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A conserved region, designated the AD1 domain, is present in a class of helix-loop-helix (HLH) proteins, E
proteins, that includes E12, E47, HEB, E2-2, and a Xenopus laevis HLH protein closely related to E12. We
demonstrate that the AD1 domain in E2A and the conserved region of E2-2 activate transcription in both yeast
and mammalian cells. The AD1 domain contains a highly conserved putative helix that is crucial for its trans-
activation properties. Circular dichroism spectroscopy data show that AD1 is structured and contains dis-
tinctive helical properties. In addition, we show that a synthetic peptide corresponding to the conserved region
is unstructured in aqueous solution at neutral pH but can adopt an a-helical conformation in the presence of
the hydrophobic solvent trifluoroethanol. Amino acid substitutions that destabilize the helix abolish the
transactivation ability of the AD1 domain. Both structural and functional analyses of AD1 reveal striking
similarities to the acidic class of activators. Remarkably, when wild-type and mutant proteins are expressed in
mammalian cells and Saccharomyces cerevisiae, identical patterns of transactivation are observed, suggesting
that the target molecule is conserved between S. cerevisiae and mammals. These data show that transactivation
by E proteins is mediated, in part, by a strikingly conserved peptide that has the ability to form a helix in a
hydrophobic solvent. We propose that the unstructured domain may become helical upon interaction with its
cellular target molecule.

A new class of helix-loop-helix (HLH) proteins, the E pro-
teins, that includes E12, E47, E2-2, HEB, and daughterless has
recently emerged (for a review, see reference 29). Each of
these proteins is expressed in many different lineages, and each
of them has the ability to bind either as a homo- or as a
heterodimer to DNA (29, 30). They are closely related in their
DNA-binding and dimerization domain, the HLH motif (29,
30). Two E proteins, E12 and E47, are encoded by one gene,
the E2A gene, and arise through differential splicing (31, 44).
E12 and E47 are involved in many different developmental
pathways, including B-cell differentiation, myogenesis, and
pancreatic development (9, 25, 33, 42). In B cells, E2A prod-
ucts bind as homodimers to E box elements present in both the
immunoglobulin heavy- and light-chain gene enhancers (33).
Studies with E2A knockout mice have demonstrated that E2A
proteins are required for B-cell development (4, 50). In mus-
cle-derived cells, E2A molecules form heterodimers with myo-
genic regulators, including MyoD, myogenin, and myf-5 (25,
32). E2-2 is highly expressed in pre-B cells and binds as ho-
modimers to E box sites present in the immunoglobulin heavy-
and light-chain gene enhancers (17). HEB is particularly abun-
dant in T cells, and it has been suggested to be involved in the
control of CD4 gene expression (18, 41). Daughterless is in-
volved in Drosophila sex determination and neurogenesis (5, 6,
8, 11).
The E2A gene is also involved in two acute lymphoblastoid

leukemias (ALL). In pro-B ALL, the E2A gene is translocated
to a gene, designated HLF, located on chromosome 17 (19,
20). This translocation event replaces the E2A HLH domain
with that of a leucine zipper DNA-binding and dimerization
domain (19, 20). In pre-B ALL, involving a t(1;19) transloca-

tion, the E2A HLH domain is replaced with a homeodomain
derived from the Pbx1 gene (24, 35). The E2A N-terminal
domain has been shown previously to be involved in transcrip-
tional activation (2, 17, 38). One transactivation domain, des-
ignated the loop-helix or activation domain 2 (AD2), has been
well characterized (2, 38). Mutations in this region abolish
transactivation. An additional region of E2A, designated AD1,
has also been shown to function as an activation domain (2).
Here, we identify a strikingly conserved stretch of amino

acids, containing helical structure, that is present in each of the
E proteins. We show, using circular dichroism (CD) spectros-
copy, that this conserved region of E2A is unstructured in
aqueous solution but has distinctive helical properties in a
hydrophobic solvent. We further demonstrate that mutations
of conserved residues in the helix obliterate E2A-mediated
transactivation in both yeast and mammalian cells and propose
that the conserved helix plays a crucial role in mediating the
transactivation abilities of E proteins.

MATERIALS AND METHODS

Plasmid construction. The sequence encoding amino acids 1 to 99 of E2A was
amplified by PCR with a full-length E12 cDNA template and the following
primers: 59 GGG GAA TTC ATG AAC CAG CCG CAG AGG ATG 39 and 59
GGG GAA TTC CCG AGT CCC GGT CCC AGG AAT 39. The resulting
EcoRI fragment was ligated into plasmid pBXG1 digested with EcoRI to create
an in-frame fusion with the GAL4 DNA-binding domain. The sequence encod-
ing amino acids 1 to 99 of E2-2 was amplified by PCR with the following primer
set: 59 ATA GCC CGG GAA TGC ATC ACC AAC AGC GAA TG 39 and 59
ATA GGG ATC CTC ATC TGG AAT TGA CAA AAG GTG G 39. The PCR
fragment was digested with SmaI and BamHI and ligated into pBXG1 which was
cut with EcoRI (blunt-ended with Klenow fragment) and BamHI. 39 deletions
were generated with a Double Stranded Nested Deletion Kit according to the
manufacturer’s protocol (Pharmacia Biotech, Inc.).
Site-directed mutagenesis of the AD1 domain was performed with a Double-

Take Double-Stranded Mutagenesis Kit as per the manufacturer’s instructions
(Stratagene). The following oligonucleotides were used for mutagenesis: 59GAA
GTC CAG GAG GGG ACT GAG CGG CTT GTC TGT GCC 39 (mutant 1); 59
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GAA CAT CAT GCT GCG GTC CAG GCG GTC ACT GAG CTC 39 (mutant
2); 59 GTC GCC GCT GCC GTA GGC GCC TGA GCT GGG 39 (mutant 3);
59 CAG CGG GAA CAT CGG GCT GAA GGG CAG GAG GTC ACT 39
(mutant 4); 59 GTC CTC AAG ACC TGC ACC TCC GAA CTG 39 (mutant 5);
and 59 GCT GGG GTC AAA GGC GGC GCT GCT CTG GTC 39 (mutant 6).
Mismatched nucleotides are indicated in boldface. All constructs described
above were verified by sequencing with a Sequenase version 2.0 DNA sequencing
kit in accordance with the manufacturer’s instructions (U.S. Biochemical).
Cell culture and transfections. HeLa and COS cells were grown at 378C in a

5% CO2-containing atmosphere in Dulbecco’s modified Eagle’s medium supple-
mented with 10% bovine calf serum. HeLa cells were transiently transfected by
the DEAE-dextran method (40). Cells were harvested after 48 h, and equivalent
amounts of protein were assayed for chloramphenicol acetyltransferase (CAT)
activity as described before (40).
Western immunoblot analysis. COS cells were plated at a density of 106 cells

per 10-cm dish and transfected 12 to 24 h later with 10 mg of expression plasmid
by the DEAE-dextran method. At 48 h posttransfection, the cells were harvested,
and 60 mg of protein extract was fractionated on a 12% polyacrylamide–sodium
dodecyl sulfate (SDS) gel, transferred to an Immobilon-P membrane (Millipore),
and probed with a monoclonal anti-GAL4 antibody (kindly provided by Rene
Bernards). The blots were then probed with an alkaline phosphatase-conjugated
secondary antibody. Bands were then visualized by an alkaline phosphatase
reaction (Promega). Individual yeast transformants were grown in synthetic
medium lacking histidine and harvested at an optical density at 600 nm (OD600)
of ;1. Yeast protein extracts were prepared as described before (48), and 28 mg
of protein was fractionated on a 15% polyacrylamide–SDS gel. Western blotting
was performed as above except that membranes were probed with a horseradish
peroxidase (HRP)-conjugated secondary antibody, and proteins were detected
by chemiluminescence (Amersham).
Yeast expression plasmids. E2A AD1 wild-type and mutant sequences were

excised as EcoRI fragments from the pBXG1 parent plasmids and ligated into
pMA424 (26) digested with EcoRI. A SmaI- and BamHI-digested PCR product
encoding E2-2 residues 1 to 99 was cloned into pAS1CYH2, a derivative of pAS1
(14), linearized with SmaI and BamHI. All constructs were sequenced to confirm
correct orientation and reading frame.

b-Galactosidase assay. Yeast strain yWAM2 (MATa Dgal4 Dgal80 URA3::
GAL1-lacZ lys2801amber his3-D200 trp1-D63 leu2 ade2-101ochre CYH2 [46]) was
transformed with the various GAL4-E2A AD1 expression plasmids by the lith-
ium acetate method (21). Individual transformants were grown to saturation in
SC-His (3) and diluted 1:100 into synthetic medium lacking histidine and con-
taining 2% ethanol, 3% glycerol, and 2% galactose. Cells were harvested at
mid-log phase and assayed for b-galactosidase activity as described before (3).
Protein purification. To create a six-histidine tag (63His) at the C terminus of

AD1, the E2A PCR fragment encoding amino acids 1 to 99 was ligated into
pET21a (Novagen) cut with EcoRI. The resulting bacterial expression vector was
transformed into host strain BL21(DE3). Bacterial cultures were grown to an
OD600 of 0.6 and induced with 1 mM IPTG (isopropylthiogalactopyranoside).
Thirty minutes postinduction, rifampin (Sigma Chemical) was added to a final
concentration of 25 mg/ml, and the cultures were incubated for an additional 2.5
h at 378C. Harvesting, cell lysis, and purification by nickel chelate affinity chro-
matography were performed as described by the manufacturer (Novagen). The
E2A AD1 63His-tagged protein was .95% pure, as estimated by Coomassie
blue staining of samples run on SDS-polyacrylamide gels. Protein concentration
was determined by using an extinction coefficient (ε280) of 5,690 M21 cm21 (16).
Peptides were purchased from Chiron Mimotopes Peptide Systems and purified
by reverse-phase high-pressure liquid chromatography (HPLC). The purity of
the peptides was estimated by HPLC to be .95%. The concentrations of the
peptides used for CD studies were confirmed by quantitative amino acid analysis.
CD analysis. The CD spectra of protein and peptide samples were taken in 10

mM phosphate buffer, pH 7, containing 137 mM NaF. The E2A AD1 63His
protein was unfolded in the same buffer including 6 M guanidinium chloride.
2,2,2-Trifluoroethanol (TFE) was added to some samples, as indicated in the
legend to Fig. 7. CD spectra were recorded on an AVIV 61DS spectropolarim-
eter calibrated with a standard solution of 10-camphorsulfonic acid (22). Spectra
were recorded with a 0.5-nm bandwidth, a 0.5-nm step size, and a 4.0-s time
constant. Data were smoothed with a third-order polynomial function. CD spec-
tra were measured at 228C for E2A AD1 63His or at 98C for peptide samples.
The mean residue ellipticity, [u], is given in degrees times square centimeters per
decimole.

RESULTS

The amino terminus of E2A contains a stretch of amino
acids, including a putative helix, that is conserved among E
proteins. Previous studies established that the N terminus of
E2A contains two distinct transcriptional activation domains
(2, 17, 38) (Fig. 1A). Using the BLAST sequence alignment
algorithm (1), we identified a region of extensive homology
between E2A and two other E proteins, HEB and E2-2 (Fig.
1B). Search results revealed that E2A is 45% identical to HEB

and 44% identical to E2-2 over a 99-amino-acid stretch (Fig.
1B). This conserved stretch overlaps the previously identified
E2A activation domain, AD1 (2). We next examined this re-
gion for potential secondary structure with both the Chou-
Fasman and Robson-Garnier algorithms (7, 15). Chou-Fasman
analysis predicts an a-helical structure spanning amino acids
11 to 28 of E2A (Fig. 1D). The Robson-Garnier method also
predicts an a-helix within this same region (Fig. 1D). The
putative helix is not amphipathic, as determined from helical
wheel analysis (data not shown). This stretch of amino acids is
extremely well conserved among the various E proteins, dis-
playing an 83% identity to regions in both HEB and E2-2 (Fig.
1B). The evolutionary conservation of the putative a-helix is
striking, with XE12, a Xenopus laevis homolog of E2A.E12,
showing 100% identity, and Pan-2, the rat homolog of
E2A.E12, showing 94% identity within this 18-amino-acid
stretch (Fig. 1C). A recently identified zebra fish E12 homolog
also displays a remarkable 78% identity within this region (not
shown) (47).
The conserved region of E2A functions as a transcriptional

activation domain. To determine whether the conserved re-
gion of E2A functions as a transcriptional activation domain,
99 amino acids surrounding the proposed helix were fused in
frame to the DNA-binding domain of GAL4. The resulting
expression plasmid was transfected into HeLa cells with a CAT
reporter plasmid containing five GAL4 binding sites upstream
of the E1b TATA sequence and subsequently assayed for CAT
activity. Activation of the reporter gene to high levels was
consistently observed, indicating that the region surrounding
the putative helix can function as an independent transcrip-
tional activation domain (Fig. 2A). Furthermore, activation
was seen in all cell types tested, including LK, COS, Jurkat,
NIH 3T3, and PD31 (data not shown).
To determine whether the proposed helix is sufficient for

transactivation, we designed a series of E2A C-terminal dele-
tions (Fig. 2). Deletion of 26 residues completely abolished
transactivation potential in HeLa cells, reducing activity to
approximately 3%, indicating that the conserved helix is not
sufficient for transactivation (Fig. 2).
To determine whether the deleted products are actually

synthesized in the cells, we transfected the deleted GAL4-E2A
constructs, and protein from the transfected cells was isolated
and analyzed by Western blotting with a GAL4 antibody. The
GAL4-E2A deletion derivatives were expressed at levels com-
parable to that of the full-length fusion protein and were of the
expected size (Fig. 3, lanes 1 and 9 to 12). Thus, we have
identified a minimal domain in E2A that can function as a
transcriptional activator. Since this 99-amino-acid region of
E2A overlaps an activation domain identified by Aronheim et
al. (2), we will refer to it as activation domain 1 (AD1). Note
that the numbering designation for E2A is from that of the
full-length E2A.E12 sequence (24) and is different from the
numbering used by Quong et al. (38), which is in reference to
E2-5 (17). E2-5 is a truncated, differentially spliced form of
E47 which does not contain the AD1 activation domain.
Transactivation properties of E2-2(1–99) in mammalian

cells and in yeast cells. Given that the potential helix of E2A
AD1 is so well conserved, we wished to determine whether the
amino terminus of E2-2 could also activate transcription. Both
the E2A AD1 and E2-2(1–99) domains were able to activate
the reporter construct when transfected into COS cells (Fig.
4A). Western blot analysis confirmed that the GAL4–E2-2(1–
99) fusion protein was being made (Fig. 4B). Previously, we
showed that a second transactivation domain, designated the
loop-helix or AD2, in E2A was capable of activating transcrip-
tion in yeast cells. To determine whether the E2A AD1 and
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E2-2(1–99) domains have similar properties, both domains
were fused to the GAL4 DNA-binding domain and trans-
formed into a yeast strain harboring a GAL1-HIS3 reporter
gene. Both E2A and E2-2 could activate transcription, as in-
dicated by growth on a medium lacking histidine and contain-
ing 25 mM 3-aminotriazole, a competitive inhibitor of theHIS3
gene product (14) (Fig. 5). Thus, the conserved region of E2-2,
like the AD1 domain of E2A, can function as a transactivator
when overexpressed in both yeast and mammalian cells.
CD analysis of AD1. Structure prediction analysis showed

that the AD1 domain has the potential to form a helical struc-

ture (Fig. 1D). To investigate this possibility, we overexpressed
the E2A AD1 domain, containing a histidine tag, in Esche-
richia coli and purified the protein by nickel chelate affinity
chromatography. To determine whether the AD1 domain in-
deed possesses helical properties, we analyzed its secondary
structure in aqueous solution by CD spectroscopy. The spec-
trum displays a negative absorption at 220 nm, which indicates
that the protein has helical content in solution at neutral pH
(Fig. 6). This structure can be disrupted in the presence of 6 M
guanidinium chloride, as indicated by the absence of the min-
imum at 220 nm (Fig. 6). The structure was fairly constant as

FIG. 1. The extreme N terminus of E2A is highly conserved. (A) Schematic depiction of the E2A gene product. The shaded boxes indicate the locations of previously
characterized domains. bHLH, basic HLH domain (31); LH/AD2, loop-helix transactivation domain (amino acids 325 to 432) (this corresponds to amino acids 259 to
366 of the E2-5 clone [see text]) (2, 38); AD1, activation domain 1 (amino acids 1 to 99) (this study and reference 2). (B) Multiple sequence alignment of E12 (24),
HEB (18), and E2-2 (10, 17) amino acid sequences, created with the PILEUP algorithm (Genetics Computer Group sequence analysis software package, version 7).
The consensus sequence was displayed with the PRETTY algorithm. Amino acids identical to those in at least two sequences are shown as white letters in black boxes,
and similar residues are shaded. (C) Multiple sequence alignment of E12, Pan-2 (34), and XE12 (39) proteins. The region containing the potential a-helix is underlined.
(D) Chou-Fasman (CF) and Robson-Garnier (RG) analyses of the first 99 residues of E2A.E12, displayed with the MacVector sequence analysis software package.
Regions of potential secondary structure are indicated by shaded boxes. CfRg indicates where CF and RG analyses agree. The putative helix, as predicted by the
Chou-Fasman method, spans amino acids 11 to 28.
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a function of temperature, as the CD spectrum did not signif-
icantly change whether recorded at 48C or at 378C (data not
shown). These data suggest that AD1 is structured in aqueous
solution. Quantitation of the helical content of AD1 was not
warranted because the fusion protein contained an additional
35 residues predicted to be in random-coil conformation.
Since CD spectroscopy provides no information about the

location of secondary structure within the protein, we deter-
mined the CD spectrum for a 23-amino-acid peptide which
spans the predicted helix of E2A AD1. This peptide, desig-
nated WT(9–31), has the sequence N-PVGTDKELSDLLDF
SMMFPLPVT-C. The WT(9–31) peptide displays little helical

character at neutral pH, with only weak minima at 220 and 208
nm (Fig. 7A). In the presence of the nonpolar helix-promoting
solvent TFE, however, the peptide adopts a helical structure in
solution (Fig. 7A and B). A significant negative absorption
occurs at 220 and 208 nm in the CD spectrum of the WT(9–31)
peptide when going from 10 to 30% TFE, suggesting that the
structure becomes more helical (Fig. 7A). In 50% TFE, the
WT(9–31) peptide shows strong bands at 220 and 208 nm and
a maximum at 192 nm, highly characteristic of an a-helical
conformation (Fig. 7B) (23).
Next, we determined whether the helical properties of AD1

could be disrupted by the presence of two prolines. A peptide
which contained two proline substitutions within the conserved
helix was synthesized. The mutant peptide, MutP(9–31), which
has the sequence N-PVGTDKELSDLLPFSPMFPLPVT-C,
was assayed for its ability to adopt a helical conformation by
CD spectroscopy. In the presence of 50% TFE, the MutP(9–
31) peptide displayed helical content but significantly less than
that of the WT(9–31) peptide under identical conditions (Fig.
7B). The minima at 220 and 208 nm were dramatically reduced
in MutP(9–31), as was the maximum at 192 nm (Fig. 7B). Thus,
proline substitutions markedly affect the ability of this peptide
to adopt an a-helical conformation in solution.
Mutation of the E2A conserved a-helix dramatically reduces

transactivation. To determine whether the conserved helix in
AD1 is required for transactivation, we targeted this region of
E2A for mutational analysis. A series of missense mutations,
designed to disrupt the putative helix, were introduced into

FIG. 2. The putative a-helix is not sufficient for transcriptional activation. (A) A series of C-terminal deletions were fused to the GAL4 DNA-binding domain, and
relative transactivation levels of the resulting fusion proteins were assessed in HeLa cells. Expression plasmid (5 mg) was cotransfected along with 10 mg of a CAT
reporter plasmid containing five GAL4 binding sites upstream of the adenovirus E1b TATA box. Shown are data from a representative CAT assay done in duplicate.
Experiments were performed in duplicate at least two times, with independent assays yielding comparable results. (B) The data shown in panel A were quantitated by
liquid scintillation counting, and the averages of duplicate values are expressed as percent relative CAT activity, with GAL4-E2A(1–99) assigned a value of 100%.

FIG. 3. Western blot analysis showing levels of expression of the various
GAL4-E2A fusion proteins in COS cells. Proteins were detected with an anti-
GAL4 antibody as described in Materials and Methods.
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AD1 (Fig. 8A; mutants 1, 2, and 4). The mutant proteins were
transfected into HeLa cells and assayed for transcriptional
activity. Two proline substitutions that clearly affect the ability
of the synthetic peptide to adopt a helical conformation were
introduced into the a-helix (mutant 4) by site-directed mu-
tagenesis. The proline substitutions resulted in a dramatic de-
crease in transcriptional activation capability, reducing the
activity to approximately 2% of wild-type levels (Fig. 8B and
C). Similar effects were observed when two proline substi-
tutions were directed to another part of the putative a-helix
(mutant 1), resulting in a 50-fold decrease in transactivation
levels (Fig. 8B and C). We also tested the effects of substitution
of two conserved nonpolar residues present in the helix. Re-
placing a leucine with an arginine and a phenylalanine with an
arginine (mutant 2) resulted in a remarkable 50-fold decrease

in transcriptional activity (Fig. 8B and C). To confirm that the
mutant proteins were being synthesized correctly, we per-
formed Western blot analysis. All point mutants were of the
expected size and expressed at comparable levels (Fig. 3, lanes
1 to 7). In summary, these data show that the helix present in
the E2A AD1 domain is crucial for its ability to activate tran-
scription.
In addition to the conserved a-helix, the AD1 domain con-

tains several amino acids that are extremely well conserved
(Fig. 1B and C). A number of amino acid substitutions were
designed to test whether these residues play a role in mediating
transactivation (Fig. 8A). A serine at position 48 was replaced
with an alanine (mutant 5) in order to eliminate a potential
casein kinase 2 phosphorylation site that is conserved in both
HEB and E2-2. This mutation resulted in a modest but repro-

FIG. 4. The conserved region of E2-2 activates transcription in COS cells. (A) Expression plasmid (5 mg) and 5 mg of (GAL4)5E1bCAT reporter were cotransfected
into COS cells and assayed for CAT activity 48 h later. Shown is fold activation relative to that by GAL4(1–147). Transfections were performed at least three times.
Data shown represent the average of triplicate values for a typical assay. (B) Western blot of GAL4 fusion proteins in COS cells.
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ducible 25% decrease in activity. When the serines at positions
67 and 68 were substituted with alanine residues (mutant 6),
transactivation levels were reduced to 44% (Fig. 8B and C).
We also targeted highly conserved serine and tryptophan res-
idues for mutagenesis (mutant 3) and found that activation was
decreased by 51%. Thus, substitutions of conserved residues
outside the putative helix of AD1 have only modest effects on
transcriptional activity.
The AD1 domain is functionally conserved in mammalian

cells and Saccharomyces cerevisiae. To test whether the E2A
AD1 domain has the ability to activate transcription in the
yeast S. cerevisiae, we transformed wild-type and mutant
GAL4-AD1 expression constructs into a GAL1-lacZ-bearing
reporter yeast strain (Fig. 9). The AD1 domain strongly acti-
vated the lacZ gene in yeast cells (Fig. 9). However, substitu-
tions of residues in the putative helix of AD1 had a dramatic
impact on the transactivation capability of AD1 in yeast cells,
similar to that described above for HeLa cells. Specifically,
substitution of proline residues into the a-helix (mutants 1 and
4) severely compromised transactivation in yeast cells, reduc-
ing activity by as much as 16-fold (Fig. 9). When conserved
hydrophobic residues were replaced with arginines (mutant 2),
transactivation dropped to background levels (Fig. 9). How-
ever, substitution of conserved residues located outside the
proposed helix (mutants 3, 5, and 6) had only marginal impacts
on transactivation capability (Fig. 9). Western blot analysis of
yeast extracts made from strains harboring the various GAL4-
AD1 expression vectors revealed that all proteins were ex-
pressed and were of the expected size (data not shown). These
data suggest an interaction of AD1 with a common target that
is conserved between mammals and S. cerevisiae (Fig. 8B and
C and 9).

FIG. 5. E2A AD1 and E2-2(1–99) activate transcription in S. cerevisiae. Se-
quences encoding the conserved N-terminal domains of E2-2 or E2A were
cloned into the expression vector pAS1CYH2 to create an in-frame fusion with
the GAL4 DNA-binding domain. The indicated constructs were transformed
into yeast strain y190, which contains an integrated GAL1-HIS3 reporter gene
(14). Transformants were selected on SC-Trp (3) plates and streaked out on
SC-His plates containing 25 mM 3-aminotriazole (3AT). Growth on this selective
medium indicates transcriptional activation of theHIS3 reporter gene (14). pAS1
was included as a negative control. The plate was photographed after 6 days at
308C.

FIG. 6. CD spectroscopy reveals that E2A AD1 is structured. Shown are CD
spectra of E2A AD1 63His-tagged protein in the native (solid line) and dena-
tured (dotted line) states. The protein concentration was 71 mM in a 0.2-cm cell.

FIG. 7. A peptide containing the highly conserved residues (9 to 31) of E2A
forms an a-helix in the presence of TFE. (A) CD spectra of the wild-type
[WT(9–31)] peptide in the indicated concentrations of TFE. The peptide con-
centration was 30 mM in a 0.2-cm cell. (B) CD spectra of MutP(9–31) (a) and
WT(9–31) (b) peptides in 50% TFE. Peptide concentrations were 30.7 mM for
WT(9–31) and 31.2 mM for MutP(9–31). Spectra were taken in a 0.2-cm cell.
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DISCUSSION

Activation of gene expression in eukaryotic cells requires
proteins that have a modular structure. They contain a DNA-
binding domain and a domain which allows them to activate
transcription. We have characterized an activation domain,
AD1, which has the unusual property of being conserved in a
particular class of HLH proteins, the E proteins. AD1 is re-

stricted to and conserved in a ubiquitously expressed class of
HLH proteins. We attempted to find additional proteins that
contain this conserved domain; however, no other proteins
with significant homologies were detected in the SwissProt or
GenBank database. Transcriptional activation domains have
been widely characterized by their richness in certain amino
acids, for example, proline- and glutamine-rich activation do-

FIG. 8. The a-helix present in AD1 is crucial for transactivation. (A) Summary of the amino acid substitutions used in this study. The top row shows the first 70
residues of E2A.E12. Subsequent rows show the amino acid substitutions made in each AD1 point mutant. The black bar indicates the region of the proposed a-helix.
(B) Five micrograms of expression plasmid was cotransfected along with 10 mg of (GAL4)5E1bCAT reporter into HeLa cells. A representative CAT assay is shown.
Transfections were performed in duplicate at least three times, and typical results are shown. (C) Quantitation of the data shown in panel B by liquid scintillation counting.
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mains (27). Few transactivation domains, however, have been
characterized at the structural level. One particular class of
transactivation domain, the acidic activation domain (AAD),
has been characterized by CD spectroscopy. The AADs pres-
ent in GAL4 and GCN4 form b-sheets under slightly acidic
conditions (45). However, other acidic activation domains,
such as the VP16 activation domain, have been shown to be
largely unstructured at neutral pH in aqueous solution (13, 36).
More recently, a transactivation domain present in the glu-
cocorticoid receptor was shown to contain helical properties
(12). Proline substitutions in the helix abolished transactiva-
tion, consistent with a role of the helix in transactivation (12).
A consensus sequence for the acidic class of activation do-

mains, the AAD motif, has recently been identified (43). In-
terestingly, the AD1 helix contains the highly conserved di-
peptide aspartic acid/glutamic acid-phenylalanine found in a
number of AADs (Fig. 10). Although the significance of this
motif is not yet understood, it suggests that the AD1 domain
may be related to the AADs. Notably, the AD1 mutant 2 (Fig.
8A), which contains a phenylalanine-to-arginine substitution
within this conserved dipeptide motif, has no activity in either
yeast or mammalian cells. Although more extensive mutagen-
esis is required, these results suggests that the phenylalanine
may play a critical role in mediating transactivation. AD1 is not
highly acidic but has other features in common with the AADs.
For example, AD1 is a potent transcriptional activator in yeast
cells, a characteristic of many AADs. Like the human glucocor-
ticoid receptor (hGR) t1 (12) and p65 TA1 (43) AADs, AD1
can form an a-helix in the presence of TFE. In all three cases,
introduction of prolines into the helix severely impaired trans-
activation.
CD analysis strongly suggests that AD1 contains a helix

which resides in the conserved N-terminal portion of E2A. The
presence of a helix is further suggested by mutational analysis
of AD1. Proline substitutions in the helix reduce the helical
character of the peptide and, in addition, severely reduce
transactivation both in mammalian cells and in S. cerevisiae.
Further mutagenesis indicates essential roles for the conserved
residues present in the helix, as substitutions in a number of
residues reduce the transactivation abilities of AD1. In sum-
mary, we postulate that in the cell, the unstructured region pres-
ent in AD1 becomes helical upon interaction with its target mol-
ecule, as previously suggested for the AAD present in p65 (43).
It is remarkable that the activities of the AD1 helix mutants

in HeLa cells compare so closely with the results in yeast cells,
strongly suggesting a common mechanism of transactivation.
Perhaps the AD1 domain interacts with an ancient target mol-
ecule whose function has been conserved between S. cerevisiae
and mammalian organisms. While performing the transactiva-
tion studies in S. cerevisiae, we noticed that overexpression of
the GAL4-AD1 chimera conferred a slow-growth phenotype
(26a). This toxicity was not restricted to the E2AAD1 domain but
was also caused by GAL4–E2-2(1–99). Interestingly, the slow-
growth phenotype correlated with transactivation capability;
transformants harboring mutants that were defective for acti-
vation grew normally, suggesting a mechanism by which the AD1
is interacting with a limiting component(s) of the transcrip-
tional machinery that has been conserved throughout evolution.
It is intriguing that the E2A N-terminal domain is fused to

two heterologous DNA-binding domains in pro-B ALL and in
pre-B ALL. This raises the question: what is the role of E2A in
transformation? A first approach to this question has recently
been demonstrated. AD1 has been shown to be required for
the transforming activity of the E2A-Pbx1 and E2A-HLF chi-
meras (28, 49). Recently, a role for E2A in growth control has
also been shown (37). A region within the first 174 amino acids
of E2A, which overlaps the AD1 domain, can cause growth
inhibition when expressed in NIH 3T3 cells (37). Understand-
ing how the AD1 domain functions in regulating transcription
and generating neoplasia are important questions, the answers
to which await the identification of a molecular target.
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conserved regions of E2-2 and HEB are shown aligned with this consensus motif.
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