was denatured with glyoxal-
dimethyl sulfoxide, size fractionated on an agarose gel, and blotted
onto a nylon membrane. The blot was hybridized simultaneously
with the 4.1-kb BamHI GCN2 probe and a yeast URA3 probe.
URA3 mRNA serves as an internal control to quantitate the amount
of RNA in each lane.

end of the GCN2 gene was established by primer extension
with a synthetic 19-mer which is complementary to the
GCN2 coding region from position +83 to position +102.
This experiment demonstrates that transcription of GCN2
initiates at three positions, each differing by 1 bp (Fig. 6).
The distal most site is depicted as + 1 in Fig. 2, located 34 bp
5' to the AUG initiation codon. Upstream of the start site at
position -174, there is a sequence 5' TGAGTCA 3' which
constitutes the perfect target for GCN4 binding (6, 11).
GCN4 protein binds to the GCN2 5'-regulatory region. To

investigate whether the GCN4 protein binds to the 5'-
regulatory region of the GCN2 gene, a DNA-binding exper-
iment was performed employing the strategy of Hope and
Struhl (9). Briefly, GCN4 protein was synthesized in vitro by
translating an SP6-derived GCN4 RNA in a reticulocyte
system containing [35S]methionine. The radiochemically
pure protein was incubated with the appropriate DNA
fragments, and the protein-DNA complexes were resolved
on nondenaturing polyacrylamide gels and detected by fluo-
rography. The GCN2-specific DNA fragment employed was
the 790-bp BamHI-EcoRI segment which includes the entire
5'-flanking region required for in vivo expression of the gene
(Fig. 1 and 2). The GCN4 protein bound this fragment with
an affinity similar to that of the HIS3 regulatory region (Fig.
7a, lane 4), which is known to bind GCN4 protein (lane 7).
With DNA fragments generated by ExoIllI deletion it was
further established that the GCN4-binding site resides to the
right of the R8 and to the left of the R9 deletion endpoints
(Fig. 7a, lanes 2, 3, 5, and 6).
Moreover, a 100-bp DNA fragment delineated by the SspI

site at position -150 (Fig. 2) and the R8 deletion endpoint
bound the GCN4 protein (Fig. 7b, lane 4). Finally, binding of
the GCN4 protein was completely abolished when the R9
EcoRI fragment was cleaved with Hinfl, which cleaves
within the consensus sequence at position -172. Binding
was unaffected when the R9 EcoRI fragment was cleaved
with AluI (Fig. 7b, lanes 2 and 3, respectively). The binding
studies are consistent with our results that the DNA se-
quences between the R9 and R8 endpoints are essential for
the expression of GCN2 in vivo, since GCN2 mutants with
deletions of the sequences upstream from the R9 endpoint
failed to complement gcn2 strains, whereas sequences up-

m4AOto __ *-101 bp

FIG. 6. Mapping the start site of the GCN2 transcript. A 5-ng
sample of a 19-mer primer complementary to the GCN2 coding
region starting at position 102 was end labeled and annealed with 1,
2, or 4 ,ug of poly(A)+ RNA extracted from cells cultured in amino
acid limitation medium (lane 1, 2, or 3, respectively). The annealed
primer was extended with reverse transcriptase in the presence of
deoxynucleoside triphosphates. The size of the extended product
was determined by gel electrophoresis under denaturing conditions.

stream of the R8 endpoint were dispensable for in vivo
expression of the GCN2 gene (Fig. 1).

Effects of increased expression of the GCN2 gene in rich
medium. The transcription of the GCN2 gene was regulated
by the GCN4 protein as a function of amino acid availability
(Fig. 5). To investigate the mechanism of activation of this
transcriptional-translational regulatory circuit, we asked
whether increased expression of the GCN2 gene affects the
translation of the GCN4 mRNA in rich medium. An increase
in expression was accomplished by either introducing the
GCN2 gene into yeast strains on a multicopy yeast vector or
by transforming yeast cells with a derivative of the GCN4
gene with a deletion of the upstream ORFs that is translated
with high efficiency (24). In the latter case, overproduction
of GCN2 was accomplished indirectly by overproducing the
GCN4 protein. Strains containing multiple copies of the
GCN2 gene displayed a 5-fold increase in basal level expres-
sion of GCN2 mRNA, whereas strains overproducing the
GCN4 protein resulted in a 10-fold increase in these levels
(data not shown). In both strains the levels of GCN4 mRNA
were unaffected. These strains were also transformed with a
GCN4-lacZ fusion plasmid routinely employed to monitor
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FIG. 7. Binding of the GCN4 protein to the GCN2 5'-regulatory
region. (a) 35S-labeled, in vitro-synthesized GCN4 protein was used
in binding reactions with the following DNAs; Puc18 DNA (lane 1),
the BamHI-EcoRI fragment (lane 4), the R7-EcoRl deletion with an
endpoint at base -305 (lane 2), the R8-EcoRI deletion fragment
(lane 3), the R9-EcoRI deletion fragment (lane 5), the R10-EcoRI
deletion fragment with an endpoint at base -90 (lane 6), and a DNA
fragment containing the HIS3 regulatory region (lane 7). The pro-
tein-DNA complexes were resolved on native polyacrylamide gels
and detected by fluorography. (b) Binding assays with an intact
R8-EcoRI DNA fragment (lane 1), the R8-EcoRI fragment digested
with Hinfl (lane 2), the R8-EcoRI fragment digested with AluI (lane
3), and the R8-SspI DNA fragment.

the translational efficiency of GCN4 mRNA (24). In both
cases a twofold increase in the efficiency of GCN4 mRNA
translation was observed in the absence of a starvation signal
(Table 1). An additional increase occurred when cells were
subjected to amino acid starvation. These results demon-
strate that the translational efficiency of the GCN4 mRNA is
influenced by the level of expression of the GCN2 gene, even
in rich medium, whereas full activation of the circuit requires
a starvation signal.

DISCUSSION
The GCN2 gene is essential for the translational derepres-

sion of GCN4 mRNA, which in turn is required for the

TABLE 1. Levels of 3-galactosidase activity produced by a
GCN4-lacZ fusion gene in strains with increased expression of

either GCN2 or GCN4 genesa

Overproduced Strain -Galactosidase activity (U)
protein Rich medium Starvation medium

GCN2 YEp21 4.8 22.7
YEp21-GCN2 10.3 27.5

GCN4 GCN4 3.8 14.8
81-GCN4 8.3 17.9

a The results are given in units of 3-galactosidase produced from a
GCN4-lacZ fusion in strains which overproduce the GCN2 protein or the
GCN4 protein. Increased expression was accomplished as described in
Materials and Methods. The effect of increased expression on the levels of
p-galactosidase activity compared with the levels produced in strains harbor-
ing either the multicopy vector (YEp21) or the wild-type GCN4 gene.
3-Galactosidase activity was assayed in strains grown in rich medium (re-
pressing conditions) or in amino acid starvation medium (derepressing condi-
tions).

transcriptional regulation of amino acid biosynthetic genes.
Sequence analysis of the GCN2 gene reveals two new
elements of the general control regulatory pathway. The
putative GCN2 protein contains a domain highly homolo-
gous to protein kinases, and the gene is itself transcription-
ally regulated by the GCN4 protein. The homology of the
GCN2 protein with all known metazoan protein kinases and
with protein kinases of budding and fission yeasts is striking.
This homology includes all known members of both the
serine-threonine and the tyrosine families of protein kinases.
All of the invariant amino acids common to protein kinases
are conserved in GCN2 (Fig. 3a). In addition, GCN2 has a
perfect ATP-binding site containing the highly conserved
consensus Gly-X-Gly-X-Phe-Gly-X-Val, starting at amino
acid 522, and the Ala-X-Lys tripeptide located 12 residues
downstream (14). The sequence comparison shows that the
GCN2 protein exhibits the highest homology with the raf
protein, a serine-threonine kinase (19). The possibility that
the GCN2-encoded protein kinase belongs to the serine-
threonine family is further suggested by the presence of the
sequence Lys-Pro-Lys-Asn at position 765, which is highly
conserved among members of this family (12). The possibil-
ity that the GCN2 protein has an intrinsic protein kinase
activity is strengthened by our in vitro kinase assay, which
demonstrates that a kinase activity is present in wild-type
cells cultured under conditions of amino acid starvation but
absent in gcn2 strains. This kinase activity is associated with
a protein of the predicted size of the GCN2 protein. This
evidence strongly suggests that the GCN2 gene encodes a
protein kinase; however, direct validation will require puri-
fication of the GCN2 protein.
The amino acid sequence comparisons have not revealed

any significant homologies between other regions of the
GCN2 protein and proteins in the database. The domain that
includes the first 500 amino acids is rich in charged residues.
Application of various secondary structure algorithms sug-
gests that this area is highly structured with alternating
a-helices and 1-turns (M. Kokinidis, personal communica-
tion). Both of these facts are consistent with the possibility
that this domain could interact directly with nucleic acids,
such as the 5' region of the GCN4 mRNA, rRNA, or tRNAs.
Such interaction may account for the specificity of the GCN2
protein in modulating translation of the GCN4 mRNA.
The GCN2 disruption strain exhibits only the gcn2 phe-

notypes, namely, no growth under conditions of severe
amino acid starvation and reduced basal levels of GCN4
mRNA translation. No other apparent growth or develop-
mental defect has been observed. Southern blot analysis of
genomic DNA coupled with hybridization at low stringency
does not reveal additional sequences homologous to those of
GCN2 which could potentially substitute for the disrupted
gene. These data suggest that the GCN2 protein functions
specifically in the general control system.
We have previously shown that accumulation of the

GCN2 mRNA is increased when cells are starved for amino
acids and that the increase depends on the presence of a
functional GCN4 gene (2). The sequence analysis of the
GCN2 gene combined with transcript mapping reveals the
presence of a perfect consensus sequence for GCN4 binding
(6, 11) residing 174 bp upstream of the transcription initiation
site. We have shown that the GCN4 protein binds in vitro to
fragments harboring this sequence. Moreover, this region is
essential for the in vivo expression of the GCN2 gene. The
binding assays argue that the GCN4-dependent accumula-
tion of the GCN2 mRNA is the direct result of the GCN4

a
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protein binding to the 5'-regulatory region of the GCN2
gene.
A positive regulatory circuit operates at the final stages of

the general control response: the GCN2 product, which is
more than likely a protein kinase, regulates the expression of
its transcriptional activator. The end result is that transcrip-
tional derepression of the GCN2 gene parallels the increase
in the translation of the GCN4 mRNA (24) when yeast cells
are grown in amino acid starvation medium. This suggests a
quantitative contribution of the GCN2 gene product in
modulating the translational efficiency of the GCN4 mRNA.
Such a contribution is evident also when cells are grown in
rich medium: the absence of the GCN2 gene product results
in a fivefold reduction in basal level translation of the GCN4
mRNA (25), whereas increased expression of GCN2 ele-
vates the basal level (this paper). The latter increase is not
proportional to the extent of GCN2 expression, demonstrat-
ing the necessity for activation of the circuit by amino acid
starvation. Such an activation could be mediated directly by
the GCN2 gene product or, alternatively, inactivation of
negative regulators of GCN4 translation, such as members of
the GCD genes (5, 8). Given the likelihood that GCN2
encodes a protein kinase, it is tempting to speculate that
protein phosphorylation plays an important role in mediating
translational derepression of the GCN4 message.
How might a protein kinase specifically increase the

translation of GCN4 mRNA? Protein phosphorylations are
known to regulate translational efficiencies in a general
manner affecting the translation of most cellular mRNAs.
Examples include the phosphorylation of subunits of the
eIF2 complex (3, 18) and phosphorylation of the S6 ribo-
somal protein (17). Recent experiments suggest that in the
absence of a functional GCN2 gene 80S ribosomes are
stalled in the upstream ORFs of the GCN4 mRNA and
GCN2 is required for a destalling process (D. Tzamarias and
G. Thireos, manuscript in preparation). The putative GCN2
kinase activity could modify the agent responsible for ribo-
some stalling (possibly a product of one of the GCD genes)
so as to allow the migration of 40S subunits to the AUG
initiation codon of the GCN4 mRNA. Identification of the
substrate for the putative GCN2-encoded kinase will reveal
information on the mechanism of translational regulation of
the GCN4 mRNA. In addition, identification of the factor(s)
that activates the transcriptional-translational regulatory cir-
cuit will elucidate steps involved in the signaling pathway for
amino acid starvation.
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