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Histone acetyltransferase activity and interaction
with ADA2 are critical for GCN5 function in vivo

mediators or co-activators (Bergeret al., 1990; KelleherReyes Candau, JianXin Zhou1, C.David Allis1

et al., 1990; Pugh and Tjian, 1990), has been identified inand Shelley L.Berger2

different laboratories by genetic and biochemical methods
The Wistar Institute, 3601 Spruce St, Philadelphia, PA 19104 and (Dynlacht et al., 1991; Meisterernstet al., 1991; Berger
1Department of Biology, University of Rochester, Rochester, et al., 1992; Luoet al., 1992; Chriviaet al., 1993; Kim
NY 14627, USA

et al., 1994; Koleske and Young, 1994). These cofactors
2Corresponding author facilitate transcription, possibly by promoting interactions

between transcriptional activators and the general tran-
Yeast GCN5 is one component of a putative adaptor scriptional machinery (Lewin, 1990; Ptashne and Gann,
complex that includes ADA2 and ADA3 and function- 1990; Roeder, 1991; Gill and Tjian, 1992), although their
ally connects DNA-bound transcriptional activators precise mechanisms of action may vary.
with general transcription factors. GCN5 possesses Co-activators were identified originally as TATA box
histone acetyltransferase (HAT) activity, conceptually binding protein (TBP)-associated factors (TAFs). Although
linking transcriptional activation with enzymatic modi- TBP is sufficient for basal transcription, TAFs are required
fication at chromatin. We have identified the minimal to activate transcriptionin vitro (Dynlacht et al., 1991).
catalytic domain within GCN5 necessary to confer Other co-activators interact with specific activators and
HAT activity and have shown that in vivo activity of potentiate activationin vivo. For example, CREB binding
GCN5 requires this domain. However, comple- protein (CBP) binds directly and specifically to the
mentation of growth and transcriptional activation in phosphorylated form of CREB, and has been shown to
gcn5– cells required not only the HAT domain of GCN5, potentiate transcription of a variety of activators (Chrivia
but also interaction with ADA2. The bromodomain et al., 1993; Kwok et al., 1994). Oct co-activator from
in GCN5 was dispensable for HAT activity and for B cells (OCAB) is a co-activator for Oct-1 that stimulates
transcriptional activation by strong activators; how- the activity of natural immunoglobulin promoters (Luo
ever, it was required for full complementation in other and Roeder, 1995; Strubinet al., 1995).
assays. Fusion of GCN5 to the bacterial lexA DNA A genetic selection in yeast identified proteins that
binding domain activated transcription in vivo, and functionally interact with the activation domain of the
required both the HAT domain and the ADA2 inter- herpes simplex virus activator, VP16 (Bergeret al., 1992).action domain. These results suggest that both functions Several genes,ADA2 (Bergeret al., 1992),ADA3 (Piñaof GCN5, HAT activity and interaction with ADA2, are et al., 1993), GCN5 (Marcus et al., 1994) andADA5necessary for targeting and acetylation of nucleosomal

(Marcus et al., 1996; Roberts and Winston, 1996) werehistones.
cloned, and mutations in any of them slowed yeast growthKeywords: adaptor/GCN5/genetics/histone
and reduced transcriptional activation by some acidicacetyltransferase/transcription
activators, such as VP16 and yeast GCN4, but had little
effect on other activators, such as yeast HAP4. ADA2
physically interacted with activation domains derived from
VP16 (Silvermanet al., 1994; Barlevet al., 1995) and

Introduction GCN4 (but not HAP4) (Barlevet al., 1995), and also with
TBP (Barlev et al., 1995). ADA2, ADA3 and GCN5Activation of transcription by RNA polymerase II requires
interacted with each otherin vitro (Horiuchi et al., 1995)several classes of proteins that function in a coordinate
and in vivo (Candau and Berger, 1996), which arguedmanner (Tjian and Maniatis, 1994). General factors consti-
strongly for the existence of a physiologically relevanttuting the basal transcription machinery recognize the
ADA complex. Taken together, these data suggest thatcore promoter composed of the TATA box and adjacent
the ADA complex bridges interactions between specificinitiation site. They include RNA polymerase II and other
activation domains and the general factors.factors (TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH)

To activate transcriptionin vivo, the transcriptionalrequired for initiation and elongation of mRNA (for
machinery must overcome repression caused by associ-reviews, see Zawel and Reinberg, 1993, 1995; Buratowski,
ation of genes with nucleosomes, which requires chromatin1994). Transcriptional activators bind to specific DNA
reorganization (for a review, see Grunstein, 1990; Wolffe,sequences upstream of core promoters (Ptashne, 1986,
1994b; Struhl, 1996). Genetic approaches in yeast have1988; Goodrichet al., 1996) and increase the rate of
identified transcriptional regulators that appear to havetranscription by the basal machinery.
evolved to deal with the repressive environment ofMechanisms of activation are not fully understood,
chromatin. For example, the SWI–SNF complex altersalthough it is generally accepted that proteins distinct
chromatin structure (Hirschhornet al., 1992) and isfrom general factors and activators play a role (Guarente,

1995). One class of proteins, often referred to as adaptors, required to enhance transcription by many transcriptional
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activators (Peterson and Herskowitz, 1992; Laurent
et al., 1993).

In addition, the adaptor GCN5 has been shown to
possess histone acetyltransferase (HAT) activity (Brownell
et al., 1996). Since hyperacetylation of amino-terminal
tails of core histones correlates with the activity of certain
genes (Csordas, 1990; Loidl, 1994; Wolffe, 1994a; Wolffe
and Pruss, 1996), the HAT activity of GCN5 suggests a
link between nucleosome acetylation and transcriptional
activation. Further evidence of the role of histone
acetylation and deacetylation in the regulation of transcrip-
tion in eukaryotes is the isolation of a mammalian histone
deacetylase (Tauntonet al., 1996), related to the yeast
transcriptional regulator Rpd3p (Vidal and Gaber, 1991).

Recombinant GCN5 is able to acetylate histone H3
when present in a mixture of ‘free’ histones, but is unable
to acetylate histones in nucleosomes (Kuoet al., 1996;
Yang et al., 1996). Complexes containing GCN5 in both
Tetrahymena(J.Brownell and C.D.Allis, unpublished data)
and yeast (P.Grant and J.Workman, personal communica-
tion) acetylate core histones in nucleosomes. One explana-
tion for this difference is that additional components of
the multi-subunit ADA complex are required for GCN5 to
acetylate physiologically relevant, nucleosomal substrates.

Fig. 1. Schematic of GCN5 deletion derivatives. GCN5 was divided
Indeed, here we show that sequences within GCN5 into five regions based on the degree of conservation between yeast
required for interaction with ADA2 were necessary for and human GCN5 (see text). (A) The non-conserved region, (B) the

conserved region between amino acids 95 and 170, (C) the highlyin vivo function of GCN5 in all assays tested. We also
conserved region between amino acids 170 and 253, (D) the domainidentify the GCN5 domain necessary to confer HAT
of interaction with ADA2 and (E) the bromodomain motif areactivity in vitro, and show that this minimal catalytic indicated. Roman numerals in the conserved domain refer to putative

domain is required for growth and transcriptional activa- catalytic regions I–IV as described in Brownellet al. (1996). Series 1:
tion in vivo. These results directly link the HAT domain amino-termini and carboxy-termini deletions of GCN5 (Candau and

Berger, 1996). Full-length GCN5 comprises amino acids 1–440.to transcriptional activationin vivo and provide genetic
Deleted versions of GCN5 are composed of residues: 1–350, 1–253,evidence that the ADA complex is required for GCN5 to
1–170, 95–253, 95–440, 170–350, 170–440 and 254–440 which are

acetylate nucleosomal substratesin vivo. shown relative to full-length. Series 2: carboxy-termini deletions of
GCN5. Deleted versions of GCN5 are composed of residues 1–261,
1–280, 1–299 and 1–316.

Results

Mapping of the HAT domain in vitro A series of deletions mutants which progressively delete
from the amino- or carboxy-terminus of GCN5 have beenYeast GCN5 was divided into five subregions (Figure 1,

top) based on the degree of conservation between GCN5 described (Candau and Berger, 1996; Figure 1, series 1),
based on the conservation described above. To identifyhomologs identified in organisms ranging from yeast to

humans, as follows: (A) the amino-terminus (amino acids the region possessing HAT activityin vitro, each of the
deletion mutants was subcloned into a bacterial expression1–95) is poorly conserved; (B) amino acids 95–170 are

well conserved (64% similarity); (C) the region between plasmid, in-frame with a ‘six-his’ tag. Protein was induced,
purified on nickel–agarose beads and similar amounts ofamino acids 170 and 253 is highly conserved (88%

similarity); (D) the region between amino acids 253 and each protein (Figure 2A) were separated on SDS–PAGE,
polymerized in the presence of free histones for an ‘in-350 is well conserved (55% similarity) and contains the

region necessary for interaction with ADA2 (Candauet al., gel’ HAT assay, as previously described (Brownell and
Allis, 1995).1996); and (E) the bromodomain (aa 350–440) has 57%

similarity and is present in a variety of eukaryotic proteins Deletion of the first 95 amino acids (GCN595–440), or
the last 90 amino acids, including the bromodomainhaving putative co-activator or adaptor function (Haynes

et al., 1992). We have argued previously, based solely (GCN51–350), had little effect on HAT activity (Figure 2B
and C) as compared with the wild-type enzyme preparedupon amino acid conservation between the yeast and

Tetrahymenaenzyme, that the region between amino acids under identical conditions. Deletion of the amino-
terminal 170 amino acids (GCN5170–440, GCN5170–350)120 and 253 may constitute the enzymatic HAT domain,

and have identified four extremely highly conserved sub- or the carboxy-terminal 190 amino acids (GCN51–253)
reduced HAT activity to approximately one-quarter ofregions (I–IV) (Brownell et al., 1996). We have also

proposed that the bromodomain may target HAT activity that of the full-length protein. Deletion of both ends
(GCN595–253) reduced activity to 10% of wild-type.to chromatin ‘receptors’ (Brownell and Allis, 1996), since

yeast HAT1 (Kleff et al., 1995), the cytoplasmic HAT, Thus, loss of sequences including the HAT subregion I
(aa 120–140; Figure 1) reduced activity significantly,does not contain a bromodomain, although it does contain

other sequence elements, presumably catalytic, in common but not completely. Mutants containing deletions
between amino acids 170 and 253 (GCN5254–440 andwith GCN5 (Brownellet al., 1996).
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Fig. 2. HAT activity of the deletion mutants of GCN5 (series 1). (A) Coomassie Blue staining of the recombinant deletion peptides. Crude bacterial
extracts were purified through Ni21-NTA–agarose beads and a sample from each preparation was electrophoresed on 8% SDS–PAGE and stained
with Coomassie Blue. Protein size standards are shown on the right. (B) In-gel histone acetyltransferase assay of the deletion peptides. Purified
proteins (as shown in A) were analyzed by 8% SDS–PAGE and assayed for HAT activity as described previously (Brownell and Allis, 1995).
(C) Histogram showing quantification of the HAT assay. Signals from the autoradiogram in (B) were quantified by densitometry and normalized to
the amount of protein in (A). Values relative to the full-length protein are shown.

GCN51–170), had ,3% HAT activity compared with the terminal endpoints between 253 and 350 (Figure 1,
full-length protein, and thus defined a minimal HAT series 2).
domain, between 170 and 253. First, we tested the ability of each of the series 2

Internal deletions of each HAT subregion I–IV, mutants to acetylate histonesin vitro (Figure 3). A similar
between amino acids 120 and 253 (Figure 1), were amount of each protein (Figure 3A) was compared with
negative for HAT activity (data not shown). However, the full-length GCN5 or with GCN51–253 in the in-gel
these proteins failed to interact with ADA2 (data not assay (Figure 3B and C). As before, GCN51–253had,25%
shown), even though the region of interaction for ADA2 of wild-type activity, but the next largest peptide, GCN51–
as previously determined (aa 254–350; Candau and261, had activity comparable with wild-type. Each of the
Berger, 1996) was present. Thus, these mutant derivativesother, even larger peptides (aa 1–280, 1–299 and 1–316)
were probably folding incorrectly, and were not also possessed ‘wild type’ HAT activity. Thus, the carboxy-
studied further. terminal border of the HAT domain was defined by these

mutants at amino acid 261.
Next, we determined the ability of the above (seriesSeparation of the HAT domain from the ADA2

2) mutants to interact with ADA2 usingin vitro co-interaction domain in vitro
immunoprecipitation, which previously was used to defineThe above data suggest that the minimal HAT domain of
the region of interaction with ADA2 between amino acidsGCN5 mapped between amino acids 170 and 253, while
254 and 350 of GCN5 (Candau and Berger, 1996). Eachthe domain possessing full HAT activity mapped between
mutant was co-translatedin vitro with full-length ADA2.95 and 350. We wished to map the carboxy-terminal
All of the GCN5 mutants larger than 1–261 (GCN51–280,border of the HAT domain more precisely to better
1–299 and 1–316) were immunoprecipitated usingα-ADA2delineate and ideally separate the region of HAT activity
antibody (Figure 4). However, GCN51–261 did not co-from the region of interaction with ADA2. Therefore, we

prepared a second series of deletion mutants with carboxy- precipitate with ADA2, indicating that the domain of
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Fig. 4. Co-immunoprecipitations of ADA2 and GCN5 deletion
mutants. Each GCN5 deletion mutant (series 2) was co-translated
in vitro with ADA2 and immunoprecipitated withα-ADA2 antisera.
35S-labeled proteins were visualized by autoradiography after 12%
SDS–PAGE. in5 input and ppt5 precipitate. The side arrow
indicates ADA2 protein and the bracket indicates GCN5 deletion
peptides. Note the presence of a non-specific protein that migrates
between GCN51–260and GCN51–280, which is likely to be an ADA2
degradation product.

growth of a GCN5 disruption strain was tested. The
mutants were cloned into a yeast expression vector, and
each one was transformed and restreaked onto minimal
media. Wild-type GCN5 or vector alone served as positive
and negative controls for growth in this assay (Figure 5A).

The only deletion that maintained full growth comple-
mentation was GCN595–440, which lacked the amino-
terminal 95 amino acids. All other deletions resulted in
complete or partial loss of growth complementation
(Figure 5A). Deletion of the conserved subregion I (Figure
1) of the HAT domain (GCN5170–440) resulted in loss ofFig. 3. HAT activity of the deletion mutants of GCN5 (series 2).
growth complementation, which may be caused by the(A) Coomassie Blue staining of the recombinant deletion peptides.

Crude bacterial extracts were purified through Ni21-NTA–agarose significant loss (80% reduced) of HAT activityin vitro
beads and a sample from each preparation was electrophoresed on 8%(Figure 2C). Mutant GCN51–261 complemented growth
SDS–PAGE and stained with Coomassie Blue. Protein size standards very poorly, despite having full HAT activityin vitro
are shown on the right. (B) In-gel histone acetyltransferase assay of

(Figure 3C) and, interestingly, this mutant was unable tothe deletion peptides. Purified proteins (as shown in A) were analyzed
interact with ADA2 in vitro (Figure 4). Partial comple-by 8% SDS–PAGE and assayed for HAT activity as described

previously (Brownell and Allis, 1995). (C) Histogram showing mentation was seen in each mutant lacking sequences
quantification of the HAT assay. Signals from the autoradiogram in (B) distal to amino acid 280 (Figure 5A).
were quantified by densitometry and normalized to the amount of As previously shown, the deletion of the bromodomain
protein in (A). Values relative to the full-length protein are shown.

(GCN51–350) caused partial loss of growth comple-
mentation in theGCN5 deletion strain (Marcuset al.,
1994; Figure 5A). Surprisingly, this mutant complementedADA2 interaction is contained between amino acids 254
growth more poorly than the smaller peptides GCN51–280,(Candau and Berger, 1996) and 280 of GCN5. Since the
1–299 or 1–316, which is shown more clearly in the liquidHAT activity displayed by GCN51–261 was comparable
growth assay (Figure 5B). Immunoblot analysis of thewith full-length GCN5, the lack of GCN51–261 interaction
mutants containing these deletions revealed that all werewith ADA2 was not due to inappropriate folding. These
comparable in stability with wild-type, with the exceptionresults distinguished the carboxy-terminal border of the
of the bromodomain deletion, which was partially unstableHAT domain (aa 261) from the carboxy-terminal border
(data not shown). (Note that the strain used differed fromof the ADA2 interaction domain (aa 280).
those used in previous studies; Marcuset al., 1996.)
However, the partial instability of GCN51–350did not seem

Domains of GCN5 required for in vivo growth
to account entirely for its poor growth complementation,

complementation in the gcn5– strain since the same mutant was indistinguishable from wild-
Three distinct functional regions have been identified type in otherin vivo assays (see below).
within GCN5. We have defined here the boundaries of Overall, these data indicate that critical regions of
the HAT domain and the ADA2 interaction domainin vitro, GCN5 for growth complementation lie between amino
and the bromodomain has been shown to be required foracids 95 and 280.
full function of GCN5 in vivo (Marcuset al., 1994). We
wished to determine whether the HAT or other regions of Domains of GCN5 required for complementation
GCN5 are required forin vivo function of GCN5. of GAL4–VP16-mediated growth inhibition in the

Genetic deletion ofGCN5resulted in defective colonial gcn5– strain
growth on minimal synthetic media (Marcuset al., 1994). We previously have shown that overexpression of GAL4–

VP16 (Sadowskiet al., 1988), a chimeric activator com-Thus, the ability of the deletion mutants to complement
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Fig. 6. Growth inhibition of GAL4–VP16 in the presence of the
GCN5deletion mutants. The ability of the second series of theGCN5
deletion mutants to confer the slow growth phenotype in the presence
of high copy plasmid expressing GAL4–VP16 is shown.GAL4–VP16
was co-transformed with the indicatedGCN5mutants into thegcn5–

strain. Transformants were plated onto minimal synthetic media and
were grown at 30°C for 4 days. Full-lengthGCN5 (1–440) and vector
alone were used as positive and negative controls.

posed of the GAL4 DNA binding domain and the
transcriptional activation domain derived from the herpes
simplex virus protein, VP16, results in strong growth
inhibition in cells containing wild-type GCN5, and this
inhibition is relieved when GCN5 is deleted (Marcus
et al., 1994). Growth inhibition by GAL4–VP16 may be
caused by sequestration of essential transcription factors
(Gill and Ptashne, 1988) by the potent VP16 activation
domain, and was used as the basis for the genetic screen
(Berger et al., 1992) that led to the identification of
adaptors ADA2, ADA3, GCN5 and ADA5. We used this

Fig. 5. Growth complementation ofGCN5deletion mutants in the assay to study the effects of the deletion derivatives
gcn5– strain. (A) EachGCN5deletion mutant was transformed into the of GCN5.
gcn5– strain, restreaked onto minimal synthetic media and grown at A high copy yeast expression plasmid that over-room temperature for 4 days. Full-lengthGCN5 (1–440) and vector

produced GAL4–VP16 was co-transformed with eachalone were used as positive and negative controls. (B) Generation time
of the deletion mutants into thegcn5– strain and theof the GCN5deletion mutants. The second series of theGCN5

deletion mutants was transformed into thegcn5– strain and each transformants were plated onto minimal medium (Figure
transformant was inoculated into liquid minimal synthetic media and 6). Wild-type GCN5 or vector alone were used as positive
rotated at 25°C. Aliquots of each mutant were taken every 2 h and the

and negative controls for growth inhibition caused byOD of the cultures was measured. The generation time was calculated
GAL4–VP16. The results were largely consistent with theas the OD doubling time during exponential growth. Full-lengthGCN5

(1–440) and vector alone were used as positive and negative controls. growth complementation assay. GCN595–440 was similar
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Fig. 7. Transcriptional activation in the presence of the GCN5 deletion mutants by the strong activator GAL4–VP16. The series 1 (A) and 2 (B) of
GCN5deletion mutants were co-transformed into PSY316∆gcn5, along with low copy plasmids expressingGAL4–VP16and reporter pLGSD5
(Guarenteet al., 1982), containing bacteriallacZ driven by theGAL1–10promoter.β-Gal activity was determined as units per mg of protein. Error
bars represent the standard error about the mean from at least two independent experiments.

to wild-type in both assays (data not shown). Mutants that and254–440) were unable to complement. These results
paralleled those obtained in the HAT assay, since thelacked portions of the HAT domain (GCN5170–440 or

GCN5254–440) were unable to restore toxicity by GAL4– relative profiles of activationin vivo (Figure 7A) and HAT
activity in vitro (Figure 2C) were similar, suggesting thatVP16 (data not shown), just as they were unable to

complement growth. All of the deletions carboxy-terminal HAT activity is necessary for transcriptional activation.
As before in the growth assay, the relative contributionsto amino acid 280 (GCN51–280, 1–299, 1–316 and 1–350)

complemented growth inhibition, while GCN51–261 and of HAT and ADA2 interaction could not be determined,
since both functions were reduced in the GCN51–253GCN51–253 did not (Figure 6), indicating that interaction

with ADA2 is necessary for functional interaction with mutant. Thus, the second series of mutants was tested in
the GAL4–VP16 transcription assay. Parallel to the growthGAL4–VP16, just as it was necessary for complementation

of growth. assay, loss of ADA2 interaction resulted in a completely
defective protein (GCN51–261), even though it possessedThe bromodomain mutant, GCN51–350, behaved differ-

ently in each growth assay. In the GAL4–VP16 inhibition full HAT activityin vitro (Figure 3B and C). Thus the
HAT domain, on its own, was not sufficient forin vivoassay, the mutant was indistinguishable from wild-type

(Figure 6). In contrast, the mutant only partially comple- activity either in growth complementation or in transcrip-
tional activation, and ADA2 interaction was also required.mented growth and, in fact, complemented more poorly

than shorter mutants (Figure 5A and B). This dual behavior One difference between the growth assay and the
transcription assay was the effect of deleting the carboxy-was seen in other experiments, as described below.
terminus to amino acid 280. These mutants (GCN51–350,
1–316, 1–299 and1–280), which were similar to wild-type forDomains of GCN5 required for complementation

of transcriptional activation in the gcn5– strain activation by GAL4–VP16 (Figure 7B), were partially
defective in growth, especially the bromodomain deletionWe wished to identify domains of GCN5 required for

transcriptional activationin vivoand, in particular, whether (Figure 5). Failure to detect intermediate phenotypes in
the transcription assay could be explained by the potencythe HAT domain had a critical role in transcriptional

activation. Activation by GAL4–VP16, containing the full- of the full-length VP16 activation domain, which could
mask partial defects. In this case, weaker activationlength VP16 activation domain (aa 413–490) (Triezenberg

et al., 1988), previously was shown to be reduced 7- to domains might reveal intermediate phenotypes of the
GCN5 mutants.10-fold in strains deleted forADAs (Bergeret al., 1992;

Piña et al., 1993), includingGCN5(Marcuset al., 1994). To test this hypothesis, complementation of GAL4–
VP16470–490 (Barlev et al., 1995) was assayed with eachWe tested the ability of each GCN5 deletion mutant to

complement transcriptional activation mediated by GAL4– of the deletion mutants. Previous results showed that this
region of VP16 constitutes an activation subdomain,VP16 in agcn5– background.

A low copy plasmid expressing GAL4–VP16 was co- displaying 3- to 4-fold weaker activation than the full-
length VP16, but normal interaction with ADA2in vitrotransformed with a reporter containing bacterial lacZ

driven by GAL4 binding sites, and wild-type GCN5 or (Barlevet al., 1995). Indeed, GAL4–VP16470–490required
GCN5 function in vivo, since its activity was reducedthe deletion mutants. The results ofβ-gal assays from the

first series of deletion mutants is shown in Figure 7A. nearly 10-fold in thegcn5– strain (Figure 8A). As was
observed with the full-length VP16 activation domain,The GCN51–350and GCN595–440deletion mutants comple-

mented thegcn5– strain, since they exhibited levels of the deletions GCN51–261and GCN51–253 were completely
defective. In contrast to the complete complementation bytranscription similar to wild-type GCN5. The other

mutants, which contained further amino- or carboxy- the intermediate peptides with full-length VP16, each
peptide (GCN51–350, 1–316, 1–299and1–280) exhibited partialterminal deletions of GCN5 (GCN51–253, 1–170, 170–440
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Both the HAT and ADA2 interaction domains are
required for lexA–GCN5 activity in vivo
The presence of the intrinsic HAT activity in GCN5 raises
the question of whether the HAT catalytic domain can
activate transcription if it is artificially targeted to a
promoter, thus rendering it activation domain-independent.
If the roles of activators and the ADA complex are to
‘deliver’ the HAT to promoters, then fusion of the HAT
domain to a DNA binding domain should result in a
protein capable of transcriptional activation. In contrast,
if either activator or the ADA complex is required to
acetylate nucleosomal histones, then additional domains
may be required in addition to the HAT catalytic domain.
To distinguish between these alternatives, full-length
GCN5or variousGCN5deletion mutants were genetically
fused to the lexA DNA binding domain (Figure 9A).
These were then transformed into yeast, and their ability
to activate a lacZ reporter driven by lexA binding sites
was determined.

LexA–GCN5 activated transcription 10-fold better than
lexA alone (Figure 9B). The HAT domain was required
for lexA–GCN5 activity, since deletion of it (lexA–
GCN5254–440) lowered activation nearly to background
levels. However, lexA–GCN51–261, containing only the
HAT domain, was unable to activate. The addition of the
ADA2 interaction domain allowed lexA–GCN51–280 to
activate, in fact, 2-fold better than the full-length GCN5
fusion. The requirement for lexA–GCN5 to associate with
ADA2 was also shown by complete loss of activity in
ada2– cells (Figure 9C). The level of lexA–GCN5 protein
was comparable inADA21 andada2– cells. Collectively,Fig. 8. Transcriptional activation by weak activators in the presence of
these results suggest that transcriptional activation withthe GCN5 deletion mutants. (A) GAL4–VP16470–490transcriptional

activation in the presence of the GCN5 deletion mutants. The series 2 either intact GCN5 and activators, or with lexA–GCN5,
of GCN5deletion mutants were co-transformed into thegcn5– strain, requires that several conditions be met. Association with
along with low-copy plasmid expressing GAL4–VP16470–490and promoter sequences, catalytic function provided by the
reporter pLGSD5.β-Gal activity was determined as units per mg of

HAT domain and interaction with ADA2 all seem to beprotein. Error bars represent the standard error about the mean from at
required for high levels of transcriptional activation.least two independent experiments. (B) GAL4–p531–40 transcriptional

activation in the presence of the GCN5 deletion mutants. The series 2
of GCN5deletion mutants were co-transformed into PSY316∆gcn5,

Discussionalong with plasmids expressing low-copy GAL4–p531–40and reporter
pLGSD5.β-Gal activity was determined as units per mg of protein.

Yeast GCN5 was originally identified as a regulatoryError bars represent the standard error about the mean from at least
two independent experiments. factor required for function of the yeast activator GCN4

(Georgakopoulos and Thireos, 1992), and was isolated
independently as a factor necessary for maximal transcrip-

complementation, and, as in the growth complementation, tional activation by GAL4–VP16 (Marcuset al., 1994).
the bromodomain mutant was more defective than the GCN5 interacts with a second factor, ADA2, which was
shorter peptides. isolated in the same genetic selection (Bergeret al., 1992;

A second chimeric activator was also tested, GAL4– Marcuset al., 1994). Recently, GCN5 has been shown to
p53, that contained the amino terminal 1–40 amino acids possess histone acetyltransferase activityin vitro (Brownell
of the p53 activation domain (Fields and Jang, 1990; et al., 1996), potentially linking transcriptional activation
Farmer et al., 1992; Scharer and Iggo, 1992) fused to with the covalent modification of the amino-termini of
GAL4. GAL4–p53 activation dropped ~20-fold in the histones. In the present study, we have mapped the
gcn5– strain (R.Candau and S.L.Berger, submitted). boundaries of the HAT domain of GCN5, and have shown
GAL4–p531–40 showed the same profile of dependence that this domain is required for activityin vivo in several
on GCN5 as did GAL4–VP16470–490, with intermediate independent assays. Our data suggest that the HAT domain,
complementation by the shorter peptides GCN51–316, 1–299 while essential for activationin vivo, is not sufficient.
and1–280, and even poorer complementation by GCN51–350. Rather, the ADA2 interaction domain in GCN5 is also

Overall, these results demonstrate that the HAT domain, required for full activity.
as well as the ADA2 interaction domain, are critical for
GCN59s role in transcriptional activation. Furthermore, Critical elements of the HAT catalytic domain lie
the carboxy-terminal region of GCN5, beyond the ADA2 between amino acids 170 and 250
interaction domain, was required for full activation by Mapping the HAT catalytic domainin vitro indicates that

the full domain is encompassed within amino acids 95–weaker transcriptional activators, but not a strong activator.
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Fig. 9. Transcriptional activation by lexA–GCN5 deletion mutants. (A) Schematic of the lexA–GCN5 deletion mutants. The bacterial lexA DNA
binding domain was fused to full-length GCN5 and to the deletion mutants GCN51–280, 1–261, 1–299, 1–350and254–440. The domains of full-length
GCN5 are shown above. (B) Transcriptional activation by lexA–GCN5. The indicated lexA–GCN5 deletion mutants, or lexA alone as negative
control, were co-transformed in thegcn5– strain along with a lexA reporter containing either one (YEP21) (Brent and Ptashne, 1985) or eight lexA
binding sites (Candauet al., 1996).β-Gal activity is shown relative to full-length GCN5. Error bars represent the standard error about the mean from
two independent experiments. (C) Transcriptional activation by lexA–GCN5 in theada2– strain. Full-length lexA-GCN5 or lexA alone as negative
control were co-transformed in PSY316 or PSY316∆gcn5along with a lexA reporter containing either one or eight lexA binding sites.β-Gal activity
is shown relative to full-length GCN5. Error bars represent the standard error about the mean from two independent experiments.

261, while a minimal domain lies between 170 and 253
(Figure 10). These data support the notion that the most
conserved portions of GCN5 (aa 120–253) constitute the
HAT domain (Brownellet al., 1996). We have suggested
previously that His145 may comprise an essential residue
of the active site. Since the minimal domain lies between
170 and 253, critical active site residues will probably lie
within these boundaries.

Critical elements for in vivo activation lie between
amino acids 95 and 280
In contrast to the mapping of the HAT domain (aa 95–
261), an extended region of GCN5 was required for full
in vivo function. A 20 amino acid region (to aa 280)
beyond the carboxy-terminal boundary of the HAT domain
(at aa 261) was crucial for growth and transcriptional
activation by both GAL4–VP16 and GAL4–p53. Since
immunoprecipitation of GCN5 by ADA2 also required
sequences up to amino acid 280, ADA2 interaction appears

Fig. 10. Function of the GCN5 domains. Schematic of full-lengthto be absolutely necessary for GCN5 functionin vivo. GCN5 is shown above, and below are shown the domains necessary to
Since GCN5 and ADA2 appear to be two components of confer minimal HAT activityin vitro, full HAT activity in vitro and

complementation of growth and transcriptional activationin vivo.an ADA complex including ADA3 (Horiuchiet al., 1995;
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Candau and Berger, 1996) and ADA5 (Marcuset al., However, the stronger activity of lexA–GCN51–280 com-
pared with full-length lexA–GCN5 is consistent with the1996), it is likely that GCN5 requires the ADA complex

to acetylate nucleosomal histones and, thus, to activate presence of a repression domain.
transcriptionin vivo. Whether acetylation of nucleosomal
substrates occurs through subunit exchange of GCN5/Targeting of GCN5 to a promoter, as well as

interaction with ADA2, is required for functionADA subunits with defined sub-nucleosomal subunits, as
has been proposed recently (Roth and Allis, 1996), remainsin vivo

We reasoned that if GCN5, and therefore the HAT domain,unknown, but is consistent with the involvement of ADA2
reported here. requires targeting to promoters via interaction with DNA-

bound transcriptional activators (Wolffe and Pruss, 1996),Elements between amino acids 95 and 170 that con-
tribute to HAT activity also appeared to be crucial for fusion of GCN5 to a DNA binding domain should be

active independently of interaction withbona fidefunction, since GCN5170–440 (which had only 20% HAT
activity) lacked the ability to functionin vivo. Consistent activators. Indeed, lexA–GCN5 activated transcription,

and this activation required the HAT domain of GCN5.with this result is the finding that the point mutation
H145A in GCN5 reduces HAT activity 2- to 5-fold in all This is consistent with previous observations that activators

associate with components of the ADA complex to targetour in vitro assays (J.Z. and C.D.Allis, unpublished data).
Thus, either GCN5 is extremely sensitive to partial loss the complex to promoter regions (Silvermanet al., 1994;

Barlev et al., 1995).of HAT activity or additional functions localize to amino
acids 95–170. Furthermore, if the sole role of the ADA complex is to

provide appropriate surfaces for protein–protein interaction
with activation domains, then lexA–GCN5 should notThe bromodomain was required for weak activator

function in vivo, but not for strong activator require ADA2 or its ADA2 interaction domain for activity
in vivo. Since lexA–GCN5, in the absence of ADA2,function

Previous studies have shown an important role for the and lexA–GCN51–261, lacking the ability to interact with
ADA2, were both inactive, the ADA complex apparentlybromodomain of GCN5in vivo (Marcus et al., 1994).

Since HAT1, a cytoplasmic histone acetyltransferase, does has an additional functionin vivo beyond interaction with
activation domains.not contain a bromodomain (Kleffet al., 1995), one

possibility is that the bromodomain is required for access Why do both GCN5 and lexA–GCN5 require interaction
with ADA2, and presumably the ADA complex, forof GCN5 to nucleosomal histones in the nucleus. However,

the present study indicates that the bromodomain is not functionin vivo? Since recombinant GCN5 acetylates
‘free’ histones, but not nucleosomal histonesin vitro (Kuolikely to be a critical component in the acetylation of

nucleosomal histones. First, the bromodomain was com- et al., 1996; Yanget al., 1996), it is likely that the ADA
complex contributes critical determinants for interactionpletely dispensable for full HAT activityin vitro and

activation by the strong activator GAL4–VP16. Second, with histones in their native nucleosomal state. Indeed, in
both yeast (P.Grant and J.Workman, personal communica-weak activators required the bromodomain for full

activity, but were less affected by bromodomain deletion tion) andTetrahymena(J.Brownell and C.D.Allis, un-
published data) GCN5 is one component of multi-subunitcompared with deletion of the HAT domain. Finally, lexA–

GCN51–280, which lacked the bromodomain, was a stronger complexes which are capable of acetylating nucleosomal
histones. Further mutagenesis of GCN5, combined withactivator than full-length lexA–GCN5. Taken together,

these data suggest that the bromodomain is not involved analysis of native complexes, will clarify the mechanism
of acetylation of nucleosomal substrates.directly in activation through nucleosomal histone

acetylation, but may play a critical role in protein–protein
interactions that are not detected in these assays. ForMaterials and methods
example, we have detected an interaction between the
bromodomain of human GCN5 (Candauet al., 1996) Yeast strains

Thetrp1 derivatives of PSY316∆ada2(MATα ade2-101∆his3-200 leu2-and the p70 subunit of Ku autoantigen (N.Barlev and
3,112 lys2 ura3-52 trp1) and PSY316∆gcn5 (MATα ade2-101∆his3-S.L.Berger, unpublished data). The Ku autoantigen p70–
200 leu2-3,112 lys2 ura3-52 trp1) have been described previously

p80 heterodimer is the DNA binding component of the (Candauet al., 1996).
DNA-PK holoenzyme (for a review, see Jackson, 1996).

Plasmids and deletion mutantsThis interaction may be regulatory, as DNA-PK was found
Plasmids were constructed using standard procedures (Ausubelet al.,to phosphorylate and inhibit the HAT activity of human
1994).GCN5 in vitro. A putative yeast homolog of Ku interacted To generate the deletion mutants ofGCN5 for in vitro translation,

with yeast GCN5 (N.Barlev and S.L.Berger, unpublished fragments comprising residues 1–261, 1–280, 1–299 and 1–316 ofGCN5
bearing aNotI restriction site at the 59 end and anEagI restriction sitedata), suggesting a conserved regulatory function of the
at the 39 end were amplified by PCR. These fragments were digestedbromodomain.
with EagI and inserted in SP64-NotI (Candau and Berger, 1996) openedFinally, we observed in several assays, including
with NotI.

growth complementation, weak activator function and For protein expression, pRSETB-NotI was generated by cloning a
lexA–GCN5 activity, that the bromodomain deletion NotI linker in pRSETB (Invitrogen) digested withPvuII. The GCN5

deletion mutants were isolated from the corresponding SP64-NotI-GCN5mutant GCN51–350 was less active than shorter mutants
digested withEagI and then cloned into pRSETB-NotI as six-histidine(GCN51–316, GCN51–299 and GCN51–280). This may indi-
protein fusions.cate the presence of a repression domain with a carboxy- To generate the TRP1 yeast expression vector pPC87, the linker

terminal border in the region 315–350, although the partial AAGCTTGTCGACCCCGGGGAATTCAGATCTCTGCAGGCGGC-
CGC was inserted into pPC97 (Chevray and Nathans, 1992) openedinstability of GCN51–350in vivo may explain these results.
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with HindIII–NotI. This plasmid (pPC98) was then digested withBamHI– Faculty Research Award from the American Cancer Society to S.L.B.;
a Cancer Core grant from the National Institutes of Health and a grantApaI and the fragment containing the ADH promoter and terminator

was then cloned into pPC86 (Chevray and Nathans, 1992) opened with from the Pew Charitable Trust to The Wistar Institute; and a grant from
the National Institutes of Health to C.D.A.BamHI–ApaI.
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