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A Conserved Motif Present in a Class of
Helix-Loop-Helix Proteins Activates Transcription
by Direct Recruitment of the SAGA Complex

bHLH proteins, is indispensable for proper B lympho-
cyte development (Bain et al., 1994; Zhuang et al., 1994).
Mice containing a targeted disruption of the E2A gene
have no detectable B cells in the peripheral lymphoid
organs (Bain et al., 1994; Zhuang et al., 1994). Develop-
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mental arrest occurs at an early stage since no immuno-La Jolla, California 92093
globulin (Ig) rearrangements can be detected in the bone†Howard Hughes Medical Institute
marrow and fetal liver of E2A (2/2) mice (Bain et al.,Department of Biochemistry and Molecular Biology
1994; Zhuang et al., 1994). The E2A proteins are requiredThe Pennsylvania State University
for the transcriptional regulation of a large number of BUniversity Park, Pennsylvania 16802
lineage–specific genes, including Rag-1, EBF, Ig heavy‡The Wistar Institute
chain, and l5 (Schlissel et al., 1991; Bain et al., 1994;3601 Spruce Street
Choi et al., 1996; Sigvardsson et al., 1997; Kee andPhiladelphia, Pennsylvania 19104
Murre, 1998). The E2A gene products have also been
implicated in V(D)J recombination. Ectopic expression
of E47 in a pre–T cell line leads to increased levels ofSummary
DJ rearrangement (Schlissel et al., 1991). Furthermore,
in the absence of E2A, certain TCR gd V(D)J rearrange-The class I helix-loop-helix (HLH) proteins, which in-
ments are severely impaired (Bain et al., 1999). How E2Aclude E2A, HEB, and E2-2, have been shown to be
proteins regulate V(D)J recombination, however, has notrequired for lineage-specific gene expression during
yet been elucidated. E2A protein binding sites are pres-T and B lymphocyte development. Additionally, the
ent in both Ig enhancer elements as well as in the pro-E2A proteins function to regulate V(D)J recombination,
moter regions of Ig and TCR V regions and have beenpossibly by allowing access of variable region seg-
shown to regulate germline transcription through thesements to the recombination machinery. The mecha-
DNA segments (Redondo et al., 1990, 1991; Takeda etnisms by which E2A regulates transcription and re-
al., 1990; Sleckman et al., 1996). That E2A controls ac-combination, however, are largely unknown. Here, we
cessibility to the recombination machinery was demon-identify a novel motif, LDFS, present in the vertebrate
strated in E2A-deficient thymocytes in which the levelsclass I HLH proteins as well as in a yeast HLH protein
of double-stranded DNA breaks at the recombinationthat is essential for transactivation. We provide both
signal sequences were dramatically affected (Bain etgenetic and biochemical evidence that the highly con-
al., 1999). Taken together, these data suggested thatserved LDFS motif stimulates transcription by direct
one plausible role for E2A proteins in lymphocyte devel-recruitment of the SAGA histone acetyltransferase
opment is to regulate V(D)J recombination by controllingcomplex.
accessibility of the Ig and TCR variable, diversity, and
joining segments to the recombination machinery.

Two activation domains, termed AD1 and AD2/LH,Introduction
have been identified in the amino-terminal half of E2A
(Aronheim et al., 1993; Quong et al., 1993; Massari et al.,The helix-loop-helix family of transcriptional regulators
1996). These domains are conserved in and restricted tomediates a number of important developmental events
a subset of the HLH proteins, which includes E2A, E2-2,

in eukaryotes, including hematopoiesis, myogenesis,
and HEB. Both AD1 and AD2 have the ability to activate

neurogenesis, and sex determination (Cline, 1989; Wein-
transcription in yeast and mammalian cells (Aronheim

traub et al., 1991; Murre and Baltimore, 1992; Murre et et al., 1993; Quong et al., 1993; Massari et al., 1996).
al., 1994; Bain and Murre, 1998). These proteins share Although AD1 and AD2 share no sequence homology,
a DNA binding and dimerization motif that contains a both contain a potential a helix that is important for
basic region adjacent to two amphipathic alpha helices function (Quong et al., 1993; Massari et al., 1996).
separated by a flexible loop structure and is known as When tethered to DNA, eukaryotic transcriptional acti-
the basic helix-loop-helix (bHLH) (Murre et al., 1989). The vation domains must recruit the general transcription
bHLH domain has been shown to bind DNA sequence machinery, which includes RNA polymerase II, the gen-
elements known as E boxes. The E box, which has the eral transcription factors (GTFs), and cofactors in order
core consensus CANNTG, is found in a variety of cell to stimulate gene transcription (reviewed in Zawel and
type–specific gene promoter and enhancer elements Reinberg, 1995). Although studies have shown that an
(Murre and Baltimore, 1992). Mutational analysis has activator can make direct contact with the GTFs, many
demonstrated that the E box sites are critical for regulat- activators are thought to communicate with the tran-
ing lineage-specific gene expression (Murre and Balti- scription machinery via interactions with cofactors known
more, 1992). as adaptors or coactivators. Among the first coactiva-

The E2A gene, which encodes both the E12 and E47 tors identified were those associated with the TBP-con-
taining complex, TFIID, which are known as TBP-associ-
ated factors or TAFs (Dynlacht et al., 1991). The TAFs* To whom correspondence should be addressed (e-mail: murre@

biomail.ucsd.edu). were identified on the basis of their requirement for
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Figure 1. A Domain Similar to AD1 Is Present
in the Yeast Helix-Loop-Helix Transcription
Factor Rtg3p

(A) Schematic representation of E2A and
Rtg3p. The AD1 activation domain is shown in
yellow, and the basic helix-loop-helix (bHLH)
DNA-binding and dimerization domain is
highlighted in purple. The location of the loop-
helix(LH)/AD2 transactivation domain of E2A
has been omitted for clarity. Shown is the
percent identity/similarity of the Rtg3p AD1-
related domain to the human E2A AD1 do-
main over a 36–amino acid segment spanning
residues 5–40 of E2A (red box). For compari-
son, the percent identity/similarity between
the 61–residue bHLH domains of E2A (E47)
and Rtg3p is indicated.
(B) Sequence alignment of the extreme N ter-
mini of the vertebrate E proteins with Rtg3p.
Sequences shown include E2-2 (human), ME2
(mouse E2-2); REB, ALF1a, and HEB (rat,
mouse, and human HEB, respectively); PAN-2
(hamster E47), XE12 and ZE12 (frog and ze-
brafish E12, respectively). Sequences were
aligned using the ClustalW alignment algo-

rithm (Thompson et al., 1994). Identical residues are indicated by blue shading, similar amino acids are shown in pink, and invariant residues
are highlighted in red. c indicates hydrophobic residue. The position of the helical region of AD1 is shown as a reference.
(C) Proposed structural model of the highly conserved region of AD1. Residues 10–26 of E2A were modeled as an alpha helix using the
INSIGHT II version 97.2 software package (MSI). The evolutionarily conserved LDFS motif is highlighted in blue.

supporting activated but not basal transcription in vitro of GCN5, ADA2, and ADA3 have been cloned and have
been shown to be components of at least two SAGA-(Pugh and Tjian, 1990; Dynlacht et al., 1991; Goodrich

and Tjian, 1994). related HAT activities in mammalian cells: the PCAF and
hGCN5 complexes (Candau et al., 1996; Yang et al.,Another class of transcriptional coactivators, called

adaptors, was identified by genetic selection in the bud- 1996; Ogryzko et al., 1998).
How E2A proteins control transcription and V(D)J re-ding yeast Saccharomyces cerevisiae (Berger et al.,

1990). A number of genes, which include ADA1, ADA2, combination is poorly understood. Here, we identify a
novel transactivation motif, LDFS, present in a subsetADA3, ADA5/SPT20, and GCN5, were identified in a

genetic screen for mutants that were resistant to toxicity of HLH proteins, including the class I HLH proteins E2A,
HEB, and E2-2 and the yeast transcription factor, Rtg3p.caused by overexpression of the GAL4-VP16 activator

(Berger et al., 1992; Pina et al., 1993; Marcus et al., 1996; We show that transcriptional activation by the LDFS
motif requires functional Ada2 and Gcn5 proteins. WeRoberts and Winston, 1996; Horiuchi et al., 1997). ADA2

is required to support activated transcription by VP16 further demonstrate that the LDFS motif directly inter-
acts with the SAGA histone acetyltransferase complex.and GCN4 both in vivo and in vitro (Berger et al., 1992).

Ada2p is able to directly interact with some activators Our data indicate that this class of HLH proteins regu-
lates transcription through an evolutionarily ancientsuch as VP16 but not with others (Silverman et al., 1994;

Barlev et al., 1995). In addition, Ada2p can interact indi- transactivation motif that functions by directing HAT
activity to target genes. We further discuss the possibil-rectly with TBP, implying that it may mediate an interac-

tion between the activator and the general transcription ity that the E2A proteins regulate V(D)J recombination
by directing HAT activity to specific V, D, and J DNAapparatus (Barlev et al., 1995).

That Ada2p could interact with Ada3p and Gcn5p sug- segments.
gested that an adaptor complex might exist in vivo (Mar-
cus et al., 1994; Horiuchi et al., 1995). Gcn5p has recently

Resultsbeen shown to be a novel member of a family of histone
acetyltransferases (HATs) (Brownell et al., 1996). Bio-

LDFS, a Conserved Transcriptional Activation Motifchemical purification studies in yeast have revealed two
Our previous studies identified a highly conserved trans-high–molecular weight complexes that contain both Ada
activation domain, termed AD1, whose presence is re-and Gcn5 proteins (Grant et al., 1997). These fractions,
stricted to the class I HLH proteins. Since the AD1 do-known as the Ada and SAGA complexes, are capable
main is such a potent activator in yeast, we postulatedof acetylating nucleosomal histones (Grant et al., 1997).
that a structurally related domain may exist in a yeastThus, the Ada and SAGA complexes, rather than acting
transcription factor. Recently, the entire genomic se-solely as bridging proteins, may play a role in chromatin
quence of the budding yeast Saccharomyces cerevisiaeremodeling through histone modification (Grant et al.,
has been published (Mewes et al., 1997). Using a short1997, 1998a). Furthermore, VP16 can make direct contact
peptide sequence corresponding to the helical regionwith purified SAGA HAT complexes in vitro, indicating
of the human E2A AD1 domain, we searched the yeasta direct link between histone modification and transcrip-

tional activation (Utley et al., 1998). Human homologs sequence database for homologous peptides (Figure 1).
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Figure 2. The LDFS Motif Is Required for
AD1-Mediated Transactivation

(A) Transient transfection analysis of GAL4–
AD1 mutants in HeLa S3 cells. Shown are
average values of a typical experiment per-
formed in duplicate. Luciferase activity as
measured in light units has been normalized
to b-galactosidase activity. Error bars repre-
sent standard deviations.
(B) Western blot analysis showing levels of
the GAL4–AD1 derivatives in HeLa S3 cells.
Mock, cells transfected without expression
plasmid. The GAL4 fusion proteins were de-
tected using a GAL4 monoclonal antibody as
described (Massari et al., 1996).
(C) Rtg3p(1–99) activates transcription in
yeast. Plasmids expressing either LexA–
Rtg3p(1–99) or the LexA DNA-binding domain
were introduced into the yeast strain PSY316,
which contained the LexAop–LacZ reporter
plasmid JK103. Cells were grown to mid-log
phase and assayed for b-galactosidase activ-
ity. Values shown indicate the average of four
independent transformants. b-galactosidase
activity is measured in units.

(D) Rtg3p(1–99) activates transcription in mammalian cells. The cells were harvested 48 hr posttransfection and assayed for luciferase activity.
Data shown represent the average values from a typical experiment that was performed in triplicate. Error bars indicate standard deviations.

One protein was identified, called Rtg3p, which con- 21 (D21A) of the human E2A AD1 domain, and the con-
served phenylalanine in LDFS was replaced by an ala-tained a region of homology to AD1 (Figures 1A and 1B).

Intriguingly, Rtg3p, like E2A, is a member of the helix- nine at amino acid position 22 (F22A). Next, we intro-
duced either the wild-type or mutant GAL4-AD1 proteinsloop-helix family of transcription factors (Jia et al., 1997).

The region of similarity to AD1 was located at the ex- into HeLa cells along with a luciferase reporter gene
driven by five GAL4-binding sites (Figure 2A). Mutationtreme amino terminus of Rtg3p, a position similar to the

location of AD1 in the class I HLH proteins (Figure 1A). of the aspartic acid had some effect on AD1 activity, with
levels dropping to 50% of the wild-type value (Figure 2A).Sequence alignment of this region of Rtg3p with the

vertebrate E proteins revealed a significant homology The F22A mutant, however, was severely crippled in its
transactivation capability, showing a 15-fold decrease inwithin the AD1 helix (Figure 1B). Rtg3p displays a 31%

identity/53% similarity to the E2A AD1 over a 36–amino activity (Figure 2A). Western blot analysis demonstrated
that both the wild-type and mutant AD1 proteins wereacid segment (Figures 1A and 1B). Most striking is the

presence of an absolutely conserved block of residues, expressed at comparable levels in HeLa cells (Figure
2B). The activities of the D21A and F22A AD1 mutantsLDFS, which is present in each of the HLH proteins

presented here (Figure 1B). were also determined in Saccharomyces cerevisiae.
Whereas the D21A mutation had little effect, the F22APrevious studies have demonstrated that the region

of AD1 containing the LDFS motif can adopt an a-helical mutant showed a 4-fold reduction in activity as com-
pared to the wild-type AD1 domain (data not shown).structure that is critical for its activity in both yeast and

mammalian cells (Massari et al., 1996). Therefore, we These data demonstrate that the LDFS motif is required
for AD1 activity in both yeast and mammalian cells.analyzed this region of Rtg3p for potential secondary

structure using both the Chou-Fasman and Robson-Gar-
nier algorithms (Chou and Fasman, 1974; Garnier et al., The Rtg3p AD1-like Domain Activates Transcription

and Requires the LDFS Motif1978). Both algorithms predict a helical structure pres-
ent between amino acids 5 and 36 of Rtg3p (data not The data described above indicate that the LDFS motif

is required for AD1-mediated transactivation. To deter-shown). Interestingly, when the homologous amino-ter-
minal regions of E2A and Rtg3p are plotted on a helical mine whether the Rtg3p amino-terminal region con-

taining the LDFS motif is also capable of activating tran-wheel, the residues conserved between E2A and Rtg3p
form two groups present on opposite faces of the helix scription, the first 99 amino acids were fused in-frame

to the LexA DNA-binding domain (DBD) and expressed(not shown). Molecular modeling of the conserved region
of AD1 further reveals that the highly conserved LDFS in a yeast strain harboring a LacZ reporter plasmid

driven by three LexA-binding sites. Plasmid-bearingresidues lie on opposing faces of the helix (Figure 1C).
yeast were then assayed for b-galactosidase activity
(Figure 2C). As expected, LexA–Rtg3p(1–99) was capa-LDFS Motif Is Required for Transactivation

In order to determine whether the LDFS motif is required ble of activating transcription of the LexAop-LacZ re-
porter gene (Figure 2C). Although LexA–Rtg3p(1–99)for transcriptional activation, we generated mutations

within the AD1 helical region that were designed to elimi- was a significantly weaker activator than LexA–AD1, it
showed activity at least 100-fold higher than that of LexAnate these conserved residues. An alanine was substi-

tuted for the conserved aspartic acid in LDFS at position alone (Figure 2C and data not shown).
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Table 1. Toxicity of AD1 Overexpression in Yeast Correlates with
Transcriptional Activity

Slow
GAL4–AD1 Fusiona Mutationa Transactivationb Growthc

Wild type — 1 1

Mutant 1 E15P, D18P 2 2

Mutant 2 L19R, F22R 2 2

Mutant 3 S58G, W59Y 1 1

Mutant 4 D21P, M24P 2 2

Mutant 5 S48A 1 1

Mutant 6 S67A, S68A 1 1

GAL4–E2-2 AD1 — 1 1

GAL4–HEB AD1 — 1 1

a The GAL4–E2A AD1 and GAL4–E2-2 AD1 2m expression plasmids
have been described previously (Massari et al., 1996). Mutants 1,
2, and 4 target the potential a helix of AD1.
b Transactivation is defined here as the ability to activate transcrip-
tion of an integrated GAL1–lacZ reporter gene present in the yeast
strain yWAM2 (Wang and Reed, 1993) or strain Y190 (Durfee et al.,
1993) for E2-2 and HEB. Reporter gene activation was assayed by
a qualitative X-gal filter lift assay. Blue colony color is indicated
as a plus and white as a minus. These data are consistent with
quantitative b-galactosidase assays performed previously (Massari
et al., 1996).
c Transformants that grew very slowly on selective media as com-
pared to empty vector controls are indicated by a plus. Normal
growth is denoted by a minus. These tiny colonies were barely
visible after 4 days at 308C.

Figure 3. The Integrity of the Putative Helical Region of Rtg3p(1–99)
contributed to its ability to activate transcription, a seriesIs Essential for Its Activity
of amino acid substitutions were generated within and(A) Summary of the Rtg3p mutants used in this study. Shown is a
surrounding the LDFS motif (Figure 3A). Both the wild-schematic depiction of the Rtg3p(1–99) protein fused to either the
type and mutant forms of LexA–Rtg3p(1–99) were intro-GAL4 or LexA DNA-binding domain (DBD). The black bar indicates

the position of the predicted helix present in the amino-terminal duced into yeast in order to determine their transcrip-
region of Rtg3p. Amino acid substitutions introduced into the Rtg3p tional activity (Figure 3B). Significantly, mutations that
mutants are highlighted by blackened boxes. targeted the LDFS motif exhibited a dramatically re-
(B) Activity of the LexA–Rtg3p(1–99) derivatives in the yeast strain

duced activity (Figure 3B). For example, substitution ofPSY316. Yeast were cotransformed with the indicated LexA–Rtg3p
the conserved phenylalanine residue for alanine atexpression vector and the LacZ reporter plasmid, JK103, and as-
amino acid position 31 of Rtg3p resulted in a 40-foldsayed for b-galactosidase activity. To the right of the histogram is

a Western blot showing the levels of the LexA–Rtg3p fusions present loss of activity as compared to wild type (Figure 3B).
in whole-cell extracts derived from the same yeast transformants When the same Rtg3p mutants were tested as GAL4
used for the b-galactosidase assay. Lane 1, LexA; lanes 2–6, LexA– DBD fusions in mammalian cells, their activities were
Rtg3p(1–99) derivatives. Lane 2, WT; lane 3, mutant 1; lane 4, mutant

strikingly similar to those seen in yeast (Figure 3C). The2; lane 5, mutant 4; lane 6, mutant F31A.
transactivation potential of the proline substitution mu-(C) Activity of the various GAL4–Rtg3p(1–99) mutant proteins relative
tants (mutants 1 and 4) and the F31A mutant were re-to GAL4–Rtg3p WT in HeLa S3 cells. Shown in the right panel is a

Western blot of whole-cell lysates of HeLa S3 cells transfected with duced by greater than 80% (Figure 3C). The arginine
the various GAL4–Rtg3p(1–99) expression plasmids. Lane 1, GAL4 substitutions within the putative helical region of Rtg3p
DBD; lanes 2–6, GAL4–Rtg3p(1–99) derivatives. Lane 2, WT; lane 3, had the most dramatic effects on activity, reducing
mutant 1; lane 4, mutant 2; lane 5, mutant 4; lane 6, mutant F31A.

transactivation function by 90% in HeLa cells and by
approximately 99% in yeast (Figures 3B and 3C). West-
ern blot analysis of the wild-type and mutant Rtg3pTo determine if the Rtg3p AD1-like region could func-

tion as an activator in mammalian cells, the Rtg3p(1–99) fusion proteins in both yeast and HeLa cells revealed
that the fusions were expressed at comparable levelssegment was fused in-frame with the GAL4 DNA-binding

domain, and the resulting expression vector was intro- (Figures 3B and 3C). These data suggest that, like AD1,
the region of Rtg3p containing the LDFS motif is criticalduced by transient transfection into HeLa cells along

with a luciferase reporter gene under the control of five for its ability to activate transcription.
GAL4-binding sites (Figure 2D). Activation of the lucifer-
ase reporter by GAL4–Rtg3p(1–99) was consistently ob- Toxicity of GAL4–Rtg3p and GAL4–AD1 in Yeast

Requires the Presence of Ada2 and Gcn5served, although it was substantially weaker than that
of GAL4–AD1 (Figure 2D and data not shown). These During the course of our transactivation studies, we

noticed that overexpression of GAL4–AD1 in yeast wasdata demonstrate that the Rtg3p AD1-like domain shares
similar functional properties with the E2A AD1 transacti- growth inhibitory (Table 1). Yeast transformed with high-

copy plasmids expressing GAL4–AD1 but not the GAL4vation motif in both yeast and mammalian cells.
To assess whether the LDFS motif present in Rtg3p DNA-binding domain (DBD) alone grew slowly and ap-
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peared as tiny colonies after incubation for many days
at 308C (Table 1). The toxic phenotype was also con-
ferred by overexpression of either the GAL4–E2-2 or
GAL4–HEB AD1 fusion proteins (Table 1). Interestingly,
there was a correlation between transactivation capabil-
ity and toxicity of the various GAL4–AD1 derivatives
(Table 1). For example, mutations in the LDFS motif that
severely compromised activity in yeast were not toxic
when expressed as GAL4 fusions (Table 1).

The acidic activation domains of VP16, Bel-1, and p53
have also been shown to be toxic when overexpressed
as GAL4 fusions in yeast (Berger et al., 1992; Blair et
al., 1994; Candau et al., 1997). As with the AD1 domain,
mutations within VP16 that reduce transactivation in yeast
also relieve toxicity (Berger et al., 1992). These data sug-
gest that like VP16, the toxic effects of AD1 overexpression
may be due to transcriptional squelching (Berger et al.,
1992). Mutations in the ADA/GCN5 genes, which encode
subunits of the SAGA and Ada HAT complexes, relieve
the toxic effects of overexpression of GAL4–VP16 (Ber-
ger et al., 1992; Pina et al., 1993; Horiuchi et al., 1995,
1997; Grant et al., 1997). Therefore, we tested whether
yeast strains deleted for either the ADA2 or GCN5 genes
would be resistant to GAL4–AD1-mediated toxicity.
High-copy plasmids driving expression of GAL4–AD1,
GAL4–AD1 mutant 2, or GAL4 DBD alone were trans-
formed into the yeast strain PSY316 or into isogenic
strains harboring a deletion of either the ADA2 (Dada2)
or GCN5 (Dgcn5) gene (Figure 4A). Neither the GAL4
DBD nor a transcriptionally inactive derivative of GAL4–
AD1 was toxic when overexpressed in these strains (Fig-
ure 4A). As expected, GAL4–AD1 induced a slow growth

Figure 4. Phenotype of Yeast Overexpressing GAL4–AD1 or GAL4–phenotype in the PSY316 strain, as indicated by the
Rtg3p(1–99)

presence of tiny colonies (Figure 4A). Surprisingly, how-
(A) Overexpression of GAL4–AD1 in ada2 and gcn5 mutants is notever, the Dada2 and Dgcn5 strains overexpressing toxic. High-copy plasmids encoding GAL4 DNA binding-domain

GAL4–AD1 grew normally (Figure 4A). An isogenic Dada3 alone (vector), GAL4–AD1 wt, or GAL4–AD1 mutant 2 were trans-
strain was also completely resistant to GAL4–AD1 over- formed into the indicated strains and allowed to grow on synthetic

complete media lacking histidine and containing 2% dextrose for 4expression (data not shown). The resistance to toxicity
days at 308C before being photographed.was not due to a lack of expression of GAL4–AD1, as
(B) Overexpression of GAL4–Rtg3(1–99) is toxic in yeast. The yeastimmunoblot analysis confirmed the presence of the AD1
strain PSY316 (WT) and an isogenic mutant strain PSY Dada2 werefusion proteins in the Dada2 and Dgcn5 strains (data transformed with 2m-based plasmids constitutively expressing

not shown). GAL4 DBD (pMA424), GAL4–Rtg3p(1–99) wild type, or GAL4–
Because of the remarkable functional similarities of Rtg3p(1–99) mutant 2. Transformants were grown for 3 days at 308C

before being photographed.the E2A AD1 domain with the conserved region of Rtg3p,
we tested whether overexpression of GAL4–Rtg3p(1–99)
in yeast would be growth inhibitory. The GAL4 DBD,
GAL4–Rtg3p(1–99) wild-type, and the transcriptionally expression as well as for regulation of V(D)J recombina-
compromised mutant, GAL4–Rtg3p mutant 2, were trans- tion (Schlissel et al., 1991; Bain et al., 1994; Choi et al.,
formed separately into either PSY316 wt or Dada2 mu- 1996; Sigvardsson et al., 1997; Kee and Murre, 1998;
tant yeast. Transformants expressing GAL4 DBD alone Bain et al., 1999). This raised the possibility that E2A
or GAL4–Rtg3p mutant 2 grew normally (Figure 4B). gene products may function to control accessibility of
However, wild-type yeast harboring the GAL4–Rtg3p(1– the variable region segments to the recombination-acti-
99) plasmid formed tiny, slow growing colonies on the vating (RAG) proteins. Thus, it is conceivable that the
selective media (Figure 4B). This phenotype is indistin- E2A proteins allow access to Ig and TCR loci by recruit-
guishable from that of wild-type yeast overexpressing ment of protein(s), such as HATs, that are capable of
GAL4–AD1. In contrast, expression of GAL4–Rtg3p(1– modifying chromatin structure. Consistent with such a
99) in the Dada2 strain did not cause a slow growth model, the AD1 overexpression studies in yeast sug-
phenotype (Figure 4B). gested to us that an activation domain present in E2A

may function through a HAT complex. To determine
whether the AD1 domain requires the Ada or SAGA HATThe Activity of the LDFS Motif Is Dependent
complexes for activity, we analyzed the ability of theupon Ada2p and Gcn5p
E2A AD1 domain to activate transcription in Dada2 andPrevious studies indicated that the E2A proteins are

required for the induction of lymphocyte-specific gene Dgcn5 strains. Deletion of either of these genes renders
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the wild-type and Dada2 and Dgcn5 mutant strains (Fig-
ure 5B). The HAP4 activation domain has been pre-
viously shown to activate through an Ada/Gcn5-inde-
pendent mechanism (Berger et al., 1992). As expected,
the activation function of HAP4 was not affected in the
Dada2 and Dgcn5 backgrounds (Figure 5B).

To determine whether the AD1-like region of Rtg3p
similarly requires the Ada or SAGA complexes for func-
tion, we tested a LexA–Rtg3p(1–99) fusion for activity in
the PSY316 wt, Dada2, and Dgcn5 strains. Wild-type
and mutant yeast stains carrying a LexA–Rtg3p(1–99)
expression plasmid and a LexA–LacZ reporter were
patched onto X-gal plates to assess b-galactosidase
gene activity (Figure 5C). Similar to the LexA–AD1, LexA–
HAP4, and LexA–GAL4 activators, LexA–Rtg3p(1–99)
was able to activate the LacZ reporter gene in the
PSY316 strain, albeit more weakly (Figure 5C). As ex-
pected, both LexA–HAP4 and LexA–GAL4 were capable
of activating transcription in the mutant strains as well
since they have been shown to function through an Ada/
Gcn5-independent pathway (Berger et al., 1992; Pina et
al., 1993). There was, however, a dramatic reduction
in LexA–Rtg3p(1–99) activity in the Dada2 and Dgcn5
mutants, as these strains failed to turn blue on X-gal
indicator media (Figure 5C). Quantitative b-galactosi-
dase assays demonstrated that transactivation capa-
bility of LexA–Rtg3p(1–99) was reduced 30-fold in the
Dgcn5 background (Figure 5D).

One explanation for the inability of the LexA–AD1 and
LexA–Rtg3p(1–99) fusions to activate in the Dada2/gcn5
mutant strains could be due to reduced expression or
stability of the activators. Western blot analysis, how-

Figure 5. AD1 Activates Transcription through an Ada/Gcn5-Depen- ever, confirmed that both LexA–AD1 and LexA–Rtg3p(1–
dent Pathway 99) were expressed at comparable levels in both wild-
(A) The LexA–AD1 expression vector was transformed into each of type and Dada2/Dgcn5 strains (Figure 5E and data not
the indicated yeast strains along with the LexAop–LacZ reporter

shown). In summary, both the AD1 and Rtg3p AD1-plasmid, JK103. Transformants were subsequently measured for
like domains absolutely require Ada2p and Gcn5p and,b-galactosidase activity using a quantitative liquid assay.
therefore, functional Ada or SAGA complexes to activate(B) As a positive control, b-galactosidase activity was measured

from the indicated strains carrying a LexA–HAP4 expression vector. transcription in budding yeast.
Each value shown represents the average of three independent
transformants from a typical assay. Each assay was performed at

AD1 Directly Interacts with the SAGA Complexleast three times, yielding comparable results. Error bars represent
In Vitro and Requires the LDFS Motifstandard deviations. b-galactosidase activity is given in units.
The genetic data presented above clearly demonstrate(C) X-gal plate assay. Transformants harboring the LacZ reporter

plasmid, JK103, and the indicated LexA fusion expression vector that AD1 requires Ada or SAGA complexes for function
were initially selected on synthetic medium lacking uracil and histi- in yeast. In order to determine if these complexes are
dine and then streaked onto X-gal indicator plates lacking uracil being directly recruited by AD1, we performed a series of
and histidine. The plates were incubated at 308C for 20 hr before

glutathione S-transferase (GST) pulldown assays. Nativebeing photographed.
SAGA complexes were purified from yeast extracts(D) Quantitative b-galactosidase assay measuring the transcrip-
(Grant et al., 1997). GST fusion proteins bearing wild-tional activity of LexA–Rtg3p(1–99) in the yeast strains PSY316 (WT)

and PSYDada2. Shown are average values of four independent type AD1 or mutant derivatives were first loaded onto
transformants with error bars representing standard deviations. beads and then incubated with purified SAGA com-
(E) Western blot assay showing the levels of the LexA–Rtg3p(1–99) plexes (Utley et al., 1998; Grant et al., 1998b). Next, both
fusion protein in the indicated yeast strains.

the supernatant and the washed bead fractions were
assayed for their ability to acetylate a nucleosomal sub-
strate and analyzed by SDS-PAGE electrophoresis andthe Ada and SAGA complexes devoid of HAT activity

(Grant et al., 1997, 1998a). Both wild-type and mutant fluorography. Indeed, GST–AD1 was able to interact with
the purified SAGA complexes, as indicated by the his-yeast strains were cotransformed with a LexA–AD1 ex-

pression plasmid and a LacZ reporter gene driven by tone H3 acetylase activity associated with the bead frac-
tion (Figure 6A). These pulldown experiments were car-LexA-binding sites. Individual transformants were sub-

sequently assayed for b-galactosidase activity (Figure ried out in parallel with three GST–AD1 mutants: mutant
1, mutant 2, and mutant 4 (Figure 6A). Each of these5A). Strikingly, the transactivation capability of the LexA–

AD1 protein was reduced over 100-fold in the Dada2 mutant AD1 proteins contains a disruption of the con-
served helix and were shown to be defective for activa-and Dgcn5 strains (Figure 5A). As a control, the tran-

scriptional activity of LexA–HAP4 was assessed in both tion in both yeast and mammalian cells (Massari et al.,
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for the regulation of DNA rearrangements that occur
during lymphocyte development.

A Novel, Highly Conserved Motif Restricted to a Subset
of HLH Proteins Is Required for Transactivation
and Recruitment of the SAGA Complex
E2A, HEB, and E2-2 gene products are closely related
in their expression patterns and biochemical properties.
They also share significant sequence homology in re-
gions outside of their HLH domain. Most striking is their
sequence homology in the AD1 and AD2 transcriptional
activation domains. The studies described here reveal
that another HLH protein, Rtg3p, shares significant ho-
mology with the class I HLH-restricted AD1 domain.
Rtg3p functions as a transcriptional activator and is
required for the expression of the CIT2 gene, which

Figure 6. AD1 and Rtg3p(1–99) Directly Interact with the SAGA HAT encodes an isoform of citrate synthase (Jia et al., 1997;
Complex In Vitro Rothermel et al., 1997). Rtg3p also contains the LDFS
(A) A GST pulldown assay was performed with purified SAGA com- motif in its amino-terminal domain. The LDFS motif is
plexes and GST–AD1 (AD1), and the following GST–AD1 mutants: present within a region of AD1 that has been shown by
mutant 1 (M1), mutant 2 (M2), mutant 4 (M4), and GST–Rtg3p(1–99) circular dichroism analysis to be helical (Massari et al.,
(Rtg3). After the binding reaction was completed, both the superna-

1996). The mutational analysis of Rtg3p is consistenttant (S) and the bead (B) fractions were assayed for HAT activity
with the idea that a helical secondary structure is ausing a nucleosomal substrate. Histone H3 acetylation (arrow),
conserved and essential feature of this particular trans-which indicates the presence of SAGA HAT activity, was revealed

by fluorography. IN represents 100% of SAGA HAT activity used as activation domain. Additionally, we show that substitu-
input. tions within the LDFS motif dramatically reduce the
(B) AD1 does not interact with the Ada complex. The GST pulldown transactivation ability of Rtg3p.
assay was performed as described above. Does recruitment of SAGA by Rtg3p play a role in

CIT2 gene expression? A recent study has described
changes in global gene expression patterns in yeast

1996). All three mutants showed a dramatic reduction in strains lacking components of the SAGA complex
their ability to bind SAGA as compared to the wild-type (Holstege et al., 1998). In Gcn5 null mutant strains, CIT2
GST–AD1 fusion (Figure 6A). Significantly, mutants 2 gene expression was reduced to approximately 50%
and 4, both of which contain a disruption of the LDFS of wild-type levels (www.wi.mit.edu/young/expression.
motif, did not exhibit detectable binding to SAGA (Fig- html). Consistent with the findings presented here, these
ure 6A). data indicated that a functional SAGA complex is re-

To determine whether a GST–Rtg3p(1–99) fusion pro- quired for proper CIT2 gene regulation.
tein could interact with the SAGA complex, a GST– The absolute conservation of the LDFS motif suggests
Rtg3P(1–99) fusion protein was incubated with purified that it may form a surface that mediates protein–protein
SAGA complexes and assayed for its ability to acetylate interactions. The SAGA complex directly interacts with
nucleosomes (Figure 6A). The GST–Rtg3p(1–99) fusion the amino-terminal activation domains of both E2A and
bound strongly to the SAGA complex, as all the HAT Rtg3p in a manner that is dependent upon the integrity

of the helix and the LDFS motif. Furthermore, both theactivity was associated with the bead fraction (Figure
molecular modeling and helical wheel analysis reveal6A). In summary, these data demonstrate that the inter-
that these conserved amino acids form groups on oppo-action between AD1 and the SAGA complex is specific
site faces of the proposed helix. We suggest that theseand requires the integrity of the LDFS motif.
conserved residues directly interact with a subunit(s)Our genetic studies suggest that the LDFS motif may
present in the SAGA complex in a manner that requiresalso interact with the related HAT complex, Ada. To
contact from both sides of the helix. This raises thedetermine if Ada was also capable of interacting with
question: which component(s) of SAGA contact thethe LDFS motif, we performed pulldown assays with
LDFS motif? To address this issue, we have performedpurified Ada complexes and GST–AD1 (Figure 6B). In
a series of pulldown assays with GST–AD1 and subsetcontrast to the results seen with SAGA, Ada was not
of proteins found in the SAGA complex, including Ada1,capable of interacting with the LDFS motif (Figure 6B).
Spt3, Spt7, Spt8 and Spt20, TAFII 17/20, TAFII 25, TAFII

60, TAFII 68, TAFII 90, and Tra1. None of these SAGA
Discussion components were individually capable of interacting

with the LDFS motif (C. M. and M. E. M., unpublished
The genetic and biochemical experiments presented data). The Ada complex, like SAGA, contains the Ada2,
here demonstrate that the direct recruitment of the nu- Ada3, and Gcn5 proteins. Since the AD1 domain does
clear HAT complex, SAGA, by a highly conserved motif not bind to purified Ada complexes, it seems unlikely
present in a class of HLH proteins, is necessary to acti- that the LDFS motif is interacting with the Ada2, Ada3,
vate transcription. These data strongly suggest that or Gcn5 components present within SAGA. Future stud-
E2A, HEB, and E2-2 regulate transcription by directing ies will be directed at understanding the LDFS–SAGA
chromatin modifying activity to target genes. Addition- interaction in greater detail. In particular, it will be inter-

esting to determine whether opposing faces of the helixally, the findings described here may have implications
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interact with one particular component of SAGA or with factors that have the ability to influence V region gene
usage during the recombination process. Furthermore,distinct polypeptides within the complex.
regulation of ordered V(D)J rearrangement is sensitive
to the dosage of E2A, as mice heterozygous for E2AThe Role of the LDFS Motif
show significant alterations in rearrangement levelsin E2A-Mediated Transactivation
(Bain et al., 1999). Recently, we have obtained directPrevious studies have shown that the nuclear HAT p300
evidence that the E2A proteins regulate Ig kappa VJis capable of enhancing E2A-directed transcriptional ac-
recombination as well (B. Romanow and C. M., unpub-tivation (Eckner et al., 1996; Qiu et al., 1998). Transient
lished data). E2A has also been implicated in the controltransfection experiments performed in mammalian cells
of Ig isotype switching (Goldfarb et al., 1996).have demonstrated that p300 potentiates E box–depen-

There are various other ways in which E2A might regu-dent reporter gene activation by E47 (Eckner et al.,
late the accessibility of the recombination signal se-1996). More recently, p300 has been shown to enhance
quences (RSSs) to the recombination machinery. Athe ability of both AD1 and AD2 to activate transcription
number of studies have suggested that transcriptionalin transfection assays (Qiu et al., 1998). These studies,
enhancers play important roles in modulating the acces-however, did not demonstrate a direct interaction with
sibility of the gene segments to the recombination ma-p300 and E2A in vitro, opening the possibility that their
chinery. Interestingly, E2A protein–binding sites haveassociation is indirect. Here, we demonstrate that the
been identified in the enhancer elements of each of theAD1 transactivation domain can directly interact with a
Ig enhancers, as well as in the TCR b and d enhancersdistinct nuclear HAT complex, called SAGA, that has
(Redondo et al., 1990, 1991; Takeda et al., 1990; Sleck-been highly conserved throughout evolution. Taken to-
man et al., 1996). Targeted deletion of the Ig enhancersgether, these studies suggest that the E proteins may
leads to an impairment of both light and heavy chainstimulate transcription through the selective recruitment
gene rearrangement (Sleckman et al., 1996). These dataof different HAT activities to target genes.
have raised the question: how do E2A proteins controlThe amino-terminal transactivation domains present
DNA rearrangement? We would like to propose that thein E2A may also play an important role in the develop-
LDFS motif present in E2A allows the recruitment of ament of two distinct subsets of human leukemia. In
mammalian HAT complex to target genes. Modificationpro-B acute lymphoblastic leukemia (ALL), a t(17;19)
of nucleosomes by HAT activity could open up chroma-chromosomal translocation results in the fusion of the
tin and allow accessibility to recombination factors. In-E2A gene to a gene encoding a novel bZIP family tran-
deed, hADA2 and hGCN5 are expressed in B cellsscription factor called HLF (Inaba et al., 1992). In 25%
(M. E. M. and C. M., unpublished data), suggesting thatof pre-B ALLs, a t(1;19) translocation fuses E2A to a
hGCN5 HAT complexes are available for recruitment byhomeobox gene called Pbx1 (Kamps et al., 1991). Both
DNA-bound E2A homodimers. Interestingly, hGCN5 alsochromosomal translocations result in the expression of a
interacts with Ku and the DNA-dependent protein kinasechimeric protein that is composed of the amino-terminal
DNA-PK, which are involved in V(D)J recombinationtransactivation domains of E2A linked to a heterologous
(Blunt et al., 1995; Finnie et al., 1995; Barlev et al., 1998).DNA-binding domain (Kamps et al., 1991; Inaba et al.,
It will be interesting to determine whether dominant-1992). It is likely that the development of lymphomas
negative forms of hGCN5 have the ability to block DNAmay result from the inappropriate expression of target
rearrangement mediated by the E2A proteins.genes normally regulated by Pbx1 or HLF (Hunger et

al., 1992; Dedera et al., 1993; Yoshihara et al., 1995). In
support of this, E2A–Pbx1 but not Pbx1 has been shown

Conclusionto be a potent transactivator (van Dijk et al., 1993; Lu
The data described here identify a novel motif, LDFS,et al., 1994). Deletion studies have demonstrated that
which directs histone acetyltransferase activity to nucle-the AD1 domain is required for both E2A–Pbx1 and E2A–
osomes of target genes regulated by a set of HLH pro-HLF-mediated transformation of NIH 3T3 cells (Monica
teins. Both the LDFS motif and its molecular target,et al., 1994; Yoshihara et al., 1995). The integrity of the
the SAGA complex, are strikingly conserved throughoutAD1 domain is also necessary for the antiapoptotic ef-
eukaryotic evolution and may function to regulate tran-fects of E2A–HLF (Inukai et al., 1998). Based on the data
scription and gene rearrangement.presented here, it is likely that both the E2A–Pbx1 and

E2A–HLF chimeric oncoproteins require recruitment of
nuclear HATs in order to exert their transforming activi- Experimental Procedures
ties in vivo.

Plasmid Construction
Details on the construction of plasmids used in this study are avail-The Potential Role for SAGA in V(D)J Recombination
able upon request or by visiting http://www.molecule.org/cgi/It is intriguing that the E2A proteins have been implicated
content/full/4/1/63/DC1.

in both Ig and TCR V(D)J recombination. Overexpression
of E47 in a pre–T cell line leads to the induction of IgH

Yeast Strains and MediaDJ rearrangements (Schlissel et al., 1991). Rearrange-
The yeast strains PSY316 (ade2-101 Dhis3-200 leu2-3,112 lys2 ura3-ments to particular TCR g and d V regions are signifi-
53) and the isogenic derivatives PSY Dada2 and PSY Dgcn5 havecantly reduced in E2A-deficient thymocytes, presum-
all been described (Berger et al., 1992; Candau et al., 1996). Yeast

ably due to an inability to efficiently cleave the DNA at transformations were done according to a modification of the lithium
the recombination signal sequence (Bain et al., 1999). acetate method (Durfee et al., 1993). Yeast media were prepared

as described (Ausubel et al., 1991).These data identified the E2A proteins as transcription
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b-Galactosidase Assays of the manuscript; and Elsa Locardi for computer modeling. This
work was supported by the National Institutes of Health (C. M.);Qualitative b-galactosidase assays were performed as follows: in

brief, yeast transformants were transferred to nitrocellulose, perme- The National Institutes of General Medical Sciences (GM47867 to
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