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GCN4 is a transcriptional activator in the bZIP family that regulates amino acid biosynthetic genes in the
yeast Saccharomyces cerevisiae. Previous work suggested that the principal activation domain of GCN4 is a
highly acidic segment of approximately 40 amino acids located in the center of the protein. We conducted a
mutational analysis of GCN4 with a single-copy allele expressed under the control of the native promoter and
translational control elements. Our results indicate that GCN4 contains two activation domains of similar
potency that can function independently to promote high-level transcription of the target genes HIS3 and HIS4.
One of these domains is coincident with the acidic activation domain defined previously; the other extends over
the N-terminal one-third of the protein. Both domains are partially dependent on the coactivator protein
ADA2. Each domain appears to be composed of two or more small subdomains that have additive effects on
transcription and that can cooperate in different combinations to promote high-level expression of HIS3 and
HIS4. At least three of these subdomains are critically dependent on bulky hydrophobic amino acids for their
function. Five of the important hydrophobic residues, Phe-97, Phe-98, Met-107, Tyr-110, and Leu-113, fall
within a region of proposed sequence homology between GCN4 and the herpesvirus acidic activator VP16. The
remaining three residues, Trp-120, Leu-123, and Phe-124, are highly conserved between GCN4 and its Neu-
rospora counterpart, cpc-1. Because of the functional redundancy in the activation domain, mutations at
positions 97 and 98 must be combined with mutations at positions 120 to 124 to observe a substantial reduction
in activation by full-length GCN4, and substitution of all eight hydrophobic residues was required to inactivate
full-length GCN4. These hydrophobic residues may mediate important interactions between GCN4 and one or
more of its target proteins in the transcription initiation complex.

Stimulating gene transcription in eukaryotic organisms typ-
ically involves binding of a specific activator protein at one or
more locations upstream of the TATA sequence, the site
where TATA box-binding protein (TBP) nucleates the assem-
bly of basic transcription factors and RNA polymerase II (re-
viewed in reference 5). Several molecular mechanisms have
been considered to explain how activators stimulate transcrip-
tion. One possibility is an alteration of chromatin structure in
the vicinity of the TATA element in a way that facilitates
assembly of the transcription initiation complex. Other models
involve recruitment of a general transcription factor to the
promoter or antagonizing a repressor of one of the basic tran-
scription factors. It has also been suggested that activators can
stimulate a rate-limiting step in the initiation process or pre-
vent the formation of a nonproductive initiation complex (12,
52). For most of these mechanisms, it is frequently envisioned
that activators interact directly with one of the basic transcrip-
tion factors, such as TBP or TFIIB, and there is evidence to
support this view (8, 20, 33, 34, 36, 46, 47). There are also
indications, however, that activators interact with the basic
factors through mediators or coactivators, some of which ap-
pear to be stably associated with TBP (10, 11, 16) or with the
core subunits of RNA polymerase II (23, 26). In the case of the
yeast transcriptional activator GCN4, two proteins known as

ADA2 (2) and GCN5 (9) have been implicated as coactivators,
but their modes of action in mediating activation by GCN4 are
unknown.
GCN4 is a transcriptional activator of genes encoding amino

acid biosynthetic enzymes in more than 10 different pathways
in Saccharomyces cerevisiae. Expression of GCN4 is regulated
at the translational level, with the result that high levels of the
protein are synthesized in response to amino acid deprivation.
The GCN4 protein thus produced increases the transcription
of amino acid biosynthetic genes under its control and thereby
ameliorates the limitation for amino acids (reviewed in refer-
ence 14). GCN4 is a member of the bZIP family of transcrip-
tional activators (28) that binds to DNA as a homodimer (19).
The DNA-binding and dimerization domain (bZIP) of GCN4
is ca. 56 amino acids in length and is located at the extreme C
terminus of the protein (7, 18, 40). The 225 amino acids N
terminal to the bZIP region of GCN4 are largely dispensable
for sequence-specific DNA binding and contain the residues
required for transcriptional activation of GCN4 target genes
(18).
Extensive deletion analysis of GCN4 led to the conclusion

that the principal activation function resided in a segment
located roughly in the center of the protein, between residues
107 and 144, that is rich in acidic amino acids and carries a net
negative charge. It was proposed that this region contains an
array of negatively charged alpha-helical segments that make
additive contributions to the efficiency of transcriptional acti-

* Corresponding author. Phone: (301) 496-4480. Fax: (301) 496-
0243.

1220

 on M
arch 22, 2013 by guest

http://m
cb.asm

.org/
D

ow
nloaded from

 

http://mcb.asm.org/


vation (17, 18). However, recent results with circular dichroism
spectroscopy suggested that the central activation domain of
GCN4 is not alpha-helical in solution and can adopt a b-sheet
structure under certain conditions (54). The deletion analysis
of Hope et al. (17) provided some evidence for a weaker
activation function in GCN4 between residues 12 and 92, in
that low-level activation of a lexA-dependent promoter oc-
curred when the N-terminal third of GCN4 and a small seg-
ment of the central activation domain were fused in the same
molecule to the lexA DNA-binding domain. In addition, Pell-
man et al. (42) found that deletion of the N-terminal 95 amino
acids of GCN4, leaving the central activation domain intact,
reduced both the efficiency of transcriptional activation and its
dependence on a TATA element at HIS4. These latter results
suggested that the N-terminal region of GCN4 might make an
important contribution to transcriptional activation, even
though it did not appear to be sufficient to promote wild-type
levels of transcription from GCN4-dependent promoters.
In previous mutational studies on GCN4, the relative levels

of mutant proteins were not determined because GCN4 ex-
pressed in S. cerevisiae was undetectable immunologically (17).
This made it difficult to compare different segments of the
protein for their efficiency of transcriptional activation. In ad-
dition, the GCN4 alleles were expressed constitutively from
heterologous promoters, and it was unknown how their protein
levels compared with that of wild-type GCN4. In our study, we
examined mutations made in a single-copy GCN4 gene con-
taining the native promoter and translational control elements,
after inducing the expression of each allele by amino acid
starvation. The levels of wild-type and mutant GCN4 proteins
thus produced were quantitated by immunodetection. In view
of different requirements observed for the potential coactiva-
tor GCN5 in GCN4-mediated transcriptional activation of
HIS3 versus HIS4 (9), we analyzed the effects of our GCN4
mutations on the authentic promoters of these two HIS genes
rather than assaying synthetic promoters containing multiple
binding sites inserted upstream of a TATA element.
Using these tools, we set out to determine whether the

central acidic activation domain (CAAD) defined by Hope et
al. (17) was actually necessary for efficient transcription of
authentic GCN4 target genes under physiological conditions of
induction. This inquiry was motivated partly by the fact that
one of the activation domains identified in the yeast transcrip-
tional activator GAL4 was found to be dispensable for activa-
tion of GAL genes in vivo (29, 35). A related goal was to make
a careful comparison of the relative efficiencies of transcrip-
tional activation conferred by the CAAD and sequences N-
terminal to the CAAD and to map the boundaries of the
putative N-terminal activation domain (NTAD). On the basis
of evidence that different segments of the GCN4 activation
domain may interact differently with factors bound at the
TATA element (42), we wished to compare the NTAD and
CAAD for dependence on the coactivator ADA2. Finally, be-
cause activation domains in VP16 (6, 45), the Rta activator of
Epstein-Barr virus (13), p53 (32), the Sp1 activator (10), c-Fos
(36), E1A (31), and yeast GAL4 (30) all contain hydrophobic
residues that are important for the activation functions of these
proteins, we wanted to determine whether this structural fea-
ture extended to GCN4.
The results presented below indicate that the NTAD confers

high-level transcriptional activation of HIS3 or HIS4 in the
absence of the CAAD. Similarly, the CAAD can promote
high-level transcription of these genes when the NTAD is
missing. Both the CAAD and the NTAD are dependent on the
ADA2 protein for efficient transcriptional activation at HIS3
and at HIS4. Both the NTAD and CAAD appear to contain

two or more autonomously functioning subdomains which
have cumulative effects on transcription, and at least three of
these subdomains contain amino acids with bulky hydrophobic
side chains that are critical for activation and are interspersed
among acidic residues. Elimination of all three clusters of
hydrophobic residues was required to destroy the activation
function of full-length GCN4. These results indicate that the
activation domain of GCN4 is more complex than was previ-
ously thought and that it shares significant structural similari-
ties with activation domains found in several other well-studied
transcriptional activators.

MATERIALS AND METHODS

Construction of plasmids. All mutant constructs were derived from plasmid
pCD35, containing the wild-type GCN4 allele on a 2.8-kb SalI-EcoRI genomic
fragment inserted into YCp50 (39). pCD35 was derived from plasmid p298 (57)
by first removing the BamHI fragment containing the lacZ coding sequences and
then replacing the SalI-BstEII fragment containing the GCN4 mRNA leader
sequences with the corresponding SalI-BstEII fragment from p164 (38). The
in-frame linker insertion mutations shown in Fig. 2A were constructed with the
Stratagene Mutator Kit, following the instructions of the vendor. The 1.2-kb
SalI-KpnI and 1.6-kb KpnI-EcoRI GCN4 fragments were individually subcloned
into M13mp19. Single-stranded DNA was prepared and annealed with phos-
phorylated oligonucleotides complementary to the appropriate GCN4 coding
sequences, plus the additional nucleotides AGATCT, to create a BglII site.
Double-stranded DNA from M13 clones bearing the desired insertions was
subcloned into pCD35, either as SalI-KpnI or KpnI-EcoRI fragments. All sub-
cloned fragments and the immediately flanking regions were sequenced in their
entireties to verify the mutations.
The deletion mutations in constructs pCD105, pCD108, pCD109, pCD110,

pCD112, pCD115, pCD116, pCD121, pCD122, pCD123, pCD124, pCD125,
pCD162, pCD213, pCD214, pCD216, pCD316, p1588, and p1589 were made by
combining fragments containing BglII sites obtained from the appropriate linker
insertion mutations. Construct pCD196 was generated by cloning the SalI-XbaI
fragment of pCD122 between the SalI-XbaI sites in pCD116. Construct pCD316
contained the following nucleotide changes to generate the desired alanine
substitutions at Phe-97 and Phe-98, plus a silent mutation at Ser-100 to facilitate
subcloning: an F-to-A change at position 97 (F97A; TTC to GCC), F98A (TTT
to GCT), and S100S (TCA to TCT).
Constructs pCD345, pCD346, pCD349, and pCD357 were generated by a

recombinant PCR technique (21). These constructs contained the following
nucleotide changes to generate the desired amino acid substitutions. pCD345
contains M107A (ATG to GCC), Y110A (TAT to GCT), and L113A (CTA to
GCG); pCD346 contains the same mutations present in pCD345 plus W120A
(TGG to GCG), L123A (TTG to GCG), and F124A (TTT to GCT); pCD349
contains W120A (TGG to GCG), L123A (TTG to GCG), and F124A (TTT to
GCT); and pCD357 contains W120A (TGG to GCG). In pCD345, pCD346,
pCD349, and pCD357 the following silent mutations were also introduced to
facilitate subcloning: I128I (ATT to ATA), P129P (CCA to CCG), V130V (GTT
to GTA), V135V (GTT to GTA), and S136S (TCA to AGC).
To generate constructs pCD313, pCD314, pCD317, pCD318, pCD319,

pCD320, pCD321, pCD322, pCD323, and pCD324, 75-mer oligonucleotides with
BglII ends were synthesized and inserted into the BglII site of pCD125, pCD108,
or pCD315. (pCD315 has the same deletion as pCD108 plus the identical point
mutations present in pCD297.) This scheme generated an additional BglII linker
(Arg-Ser codon) between positions 117 and 118. The sequences of the inserted
oligonucleotides, plus flanking nucleotides, were confirmed by DNA sequencing.
The following list gives the sequence changes in this set of constructs: pCD314,
wild-type sequences; pCD317, M107A (ATG to GCG); pCD318, Y110A (TAT
to GCT); pCD319, L113A (CTA to GCA); pCD313, M107A (ATG to GCG),
Y110A (TAT to GCT), and L113A (CTA to GCA); pCD320, E109A (GAG to
GCG), E111A (GAA to GCA), E114A (GAA to GCA), and D115A (GAC to
GCC).
In producing constructs pCD270, pCD271, and pCD272, DNA fragments were

synthesized by PCR with oligonucleotides designed to create the appropriate
deletions and to generate restriction sites at the ends of the fragments for
subcloning between the XbaI and BglII sites of pCD122. The same was done to
generate constructs pCD269, pCD257, pCD261, pCD282, and pCD283, by in-
serting the appropriate PCR-generated DNA fragments into the BglII site of
pCD214. Similarly, constructs pCD294, pCD295, pCD296, pCD297, and
pCD298 were produced by inserting PCR-generated fragments between the
BamHI (codon 54 in GCN4) and BglII sites of pCD162. The following amino
acid changes, plus silent mutations, were made in constructs pCD294 to -298:
pCD294, F97A (TTC to GCC) and S100S (TCA to TCT); pCD295, F98A (TTT
to GCT) and S100S (TCA to TCT); pCD296, S99A (TCG to GCG) and S100S
(TCA to TCT); pCD297, F97A (TTC to GCC), F98A (TTT to GCT), and S100S
(TCA to TCT); and pCD298, V93A (GTA to GCA) and S100S (TCA to TCT).
For constructs pCD273 and pCD274, PCR-generated fragments containing
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BamHI and BglII ends were cloned between the BamHI and BglII sites of
pCD162. Constructs pCD350, pCD353, pCD355, and pCD356 were constructed
by combining fragments containing BglII ends from pCD297 or pCD162 with
fragments containing BglII ends from pCD349, pCD345, or pCD346.
In producing constructs pCD327 and pCD328, DNA fragments were synthe-

sized by PCR with oligonucleotides complementary to wild-type GCN4 se-
quences and containing additional nucleotides to create BglII ends. These small
fragments were cloned into pCD214. All regions of DNA generated by PCR, plus
immediately flanking nucleotides, were confirmed by DNA sequencing.
All versions of GCN4 alleles lacking the four upstream open reading frames

(uORFs; pCD118, pCD171, pCD288, pCD291, and p1617) were constructed by
substituting the wild-type 0.645-kb SalI-BstEII fragment of the appropriate
uORF-containing construct with the SalI-BstEII fragment from p238 (38) con-
taining point mutations that eliminate the ATG codons of all four uORFs.
The production of plasmids for in vitro transcription of GCN4 coding se-

quences from the bacteriophage SP6 promoter began with the construction of
plasmid p250. A 1.8-kb ScaI fragment containing the GCN4 coding region and
point mutations in all four uORFs was isolated from plasmid p238 (38) and
inserted at the HincI site of plasmid pSP64 (Promega), yielding p250. The
appropriate segments containing coding regions from the GCN4 constructs of
interest were then isolated and inserted in place of the corresponding wild-type
segments of p250.
The LEU2 integrating plasmid pCD215 containing the HIS4-lacZ fusion was

constructed with plasmid pAB177 (provided by K. Arndt) that contains 750
nucleotides of sequence 59 to the HIS4 coding region and the first 11 codons of
HIS4 fused in frame to the Escherichia coli lacZ gene. First, plasmid pCD151 was
produced by deleting the sequences between the NotI and NaeI sites of pRS314
(50) and subsequently inserting a 3-kb BamHI fragment containing the lacZ gene
obtained from plasmid pMC1871 (48) into the BamHI site of the polylinker.
Second, the 1.6-kb ClaI fragment containing the HIS4 promoter and 830 nucle-
otides of lacZ sequence was isolated from pAB177 and inserted into the ClaI site
of pCD151 to produce pCD173. The SalI (filled in with Klenow)-BssHII frag-
ment of pCD173, containing HIS4-lacZ fusion sequences, was then inserted into
the SmaI-BssHII site of pDK215 (24), a LEU2 integrating vector, to generate
pCD215. The TRP1 integrating plasmid, containing the HIS4-lacZ fusion, was
generated by subcloning the BamHI-KpnI fragment of pCD173, containing the
HIS4-lacZ fusion described above, into the BamHI-KpnI site of pRS304, a TRP1
integrating vector (50), generating p1622. The TRP1 integrating plasmid p1623,
containing the HIS3-lacZ fusion, was generated by first subcloning the SmaI-
BssHII fragment from pDK215 (24) into the SmaI-BssHII site of pCD151,
described above, generating pCD164. The BamHI fragment of pCD164, con-
taining the entire HIS3-lacZ fusion, was then inserted into the BamHI site of
pRS304 (50). The construct pCD250 contains the GAL4-VP16 fusion protein on
a high-copy-number URA3 vector. This was generated by subcloning the BamHI
fragment of padhGV16 (2) into the BamHI site of pRS426 (50).
Construction of yeast strains. Strain H2036 (MATa ura3-52 gcn4-103 leu2-3

leu2-112 trp1-63 ino1) was constructed by crossing yeast strain H384 bearing
gcn4-103 (38) with a laboratory strain containing the appropriate auxotrophic
markers. The gcn4-103 allele in H2036 is a deletion of 0.645 kb between the KpnI
site in the GCN4 coding region and the MluI site located 39 of the gene and was
constructed previously (38). Integrating LEU2 plasmids containing HIS4-lacZ or
HIS3-lacZ fusions, pCD215 and pDK215 (24), respectively, were linearized at
the KpnI site in LEU2 and used individually to transform S. cerevisiae H2036 to
Leu1, generating strains H2384 (MATa ura3-52 gcn4-103 leu2-3 leu2-112 trp1-63
ino1 [HIS3-lacZ LEU2]) and H2359 (MATa ura3-52 gcn4-103 leu2-3 leu2-112
trp1-63 ino1 [HIS4-lacZ LEU2]). Integration of the plasmids at LEU2 was con-
firmed by DNA blot hybridization analysis. Strain H2032 (MATa ura3-52 his1-29
leu2-3 leu2-112 trp1-63 gcn4::LEU2) was constructed by crossing strain H1663
(MATa ura3-52 leu2-3 leu2-112 his1-29 gcn4::LEU2 ino1-13) with a laboratory
strain containing the appropriate auxotrophic markers. The gcn4::LEU2 allele in
H1663 contains a 2.8-kb LEU2 fragment inserted in GCN4 between positions
190 and 11095 relative to the 59 end of GCN4 mRNA (36a). To generate the
ada2D deletion strain H2483 (MATa ada2D ura3-52 his1-29 leu2-3 leu2-112
trp1-63 gcn4::LEU2), strain H2032 was transformed to Ura1 with a BamHI-XhoI
fragment containing the ada2D allele in which the C-terminal 395 codons of
ADA2 were replaced by the URA3 gene flanked by hisG direct repeats, isolated
from plasmid pada2D (2). Ura1 transformants were grown in the presence of
5-fluoroorotic acid (3) to select for loss of the URA3 gene, yielding the unmarked
ada2 allele.
Strains H2452 (MATa ura3-52 leu2-3 leu2-112 trp1-63 his1-29 gcn4::LEU2

[HIS4-lacZ TRP1]) and H2453 (MATa ura3-52 leu2-3 leu2-112 trp1-63 his1-29
gcn4::LEU2 [HIS3-lacZ TRP1]) were generated by transforming strain H2032
with plasmids p1622 and p1623, respectively, selecting for tryptophan prototro-
phy. Strains H2505 (MATa ada2D ura3-52 leu2-3 leu2-112 trp1-63 his1-29
gcn4::LEU2 [HIS4-lacZ TRP1]) and H2506 (MATa ada2D ura3-52 leu2-3 leu2-
112 trp1-63 his1-29 gcn4::LEU2 [HIS3-lacZ TRP1]) were generated from strains
H2452 and H2453, respectively, by deleting ADA2 in the same way described for
H2483. We verified that the slow-growth phenotype on rich medium associated
with deletion of ADA2 in strains H2483, H2505, and H2506 was complemented
by transformation with the low-copy-number plasmid pNS3.8 (2) bearing wild-
type ADA2. Additionally, these strains showed suppression of the slow-growth
phenotype conferred by high-level expression of the GAL4-VP16 fusion protein

from pCD250, relative to that seen in the parental ADA2 strains. The isogenic
strains BP1 (MATa ura3-52 ade1-100 his4-519 leu2-2 leu2-112 gal4::HIS4) and
BP1/ada2-1 (MATa ada2-1 ura3-52 ade1-100 his4-519 leu2-2 leu2-112 gal4::HIS4)
were described previously (2). As expected from the work of Berger et al. (2),
padhGV16 was lethal in the ADA2 strain but not in its ada2-1 derivative. Strain
H1486 (MATa ura3-52 his1-29 leu2-3 leu2-112 [HIS4-lacZ ura3-52]) has been
previously described (56).
All GCN4 constructs derived from pCD35 were introduced by transformation

into strains H2032, H2036, H2359, H2384, H2452, H2453, H2483, H2505, and
H2506 by selecting for uracil prototrophy.
Immunoblot analysis of GCN4 proteins expressed in S. cerevisiae. GCN4

protein levels in transformants of S. cerevisiae H2359 were measured in whole-
cell extracts as follows. Transformants were grown to saturation at 308C in SC
medium (49) lacking uracil (SC2Ura) and inoculated at a 1/100 dilution into 50
ml of SC lacking uracil and histidine (SC2Ura2His). Cultures were grown to an
optical density at 546 nm of 1.0, and 3-aminotriazole (3-AT) was added to 40
mM. Cultures were harvested 12 to 14 h later by centrifugation at 48C in 50-ml
centrifuge tubes half-filled with crushed ice at 3,000 rpm for 7 min. Cells were
washed with 2.5 ml of ice-cold breaking buffer (B buffer; 100 mM Tris-Cl [pH
7.5], 200 mM NaCl, 20% glycerol, 5 mM EDTA) containing 14 mM b-mercap-
toethanol, 0.5 mM Na-p-tosyl-L-lysine chloromethyl ketone, 0.5 mM Na-p-tosyl-
L-phenylalanine chloromethyl ketone, 0.5 mM p-aminobenzamidine-HCl, 0.5
mM o-phenanthroline, and 0.5 mM phenylmethylsulfonyl fluoride (B buffer1)
added immediately prior to use. All subsequent steps were carried out at 48C.
Cells were pelleted at 3,000 rpm for 7 min and resuspended in B buffer1 and
transferred to 1.5-ml microcentrifuge tubes prefilled with 250 ml of acid-washed
glass beads. Samples were vortexed for six periods of 15 s (each) with 1 min of
cooling on ice between each period. Occasionally, an additional 200 ml of B
buffer1 was added, and the sample was vortexed for an additional 15 s. Samples
were centrifuged for 15 min at 14,000 rpm in a microcentrifuge, and the super-
natant was centrifuged as before for 15 min. The supernatants were divided into
aliquots, frozen immediately in liquid N2, and stored at 2708C. Protein concen-
tration was determined by the Bradford (4) method with reagent purchased from
Bio-Rad. Samples were boiled for 3 min in 23 or 63 Laemmli sample buffer
(27), depending on the protein concentration, and cooled on ice prior to frac-
tionation by sodium dodecyl sulfate (SDS)–8 to 16% polyacrylamide gel elec-
trophoresis (PAGE). Proteins were electroblotted to nitrocellulose filters at 48C
in 13 Laemmli running buffer (per liter: 29 g of Tris base, 144 g of glycine, and
10 g of SDS)–20% methanol for 2 h in a Novex XCell Mini-Cell transfer
apparatus at 6 W, 35 V, and 125 mA. The filters were washed briefly in 13
phosphate-buffered saline (PBS), blocked overnight in PBS-milk (13 PBS, 2%
Carnation nonfat dry milk, 0.02% NaN3) at 48C, and incubated for 1 h at the
ambient temperature in PBS-milk containing GCN4-specific antiserum at a 1:100
dilution. The filters were washed four times for 5 min (each) in PBS-milk and
incubated for 1 h in PBS-milk containing 1:2,000 alkaline phosphatase-conju-
gated goat anti-rabbit immunoglobulin G heavy plus light chains obtained from
Bio-Rad. Subsequently, the filters were washed three times for 5 min (each) in
PBS and 1 time for 5 min in 08-15 buffer (100 mM K-glycine [pH 9.5], 10 mM
MgCl2) and then stained in 15 ml of 08-15 buffer containing 5-bromo-4-chloro-
indoxylphosphate at 0.1 mg/ml and nitrotetrazolium blue at 0.14 mg/ml, without
agitation and with protection from light. The blots were washed briefly with
water to stop the reaction and photographed.
The GCN4 antibodies were raised in a rabbit against a synthetic peptide

containing the 60 C-terminal amino acids of GCN4. The peptide was linked to
keyhole limpet hemocyanin with glutaraldehyde and injected subcutaneously
after being mixed with an equal volume of incomplete Freund’s adjuvant. After
5 weeks, additional injections (six times, once per week) served as boosts.
Immunoblot analysis of GCN4 proteins synthesized in vitro. Mutant and

wild-type GCN4 proteins were synthesized by in vitro transcription of the ap-
propriate GCN4 constructs, using SP6 RNA polymerase (43). Equivalent vol-
umes of the transcription reaction mixture were translated in rabbit reticulocyte
lysates by established procedures (43), using 40 mCi of [35S]methionine (Amer-
sham; 1,200 Ci/mmol) for each 50-ml in vitro translation reaction mixture. No
attempt was made to quantitate mRNAs from individual transcription reaction
mixtures. Samples were boiled for 3 min in 23 Laemmli sample buffer, cooled on
ice, and fractionated by SDS–8 to 16% PAGE. Proteins were electroblotted to
nitrocellulose filters, incubated with GCN4-specific antiserum and alkaline phos-
phatase-conjugated goat anti-rabbit immunoglobulin G heavy plus light chains,
and stained as described above. The same blots were subjected to autoradiog-
raphy for comparing the amounts of 35S-labeled total protein with the amounts
of the corresponding proteins detected by immunoblot analysis.
Assays of b-galactosidase expressed from HIS3-lacZ and HIS4-lacZ fusions.

Transformants of strains H2505, H2506, H2359, H2384, H2452, and H2453
bearing the appropriate GCN4 constructs were grown for 2 days to saturation in
SD medium (49) supplemented with 0.2 mM inositol, 2.0 mM leucine, 0.5 mM
isoleucine, 0.5 mM valine, 0.4 mM tryptophan, and 0.25 mM arginine and diluted
1:50 into the same medium. For starvation conditions, 3-AT was added to 10 mM
after 2 h of growth, and cultures were harvested 6 h later. Starvation of the ADA2
and ada2D strains could not be established by the addition of 3-AT, since these
strains harbor a leaky HIS1 mutation; therefore, sulfometuron methyl (55) was
added to 5 mg/ml for the same period of time to starve for isoleucine and valine.
Whole-cell extracts were prepared, and b-galactosidase specific activities were
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determined as previously described (37). The values obtained for each construct
are the averages obtained from replicate determinations on at least three inde-
pendent transformants, with standard errors of 10% or less. The b-galactosidase
activities measured for a large number of transformants of strain H2359 or
H2384 bearing vector YCp50 alone were averaged and equated with the GCN4-
independent component of expression from each of these fusions. These two
values were subtracted from the activities measured in transformants of the
appropriate strain (H2359 or H2384) bearing the GCN4 construct of interest to
yield the GCN4-dependent component of fusion enzyme expression for that
construct. The GCN4-dependent expression conferred by each construct was
expressed as the percentage of GCN4-dependent expression measured for the
wild-type allele on pCD35.

RESULTS

The central acidic activation domain of GCN4 is not re-
quired for efficient transcriptional activation in the presence
of the N-terminal activation domain.We wished to determine
whether the CAAD, mapped previously to residues 107 to 144
(17), is necessary for efficient transcriptional activation ofHIS3
and HIS4 when GCN4 is expressed at physiological levels. To
answer this question, we constructed a set of internal deletions
in a GCN4 allele that contains the native promoter and four
uORFs that mediate translational induction of GCN4 protein
under amino acid starvation conditions. Each plasmid-borne
mutant allele was introduced into strains deleted for chromo-
somal GCN4 and containing an integrated HIS3-lacZ or HIS4-
lacZ fusion. To determine the effects of the deletions on
GCN4-mediated activation, we measured the ability of each
allele to confer growth on medium containing 3-AT, an inhib-
itor of the HIS3 gene product. Transcriptional activation of
HIS3 (and possibly other genes in the histidine pathway) is
required for resistance to 3-AT at the concentrations we em-
ployed (15). For most mutant alleles, we also assayed the
b-galactosidase activity expressed from the HIS4-lacZ and
HIS3-lacZ fusions after growing cells in the presence of 3-AT
to induce translation of GCN4 mRNA. For most constructs,
the levels of GCN4 proteins produced in cells treated with
3-AT were measured by immunoblot analysis of whole-cell
extracts, using GCN4-specific antibodies. Differences in the
levels of mutant versus wild-type proteins were quantitated by
determining the relative amounts of mutant and wild-type ex-
tracts that contain equivalent amounts of GCN4 protein. Our
antibodies were raised against the C-terminal 60 amino acids
of GCN4 containing the DNA-binding domain, and immuno-
blot analysis of selected mutant proteins synthesized in rabbit
reticulocyte lysates showed that even large deletions in the
activation domain did not affect the efficiency of immunode-
tection with this antiserum (Fig. 1).
We analyzed two-codon insertions (AGA-TCT) and rela-

tively small deletions constructed from these insertions and
found that only those mutations affecting the dimerization/
DNA-binding (bZIP) domain led to a substantial reduction in
transcriptional activation by GCN4 (pCD46 and pCD47 in Fig.
2A and pCD115 in Fig. 2E; see also Fig. 3). These three alleles
had a 3-AT sensitivity phenotype indistinguishable from that of
the vector alone. Deletions affecting other regions of the pro-
tein had only minor effects on 3-AT resistance and led to no
reduction in HIS4-lacZ expression. In fact, HIS4-lacZ expres-
sion was elevated above the wild-type level for all the deletions
that removed segments of the CAAD (Fig. 2B). Interestingly,
the deletions in pCD124 (Fig. 2C), pCD112, and pCD116 (Fig.
2D) reduced HIS3-lacZ expression but not that of the HIS4-
lacZ fusion. This more severe effect on HIS3-lacZ versus HIS4-
lacZ expression was seen for many additional alleles described
below and may indicate that the HIS3 promoter has a more
stringent requirement for GCN4 activation functions than does
HIS4.

In light of previous results (17, 18), it was surprising that the
CAAD could be substantially truncated or completely re-
moved (Fig. 2B, pCD123 and pCD162) without causing any
decrease in transcriptional activation of HIS4 and a reduction
in HIS3-lacZ expression of only ca. 10%. These findings indi-
cated that GCN4 contains one or more additional activation
domains that can promote high-level transcription when the
CAAD is completely missing, as for pCD162. Immunoblot
analysis indicated, however, that the pCD162 protein accumu-
lates to levels about fourfold higher than that of wild-type
GCN4 (Fig. 2B and 4A), raising the possibility that the postu-
lated activation determinants in this construct do not function
as efficiently as those located in the CAAD. Because the
pCD162 protein accumulates to higher levels than wild-type
GCN4, it might occupy more of the available binding sites at
GCN4 target genes and thereby achieve wild-type activation.
This interpretation is at odds with the following two observa-
tions. First, the pCD123 activator lacks most of the CAAD, as
it was defined previously (17, 18) and below, and yet it shows
wild-type transcriptional activation, even though it is present at
levels lower than the wild-type level (Fig. 2B and 4B). The
second observation came from analyzing constructs in which
three different large segments of GCN4 were fused to the bZIP
domain in an effort to map segments of the protein that are
sufficient for transcriptional activation (Fig. 2F and 3). As
expected, the construct containing the bZIP region and only
the N-terminal 17 amino acids of GCN4 (pCD216) had no
activation function. Essentially the same result was obtained
for pCD214, which additionally contains the 49 residues im-
mediately N terminal to the bZIP domain. In contrast, signif-
icant activation of HIS4-lacZ was seen for pCD196, in which
the segment between 101 and 169 containing the CAAD was
fused directly to the bZIP domain. Similar results were ob-
tained for pCD213, containing the first 100 residues of the
protein fused to bZIP. Immunoblot analysis indicated that all
four of these proteins were present at levels comparable to one
another but lower than that of wild-type GCN4 (Fig. 2F and
4C). Together, these results suggested that the middle segment

FIG. 1. Immunoblot analysis of wild-type (WT) and mutant GCN4 proteins
synthesized in vitro. [35S]methionine-labeled GCN4 proteins were synthesized in
rabbit reticulocyte lysates from transcripts produced in vitro for the indicated
constructs. (A) The labeled proteins were separated by SDS–8 to 16% PAGE,
transferred to nitrocellulose filters, and visualized by autoradiography. (B) The
identical filters used for panel A were probed with GCN4-specific antiserum
(aGCN4), and the immune complexes were visualized with alkaline phos-
phatase-conjugated goat anti-rabbit serum. An identical analysis was also per-
formed on mutant proteins derived from pCD108, pCD109, pCD110, pCD122,
pCD123, pCD125, pCD213, and pCD215 (data not shown). All of the latter
proteins were recognized by the antiserum to very similar extents, with the
exception of the pCD108- and pCD123-encoded proteins, which gave ca. two-
fold-higher levels of immune complexes than were expected from the amounts of
the radiolabeled proteins detected on the filter.
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of GCN4 containing the CAAD and the N-terminal segment of
the protein each contain activation functions that are roughly
equivalent in strength.
The pCD213 and pCD196 constructs shown in Fig. 2F con-

tain the same activation segments present in pCD162 and
pCD122, shown in Fig. 2B and C, respectively, but do not
activate transcription as effectively as these latter two con-
structs do. We attribute this difference partly to the fact that
the pCD213 and pCD196 proteins accumulate to lower levels
than do the pCD162 and pCD123 products, because we found
that the pCD213 and pCD196 proteins confer levels of activa-
tion of HIS3 and HIS4 higher than wild-type levels when they
are overexpressed (data not shown). In addition, the pCD213
and pCD196 proteins also lack amino acids 170 to 218 imme-
diately upstream of the bZIP domain, and removing this seg-
ment from an otherwise wild-type GCN4 allele was found to
reduce transcriptional activation at HIS3 (pCD116 [Fig. 2D]).
Presumably, this region of the GCN4 protein increases the
efficiency of transcriptional activation by the CAAD and
NTAD.

FIG. 2. Effects of two-codon insertions and deletions in GCN4 on transcriptional activation and the levels of GCN4 protein under histidine starvation conditions.
(A) Two-codon insertions in GCN4. The linear amino acid sequence of GCN4 is shown as a solid line with the DNA-binding and leucine zipper segments of the bZIP
domain shown as shaded and stippled rectangles, respectively, at the C terminus. The location of the CAAD as defined by Hope et al. (17) is indicated by a solid bar
above the sequence. Amino acid positions relative to the N terminus are shown on the ruler line at the top. The locations of in-frame Arg-Ser codon insertions
(AGA-TCT) that introduce BglII sites into the coding sequence are shown as solid diamonds below the sequence of GCN4. The following list gives the amino acid
positions interrupted by the two-codon insertions for the indicated constructs: pCD38, 17-18; pCD58, 67-68; pCD59, 84-85; pCD60, 100-101; pCD61, 117-118; pCD62,
134-135; pCD42, 169-170; pCD43, 184-185; pCD45, 218-219; pCD46, 234-235; pCD47, 250-251; and pCD48, the Arg-Ser codons are at the C terminus. All of the
insertion mutations conferred wild-type resistance to 3-AT, except for pCD46 and pCD47, which had a 3-AT sensitivity phenotype indistinguishable from that of vector
alone. (B, C, D, E, and F) In-frame deletions constructed by joining pairs of BglII sites from the various insertion alleles shown in panel A. Transformants of strain
H2359 bearing the indicated constructs were tested for the ability to derepress HIS genes subject to GCN4 control by growth on 3-AT plates, as described in the legend
to Fig. 3. Growth was scored relative to those of the wild-type construct pCD35 (51) and the vector YCp50 alone (2). Transcriptional activation of HIS3 and HIS4
was determined by assaying HIS3-lacZ and HIS4-lacZ fusions in transformants of strains H2384 and H2359, respectively, under conditions of histidine starvation
induced with 3-AT. Expression of HIS3-lacZ and HIS4-lacZ under histidine starvation conditions was reduced to 20 to 25% of wild-type levels when no GCN4 protein
was present. This GCN4-independent expression is attributable to different basal transcriptional control elements at these two genes (14). Therefore, the GCN4-
independent component of HIS4-lacZ and HIS3-lacZ expression was subtracted from the observed results, and only the GCN4-dependent component of transcriptional
activation for each allele is presented. Expression of each fusion is given as the percentage of that conferred by the wild-type construct pCD35 in the same strain. The
levels of GCN4 proteins (Relative Gcn4p) under histidine starvation conditions were measured by immunoblot analysis of whole-cell extracts of H2359 transformants
bearing the indicated constructs, as described in the legend to Fig. 4. nd, not determined.

FIG. 3. Effects of GCN4 mutations on the derepression of histidine biosyn-
thetic genes. (A) Transformants of strain H2359 containing the wild-type GCN4
allele (pCD35), the vector YCp50 alone, or the indicated GCN4 mutant alleles
were tested for the ability to grow in the presence of 3-AT. (B) Patches of
transformants were grown to confluence on synthetic medium supplemented
with all 20 amino acids and lacking uracil (SC2Ura plates), and replica plated to
SC2Ura plates or to SC2Ura plates lacking histidine and containing 10 mM
3-AT and incubated for 2 days at 308C. All transformants grew at the same rate
as the wild type on SC2Ura plates (data not shown).
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Analysis of hydrophobic and acidic residues in the CAAD.
We sought to determine whether the activation function de-
tected in the 101 to 169 interval (the CAAD) is coincident with
the acidic activation domain that was previously mapped to
residues 107 to 144 by Hope et al. (17). To verify the C-
terminal boundary of the CAAD, we constructed nested dele-
tions in construct pCD122, which is completely dependent on
the CAAD for transcriptional activation (Fig. 5A). A compar-
ison of constructs with similar protein levels (pCD270 with
pCD271 and pCD122 with pCD272 [Fig. 5A]) suggested that
the C-terminal boundary of the CAAD maps between posi-
tions 139 and 154, close to the boundary identified previously
(17). We also obtained results consistent with the reported
location of the N-terminal boundary of the CAAD. The dele-
tion in pCD125 reduces expression of HIS4-lacZ and HIS3-
lacZ to 45 and 10% of wild-type levels, respectively, without
reducing the level of GCN4 protein relative to that of the
parental construct pCD122 (Fig. 5A). These results indicate
that an important activation determinant is located between
residues 101 and 118. Deletion of roughly three-fourths of the
CAAD in construct pCD121 reduced HIS4-lacZ expression to
20% of the wild-type level and completely abolished GCN4-
dependent HIS3-lacZ expression. The residual activation of
HIS4-lacZ seen with pCD121 was essentially eliminated by
deleting the entire CAAD (Fig. 5A, pCD214). Although these
latter two deletions reduced the levels of GCN4 protein (Fig.
4D and 5A), the comparison of construct pCD214 with
pCD213 and pCD196 in Fig. 2F indicates that the pCD214
protein is produced at levels sufficient to detect activation,
whereas essentially none was detected. It is noteworthy that
the deletions of the CAAD in constructs pCD125, pCD121,
and pCD214 which impaired activation function (Fig. 5A) had
little effect on transcription when made in the complete GCN4
protein (pCD108, pCD123, and pCD162 [Fig. 2B]). This sug-
gests either that the N-terminal activation domain compen-
sates for these mutations or that residues 118 to 170 are non-
functional in the context of the full-length protein. Results
supporting the former explanation will be presented below.

Mutational analysis of the VP16 acidic activation domain
had indicated that hydrophobic residues were critical for tran-
scriptional activation and led to the suggestion that an impor-
tant sequence motif composed of interspersed acidic and bulky
hydrophobic residues was loosely conserved between VP16
and other acidic activators, including a segment in GCN4 (6,
45). The C-terminal two-thirds of this proposed motif is lo-
cated in GCN4 near the N terminus of the CAAD and contains
the hydrophobic residues Met-107, Tyr-110, and Leu-113 (Fig.
5D). The deletion in pCD125 (Fig. 5A) removes 17 amino
acids encompassing these three hydrophobic amino acids and
the surrounding acidic residues and led to significantly reduced
transcriptional activation by the CAAD. Another short stretch
of amino acids located just C terminal to the proposed VP16
motif in GCN4 (Trp-120 Thr-121 Ser-122 Leu-123 Phe-124
[Fig. 5D]) represents the longest stretch of consecutive resi-
dues (four of five) conserved between the activation domains
of GCN4 and its Neurospora crassa counterpart, cpc-1 (41).
Removal of this latter block of amino acids by the deletion in
pCD121 further reduced transcriptional activation relative to
that of the pCD125 construct (Fig. 5A). For these reasons, we
asked whether the conserved hydrophobic residues in these
two contiguous segments were important for activation by the
CAAD.
To answer this question, we constructed multiple alanine

substitutions of the hydrophobic residues in construct pCD122,
which lacks the NTAD and depends entirely on the CAAD for
transcriptional activation. Construct pCD345, lacking Met-107,
Tyr-110, and Leu-113, is substantially impaired for activation
(Fig. 5B and 3) and shows the same low-level function ob-
served upon deletion of these residues in construct pCD125
(Fig. 5A). Construct pCD349, lacking residues Trp-120, Leu-
123, and Phe-124, which are conserved between GCN4 and
cpc-1, is even more impaired than pCD345, showing no acti-
vation of HIS3 and only 15% of the wild-type activation of
HIS4 (Fig. 5B and 3). Substitution of all six hydrophobic res-
idues in pCD346 completely inactivated this protein. None of
these point mutations decreased the levels of GCN4 protein
(Fig. 4D), showing that the hydrophobic amino acids are re-
quired for GCN4 function and not for expression or stability of
the protein. These results suggest that the CAAD contains two
activation subdomains between positions 107 and 124 that con-
tain hydrophobic residues as critical constituents. Both subdo-
mains are required for HIS3 expression, whereas the segment
containing Met-107, Tyr-110, and Leu-113 can be removed
without reducing HIS4 transcription to low levels.
To produce individual substitutions at Met-107, Tyr-110,

and Leu-113, we used a derivative of pCD122 containing an
additional BglII insertion in the CAAD that led to a decrease
in HIS3 transcription (compare pCD314 in Fig. 5C with
pCD122 in Fig. 5B). Thus, the size or structure of the region
separating the two hydrophobic clusters in the CAAD may
contribute to the efficiency of activation. Substitution of Met-
107, Tyr-110, and Leu-113 with alanines in pCD314 had nearly
the same phenotype seen for the triple-alanine substitution in
pCD122 (compare pCD313 and pCD345 in Fig. 5B and C).
Each of the single-alanine substitutions of the three hydropho-
bic residues in constructs pCD317 to pCD319 reduced activa-
tion less than was seen for the triple substitution in pCD313
(Fig. 5C), with replacement of Tyr-110 showing the greatest
effect. We also found that alanine substitutions at all four
acidic residues located between 107 and 115 (pCD320) re-
duced activation somewhat less than occurred with the triple
substitution of the hydrophobic residues within this interval in
pCD313 (Fig. 5C). None of these point mutations led to de-
creases in the level of GCN4 protein (Fig. 4E and 5C). Thus,

FIG. 4. Immunoblot analysis of mutant and wild-type GCN4 proteins ex-
pressed in S. cerevisiae. (A) Aliquots containing protein from whole-cell extracts
prepared from transformants of strain H2359 containing the wild-type allele on
pCD35, the indicated mutant GCN4 constructs, or vector alone were separated
by SDS–8 to 16% PAGE, electroblotted to nitrocellulose filters, and probed with
GCN4-specific antiserum. Immune complexes were visualized with alkaline
phosphatase-conjugated goat anti-rabbit serum. (B) Twice the amount of total
protein from pCD123 extracts was immunoblotted compared with that in the
pCD35 and pCD110 extracts. (C, D, E, and F) Equivalent amounts of total
protein from the extracts was immunoblotted.
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each of the three hydrophobic residues at positions 107, 110,
and 113 and the intervening acidic amino acids in the 107 to
115 interval in the N terminus of the CAAD make important
contributions to its activation function. Interestingly, a single-
alanine substitution of Trp-120 in the cpc-1-related motif im-
paired activation by the CAAD to a greater extent than was
seen for any of the three single-alanine substitutions at Met-
107, Tyr-110, or Leu-113 (compare pCD357 in Fig. 5B with the
data in Fig. 5C). Although Trp-120 is a critical constituent of
its subdomain, a comparison of constructs pCD357 and
pCD349 (Fig. 5B and 3) indicates that Leu-123 or Phe-124 also
contributes to activation by this segment of the CAAD.
Analysis of hydrophobic residues in the NTAD. We at-

tempted to identify the boundaries of the NTAD by making
deletions in a construct that lacks the CAAD and depends
entirely on the NTAD for transcriptional activation. The pa-
rental construct for these deletions (pCD269 [Fig. 6A]) was a
derivative of pCD162 (Fig. 6B) containing a BglII site inserted
at amino acid position 17. This insertion alone led to a mea-

surable decrease in HIS3 and HIS4 expression relative to that
of the parental construct pCD162, without lowering the level of
protein, thus suggesting that the NTAD contains an activation
determinant located close to the N terminus of GCN4. Addi-
tional support for this conclusion came from the fact that
deletion of residues 18 to 24 from the site of the BglII insertion
reduced activation relative to that of pCD269 without decreas-
ing the level of GCN4 protein (pCD257 [Fig. 6A]). The next
deletion (construct pCD261) did not reduce activation relative
to pCD257 but lowered protein accumulation to essentially
wild-type levels. Deletion of 15 more residues from pCD261,
producing pCD282, led to another drop in activation without
an additional decrease in the GCN4 protein level (Fig. 6A),
indicating that a second activation determinant in the NTAD
spans positions 33 to 47. Because significant activation re-
mained intact in construct pCD282, it appears that additional
activation determinants are present in the NTAD between
residues 48 and 100.
We investigated the C-terminal boundary of the NTAD by

FIG. 5. Mutational analysis of the CAAD. The schematics and presentation of results are all as described in the legend to Fig. 2, except for the following additions.
(A) The open rectangle shown on construct pCD122 (and on pCD122 and pCD314 in lower panels) gives the location of the amino acid sequence shown in panel D.
(B) Construct pCD357 contains a single-alanine substitution for Trp-120, as indicated with the single-letter amino acid code and the location of the residue in GCN4.
Construct pCD349 contains alanine substitutions of Trp-120, Leu-123, and Phe-124, and construct pCD345 contains alanine substitutions of Met-107, Tyr-110, and
Leu-113. pCD346 contains all six alanine substitutions present in pCD345 and pCD349. (C) The constructs all contain a BglII site (solid diamond shown below the
sequence) inserted between residues 117 and 118. The single-alanine substitutions introduced at Met-107, Tyr-110, and Leu-113 in constructs pCD317 to pCD319 are
indicated as described above. All three substitutions are present together in construct pCD313. In construct pCD320, Glu-109, Glu-111, Glu-114, and Asp-115 were
all changed to alanine. (D) Amino acid sequence of GCN4 between residues 101 and 134, containing the C-terminal portion of the sequence motif proposed by Cress
and Triezenberg (6) containing Met-107, Tyr-110, and Leu-113, plus the adjacent residues conserved between GCN4 and Neurospora cpc-1 (41), including Trp-120,
Leu-123, and Phe-124. nd, not determined. Growth on 3-AT plates was scored relative to the wild-type construct pCD35 (51) and the vector alone (2) with
intermediate values of 41, 31, 21, 11, 1/2, and 2/1, in descending order.
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making a set of nested deletions in construct pCD162 (Fig.
6B). Deletions of only 6 to 12 residues from the C terminus of
the NTAD in constructs pCD273 and pCD274 led to a marked
reduction in transcriptional activation without decreasing the
protein level relative to the pCD162 product (Fig. 6B and 4F).
The deletion of 12 amino acids in pCD274 had a striking effect
on HIS3-lacZ expression, reducing it to the level seen in the
absence of GCN4, while leaving HIS4-lacZ expression at 30%
of the wild-type level. The low-level activation of HIS4 con-
ferred by these two constructs was diminished further, but not
completely eliminated, by removing an additional 20 residues
from the C terminus of the NTAD (Fig. 6B, p1588). Together,
the results in Fig. 6B indicate that an important component of
the NTAD is located immediately upstream of the CAAD
between residues 88 and 100; in the absence of this component,
the remaining activation determinants located near the N ter-
minus of the NTAD function poorly.
The 12 amino acids deleted in the pCD274 construct include

the N-terminal one-third of the VP16 motif proposed for
GCN4, including the hydrophobic residues Val-93, Phe-98, and
three acidic residues (Fig. 6D). Given that critical phenylala-
nines occur in each of two separate acidic activation domains
in VP16 (45), we made alanine substitutions of both Phe-97
and Phe-98, as well as of Val-93, in construct pCD162 (Fig.
6C). The results showed that a double substitution of Phe-97
and Phe-98 led to the same large reduction in transcriptional
activation observed for deletion of residues 95 to 100 from
pCD162 (Fig. 6B and C, compare pCD297 and pCD273). Each
of the single-alanine substitutions of Phe-97 and Phe-98 re-

duced transcription significantly but had lesser effects than did
the double mutation (pCD294 and pCD295 [Fig. 6C]). By
contrast, substitution of Val-93 had little effect on transcrip-
tional activation, as did the substitution of Ser-99 that we
constructed as a negative control (pCD298 and pCD296 [Fig.
6C]). None of these point mutations had any effect on protein
levels relative to that of the parental construct pCD162 (Fig.
6C and 4F). These results indicate that Phe-97 and Phe-98
each make important contributions to the activation function
of the NTAD, whereas Val-93 does not.
Importance of hydrophobic amino acids in full-length

GCN4. The results described above established that Phe-97
and Phe-98 are critical for activation by constructs lacking the
entire CAAD and that Met-107, Tyr-110, Leu-113, Trp-120,
Leu-123, and Phe-124 are important for the function of con-
structs lacking the entire NTAD. We wished to determine the
effect of eliminating all eight of these bulky hydrophobic res-
idues in an otherwise wild-type GCN4 allele. As expected from
the fact that the CAAD and the NTAD are independently
sufficient for transcriptional activation, the double-alanine sub-
stitution of Phe-97 and Phe-98 (pCD324), the triple substitu-
tion of Met-107, Tyr-110, and Leu-113 (pCD321), and the
triple substitution of Trp-120, Leu-123, and Phe-124 (pCD353)
had little or no effect on GCN4 function relative to that of the
parental construct pCD323 when these groups of mutations
were present individually (Fig. 7A). Combining alanine substi-
tutions of Phe-97, Phe-98, Met-107, Tyr-110, and Leu-113 in
the same allele (pCD322) led to a small decrease in transcrip-
tion relative to that of the parental construct pCD323, and

FIG. 6. Mutational analysis of the NTAD. The schematics and presentation of results are all as described in the legends to Fig. 2 and 5 except that the amino acid
sequence shown in panel D and indicated by the open rectangles on constructs pCD162 and pCD123 contains the N-terminal portion of the motif proposed by Cress
and Triezenberg (6). nd, not determined.
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combining the substitutions at Trp-120, Leu-123, and Phe-124
with those at Phe-97 and Phe-98 produced a marked reduction
in GCN4 function (pCD355 [Fig. 7A]). The fact that pCD355
shows a greater reduction in activation compared with pCD356
is in accord with the idea that defects in the CAAD and NTAD
must be combined to observe a significant reduction in GCN4
function. The fact that pCD355 is significantly more defective
than pCD322 provides additional evidence that the activation
subdomain containing Trp-120, Leu-123, and Phe-124 is more
potent than that containing Met-107, Tyr-110, and Leu-113.
When all eight substitutions were combined in the same allele,
the resulting GCN4 protein was completely inactive at HIS3
and gave only 20% of the wild-type activation at HIS4
(pCD350 [Fig. 7A]). Together, these results show that the
three clusters of hydrophobic residues we identified in the
CAAD and NTAD make additive contributions to transcrip-
tional activation by full-length GCN4.
Construct pCD350, which contains alanine substitutions of

all eight hydrophobic residues and retains little activation func-
tion (Fig. 7A), had a dominant-negative phenotype when in-
troduced into strain H1486 containing the wild-type GCN4
chromosomal allele, diminishing 3-AT resistance relative to
that seen following the introduction of vector DNA alone (data
not shown). The same result was obtained for construct
pCD346 (Fig. 5B) lacking the NTAD and the five hydrophobic
residues in the CAAD and for pCD297 (Fig. 6C) lacking the
CAAD and the Phe-97 and Phe-98 in the NTAD. These latter
findings imply that the GCN4 proteins containing mutations in
key hydrophobic residues in the activation domain are ex-
pressed efficiently, enter the nucleus, and interfere with the
ability of native GCN4 to bind to its target genes or to activate
transcription.
Finally, having shown that the eight hydrophobic residues in

the interval 97 to 124 were necessary for the function of full-

length GCN4, we asked whether this segment was sufficient for
activation. As shown in Fig. 3 and 7B, construct pCD328 con-
taining residues 95 to 134 showed significant activation even
though it was expressed at relatively low levels. In contrast,
pCD327 containing residues 95 to 117 but lacking the critical
amino acids Trp-120, Leu-123, and Phe-124 was completely
inactive at HIS3 and showed severely reduced activation of
HIS4 (Fig. 3). Taken together with other results, these findings
indicate that the 97 to 124 interval contains at least two acti-
vation modules that can cooperate to promote efficient tran-
scription in the absence of all other activation subdomains of
GCN4.
Overexpression of GCN4 proteins containing the NTAD is

toxic. Removing the four uORFs from the mRNA leader of
the wild-type GCN4 gene leads to constitutive high-level ex-
pression of GCN4, independent of amino acid availability (14).
We found that overexpression of wild-type GCN4 protein in
this fashion leads to a significant slow-growth phenotype on
nutrient-rich medium (Fig. 8, p238). Interestingly, overexpres-
sion of theGCN4 alleles shown in Fig. 2B, containing deletions
in the CAAD but retaining the NTAD, led to even greater
growth inhibition than occurred with overexpression of the
wild-type coding sequences. In fact, the overexpressed deriva-
tive of construct pCD162 was lethal. The toxicity of the over-
expressed derivative of pCD162, called pCD171, was elimi-
nated completely by a two-codon insertion in the bZIP region
(Fig. 8, pCD288). Importantly, construct pCD288 produced
high constitutive levels of GCN4 protein (data not shown). The
same results were obtained when a BglII insertion was made in
the bZIP region of the construct that overexpresses wild-type
GCN4 (Fig. 8, pCD118). These results indicate that the toxic
effects of overproducing wild-type GCN4 or the mutant en-
coded by the pCD162 and pCD171 constructs require an intact
DNA-binding domain in the overproduced proteins.

FIG. 7. Mutational analysis of bulky hydrophobic residues in the activation domain of full-length GCN4. The schematics and presentation of results are all as
described in the legends to Fig. 2, 5, and 6. (A) Constructs pCD323, pCD321, pCD324, and pCD322 contain two BglII sites (solid diamonds shown below the sequences)
inserted between residues 100 and 101 and 117 and 118. Constructs pCD353, pCD355, pCD356, and pCD350 contain a BglII site inserted between residues 117 and
118 (solid diamonds shown below the sequences). Constructs pCD321, pCD322, pCD356, and pCD350 have the same amino acid substitutions as pCD345 (Fig. 5B).
Constructs pCD324, pCD322, pCD355, and pCD350 have the same amino acid substitutions as pCD297 (Fig. 6C). Constructs pCD353, pCD355, pCD356, and pCD350
have the same amino acid substitutions as pCD349 (Fig. 5B). (B) Constructs pCD327 and pCD328 contain wild-type GCN4 residues 95 to 117 and 95 to 134,
respectively, linked to residues 170 to 281. nd, not determined.
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As shown in Fig. 6B, the deletions in constructs pCD273 and
p1589 led to a progressive decrease in transcriptional activa-
tion while having little or no effect on the level of GCN4
protein relative to that of the parental construct pCD162.
Overexpression of these two mutant proteins from constructs
pCD291 and p1617 was not lethal, and the p1617 construct was
less toxic than was pCD291 (Fig. 8). Thus, the effect of the
pCD171 construct was progressively decreased by deletions in
the C-terminal portion of the NTAD that diminished its acti-
vation function. The dependence of the lethal phenotype of
pCD171 on both an intact DNA-binding domain and activa-
tion functions of the mutant protein suggests that overexpres-
sion of the NTAD sequesters one or more general transcrip-
tion factors required for the expression of an essential gene
(44). The fact that constructs pCD291 and p1617 are not lethal

but still exhibited a slow-growth phenotype (Fig. 8B) sug-
gests that residues in the NTAD both C terminal and N
terminal to the deletion junction in p1589 and p1617 (at
residue 85) are capable of sequestering an important tran-
scription factor.
Some of the constructs with deletions in the CAADmight be

more toxic than construct p238 (which overexpresses wild-type
GCN4) because the mutant proteins appear to be more stable
than wild-type GCN4 (Fig. 2B, pCD109 and pCD162). How-
ever, other mutant proteins listed in Fig. 2B were more toxic
than wild-type GCN4 when overexpressed (DuORF versions of
pCD108, pCD123, and pCD110 [data not shown]) but were not
present at levels in excess of wild-type GCN4 when expressed
from constructs containing uORFs. These last findings raise
the possibility that certain deletions in the CAAD can alter the

FIG. 8. Overexpression of wild-type and mutant GCN4 proteins is growth inhibitory under nonstarvation conditions. (A) Constructs p238, pCD171, p291, and p1617
were derived from pCD35 (wild type), pCD162, pCD273, and p1589, respectively (Fig. 6A and B), by deleting the four uORFs in the GCN4 mRNA leader to permit
overexpression of the encoded GCN4 proteins. Construct pCD118 was derived from p238 by insertion of a BglII site in the bZIP region at the same position as that
present in construct pCD46 (Fig. 2A). Construct pCD288 was derived from pCD171, by making the same BglII insertion in the bZIP region. Relative growth inhibition
was determined for single colonies on SC2Ura plates after introduction of the indicated constructs into the gcn4D strain H2032 (MATa ura3-52 his1-29 leu2-3 leu2-112
trp1-63 gcn4::LEU2). Growth inhibition was scored relative to that of wild-type GCN4 expressed at low levels (pCD35; no growth inhibition, score 5 1). Scores higher
than 1 indicate growth inhibition. (B) Transformants of H2032 bearing the constructs depicted in panel A or vector YCp50 alone were streaked on minimal medium
supplemented with all 20 amino acids (aa; SC2Ura) and incubated for 2 days at 308C. Transformants bearing the uORF-less version of pCD162 (pCD171) could not
be analyzed, because this construct is lethal.
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structure of GCN4 in a way that increases the ability of the
NTAD to bind and sequester general transcription factors.
The NTAD and CAAD are both dependent on ADA2 for

efficient transcriptional activation. The ADA2 gene was iden-
tified in a genetic selection for mutations that suppress the
toxicity of overexpressing the VP16 activation domain fused to
the GAL4 DNA-binding domain. It was proposed that GAL4-
VP16 sequesters a general transcription factor in DNA-bound
complexes in a way that requires the participation of ADA2.
Subsequently, it was found that an ada2 deletion decreases the
efficiency of transcriptional activation by GCN4 as well as by
GAL4-VP16 (2). On the basis of these findings, we asked
whether the toxic effects of different overexpressed GCN4 al-
leles could be overcome by ada2 mutations. We found that
none of the overexpressed versions of the GCN4 constructs
produced transformants that grew better, relative to the empty
vector, in an ada2-1 mutant versus the isogenic ADA2 strain.
The same result was obtained with a pair of isogenic ada2D
(H2483) and ADA2 (H2032) strains. Therefore, if the toxic
effects of overexpressing GCN4 arise from sequestration of a
general transcription factor in nonproductive complexes, this
phenomenon does not appear to require ADA2.
We asked next whether the NTAD and the CAAD were

each dependent on ADA2 for transcriptional activation. In
strains containing wild-type GCN4 on construct pCD35, dele-
tion of ADA2 reduced HIS4-lacZ and HIS3-lacZ expression by
factors of 2.5 and 2.9, respectively (Fig. 9), in agreement with
previous findings for HIS4 (2). Constructs pCD122 and
pCD162, containing only the CAAD or the NTAD, respec-
tively, gave results similar to those obtained with pCD35, ex-
cept that pCD162 seemed to show somewhat greater depen-
dence on ADA2 for transcription at HIS4 than did pCD122 or
pCD35. The levels of GCN4 proteins expressed from the con-
structs pCD35, pCD122, and pCD162 were indistinguishable
between the ada2D and ADA2 strains (data not shown). There-
fore, the NTAD and the CAAD are each dependent on ADA2
for efficient transcriptional activation of HIS3 and HIS4. It is
remarkable that the basal-level transcription seen at HIS4 in
the absence of GCN4 shows strong dependence on ADA2,
whereas the GCN4-independent transcription at HIS3 is es-
sentially ADA2 independent (Fig. 9B, vector). The GCN4-

independent expression from HIS4 has been attributed to the
BAS1 and GRF10 (also known as BAS2 and PHO2) proteins
(1); therefore, our results lead to the interesting conclusion
that efficient transcriptional activation by these two proteins is
ADA2 dependent. A specific activator required for basal tran-
scription of HIS3 has not been identified.

DISCUSSION

GCN4 contains two multipartite activation domains of sim-
ilar potencies. The mutational analysis carried out by Struhl
and colleagues (17, 18) localized a major activation function of
GCN4 to ca. 40 amino acids in the center of the protein, at a
location where the content of acidic amino acids is particularly
high. Their results suggested that this domain consists of mul-
tiple activation subdomains, and they proposed that the net
negative charge of the combined subdomains was a critical
determinant of GCN4 activation function. We confirmed the
existence of a potent activation domain in the center of GCN4
(the CAAD) and identified six bulky hydrophobic residues in
this domain (Met-107, Tyr-110, Leu-113, Trp-120, Leu-123,
and Phe-124) that are critical for function when the CAAD is
the sole activation domain in GCN4. Hope et al. (17) found
that deletion of residues C terminal to the six critical hydro-
phobic residues we identified in the CAAD almost completely
destroyed activation in constructs lacking the NTAD. This
suggests that the C-terminal half of the CAAD (positions 124
to 147) is also important for activation by this domain. It will be
interesting to determine whether this C-terminal segment of
the CAAD is dependent on hydrophobic amino acids or
whether the high levels of acidic residues in this subdomain
account for its contribution to activation. The importance of
individual acidic amino acids located in other parts of the
CAAD and throughout the NTAD should also be addressed.
While it was noted previously that GCN4 contains additional

activation determinants in the N-terminal region that can par-
tially compensate for removal of a substantial portion of the
CAAD (17, 42), the NTAD had not been investigated system-
atically until now. We found that this domain can confer high-
level transcription in the complete absence of the CAAD when
GCN4 is expressed under its native promoter and translational
control elements. Our results indicate that the NTAD occupies
most of the N-terminal 100 amino acids of GCN4. Its N-
terminal boundary was placed in the vicinity of residues 17 to
25, on the basis of the deletions in constructs pCD269 and
pCD257 (Fig. 6A). The C-terminal boundary of the NTAD was
established more precisely by the fact that deleting only six
amino acids from the C terminus of the NTAD in construct
pCD273 led to a substantial decline in activation relative to
that in pCD162 (Fig. 6B). The important activation function
present at the extreme C terminus of the NTAD is dependent
on residues Phe-97 and Phe-98.
Although a complete deletion of the CAAD in construct

pCD162 left high-level transcription intact, this construct pro-
duced levels of GCN4 protein higher than wild-type levels (Fig.
2B and 6B). However, constructs pCD213 and pCD196 that
contain only the NTAD or the CAAD, respectively, linked
directly to the bZIP domain conferred nearly equivalent levels
of transcriptional activation, even though construct pCD213
was expressed at lower levels than pCD196 (Fig. 2F and 3).
These latter results indicate that the NTAD and CAAD func-
tion comparably at low levels of GCN4 protein when all the
binding sites at its target genes are unlikely to be filled. When
the proteins encoded by pCD213 and pCD196 were overex-
pressed by removal of the uORFs from these two constructs,
transcription of the HIS3-lacZ and HIS4-lacZ fusions in-

FIG. 9. The NTAD and CAAD have similar dependencies on ADA2 for
transcriptional activation. GCN4 deletion alleles were analyzed for the ability to
activate transcription from HIS3-lacZ and HIS4-lacZ reporter genes in isogenic
ADA2 and ada2D strains (H2452, H2505, H2453, and H2506). Expression of
each fusion is given as the percentage of that seen in the transformant bearing
the wild-type (WT) construct pCD35 in the ADA2 strain. The GCN4-indepen-
dent expression seen in the strains transformed with vector alone is given on the
bottom line and has not been subtracted from the other values. The ADA2
dependence of transcriptional activation is indicated by the ratio of fusion gene
expression in the ADA2 strain to that observed in the ada2D strain (ADA2/
ada2D).
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creased by comparable amounts for the two GCN4 alleles and
exceeded by a factor of 2 to 3 the level of expression conferred
by the wild-type GCN4 (data not shown). Another indication
that the NTAD is a potent activation domain is that overex-
pression of this region has a toxic effect on cell growth. This
toxicity appears to result from sequestration of one or more
general transcription factors because it was completely depen-
dent on an intact DNA-binding domain and was diminished in
degree when activation by the NTAD was compromised by
small deletions from the C terminus. It is noteworthy that
significant toxicity was evident for constructs pCD291 and
p1617 that lack the C-terminal portion of the NTAD, including
the important residues Phe-97 and Phe-98 (Fig. 8). This latter
finding suggests that the remaining N-terminal residues in the
NTAD are capable of sequestering a general transcription
factor independently of the potent activation determinants lo-
cated between residues 85 and 100.
It is interesting that pCD162, and most of our other con-

structs containing a deletion in the interval between residues
135 and 185, produced levels of GCN4 protein higher than
wild-type levels (pCD109, pCD162, pCD112, and pCD116
[Fig. 2] and pCD270 and pCD271 [Fig. 5A]). These findings
raise the possibility that residues located within the CAAD and
between the CAAD and bZIP regions promote proteolytic
degradation of the protein. This function may be important in
returning the GCN4 protein to low levels when amino acids are
replenished following its induction in response to an amino
acid limitation (53). It is also noteworthy that multiple elec-
trophoretic species of GCN4 protein were detected by immu-
noblot analysis (Fig. 4). We do not know whether these differ-
ent isoforms were produced by proteolysis or by some form of
covalent modification.
Clusters of hydrophobic residues in the NTAD and CAAD

are critical for transcriptional activation. Mutational analyses
of the activation domains of VP16 (6, 45), Epstein-Barr virus
Rta protein (13), p53 (32), Sp1 (10), c-Fos (36), E1a (31), and
GAL4 (30) have shown that bulky hydrophobic residues in
these proteins are essential for transcriptional activation. Cress
and Triezenberg (6) suggested that the critical hydrophobic
residues and surrounding acidic amino acids in VP16 compose
a sequence motif that is loosely conserved between VP16 and
other transcriptional activators, including GCN4. Prior to this
analysis, the importance of this proposed motif in GCN4 had
not been addressed. We found that Phe-97 and Phe-98, located
in the N terminus of the VP16-related motif, are important for
transcriptional activation by the NTAD (Fig. 6C) and that the
other bulky hydrophobic residues in the proposed motif (Met-
107, Tyr-110, and Leu-113) make strong contributions to the
function of the CAAD (Fig. 5B and C). These findings suggest
that the GCN4 activation domain has important structural
features in common with VP16 and other transcriptional acti-
vators. We obtained evidence that certain acidic residues in the
CAAD are also required for efficient activation. There are
several indications that the cluster of hydrophobic residues
Trp-120, Leu-123, and Phe-124 is even more important for
transcriptional activation than are the residues between Phe-97
and Leu-113 highlighted by Cress and Triezenberg (Fig. 5B).
The fact that Trp-120, Leu-123, and Phe-124 are conserved
between GCN4 and Neurospora cpc-1 also suggests that they
have a prominent role in the activation function of the CAAD.
We cannot determine from our data whether the alanine sub-
stitutions of hydrophobic residues alter the overall structure of
the activation domain or impair specific contacts between
GCN4 and coactivators or basic transcription factors. It is
worth noting, however, that certain transcription factors con-
tain critical hydrophobic residues, including TBP (22) and

TAFII230 (25), and it has been suggested that hydrophobic
interactions are important in stabilizing contacts between tran-
scriptional activators and their targets in the transcriptional
machinery (6, 52).
The VP16-related motif spanning residues 95 to 117 in

GCN4 is divided between the C terminus of the NTAD and the
N terminus of the CAAD. Because these domains are only
defined operationally as contiguous segments that can promote
wild-type transcriptional activation, it is possible that the im-
portant residues in the C terminus of the NTAD and the N
terminus of the CAAD cooperate in wild-type GCN4 to carry
out a single step in the activation process. If so, they can also
cooperate with other activation subdomains located more N
terminal in the NTAD or C terminal in the CAAD, because
they are required for the function of constructs like pCD162
and pCD122 that contain only the NTAD or the CAAD. In
fact, the results from constructs pCD327 and pCD328 in Fig.
7B and 3 show that segment 95 to 117 containing the VP16-
related motif is nonfunctional when present alone in GCN4,
requiring the segment containing Trp-120, Leu-123, and Phe-
124 to achieve significant activation.
The fact that a construct containing point mutations in all

five critical hydrophobic residues in the 95 to 117 interval of
full-length GCN4 (pCD322 [Fig. 7A]) retains high-level acti-
vation indicates that the entire VP16-related domain is dis-
pensable in the presence of other segments of the activation
domain. Activation in the absence of the VP16-related motif is
critically dependent on Trp-120, Leu-123, and Phe-124, be-
cause full-length GCN4 protein lacking all eight hydrophobic
residues in the 95 to 124 interval (pCD350) is almost com-
pletely inactive (Fig. 7A). The fact that construct pCD125 (Fig.
5A and 3), which lacks the NTAD in addition to the VP16-
related subdomain, is substantially more impaired than is
pCD322 (Fig. 7A) implies that sequences in the NTAD located
N terminal to Phe-97 and Phe-98 can cooperate with the seg-
ment of the CAAD containing Trp-120, Leu-123, and Phe-124
to achieve efficient transcriptional activation. The results in
Fig. 5B and 7B demonstrate that the subdomain containing
Trp-120, Leu-123, and Phe-124 can similarly cooperate with
some or all of the elements of the VP16-related motif. Thus,
we conclude that the NTAD and CAAD each contain multiple
subdomains that can cooperate in different combinations to
promote efficient transcriptional activation of GCN4-depen-
dent promoters.
The importance of functional redundancy in transcriptional

activation by GCN4. What is the significance of the extensive
functional redundancy evident in the GCN4 activation do-
main? One possibility is that different segments of the activa-
tion domain interact with different proteins in the transcrip-
tional machinery. For example, there is evidence that VP16
interacts with TBP (20, 51), TFIIB (33, 34, 46), and TAFII40
(11). If GCN4 can interact with several different proteins in the
initiation complex, or with certain chromatin proteins, this
would help to explain why large segments of its activation
domain can be deleted without greatly reducing the expression
of at least some of its target genes. Because GCN4 must acti-
vate transcription from a large number of genes (upwards of 50
[14]), it may also need to interact with different transcription
factors at different promoters. Presumably, the HIS4 promoter
will be bound by BAS1 and GRF10, two proteins required for
basal transcription of this gene, when GCN4 binds under
amino acid starvation conditions. BAS1 and GRF10 may sup-
ply certain stimulatory interactions with the transcriptional
machinery that GCN4 does not have to provide in order to
achieve high-level activation of the HIS4 promoter. In general,
we found that expression of the HIS3-lacZ fusion was impaired
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to a greater extent than was HIS4-lacZ for GCN4 constructs
containing only a portion of the NTAD or CAAD (e.g.,
pCD313 in Fig. 5C and pCD297 in Fig. 6C). Perhaps the HIS3
gene, which does not utilize BAS1 and GRF10 for its basal
expression, has a greater requirement for multiple activation
determinants in GCN4, or for a particular segment of the
GCN4 activation domain, to attain high-level activation. Inter-
estingly, we have indications that under starvation conditions
more severe than those used in this study, neither the NTAD
nor the CAAD alone is sufficient for a wild-type level of acti-
vation of some genes in the HIS pathway (data not shown).
An alternative way to explain the stronger effects of muta-

tions in the GCN4 activation domain on expression of HIS3
versus HIS4 would be to propose that HIS3 has fewer GCN4
binding sites. An assumption of this model is that a particular
activation subdomain is flexible enough to interact with more
than one target in the transcriptional machinery, as appears to
be the case for one of the VP16 activation domains (11, 20, 33,
34, 51). At HIS4, binding of several mutant proteins containing
only one or two functional activation subdomains would permit
multiple stimulatory interactions to occur, thereby achieving a
high level of activation. At HIS3, by contrast, binding of only a
single molecule of a mutant protein lacking certain subdo-
mains would not provide a sufficient number of interactions for
high-level transcription. In fact, there is evidence that more
high-affinity GCN4 binding sites are present at HIS4 than at
HIS3 (14). The point mutations described here that impair
particular activation subdomains in GCN4 should eventually
allow us to identify which components of the transcriptional
machinery are contacted by each of the subdomains and
thereby bring us closer to an understanding of how GCN4
activates transcription.
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