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Previous studies demonstrated that the amino-terminal portions of E2A and E2-2 are crucial for
transactivation. Subsequent findings showed that the same amino-terminal region of E2A is involved in two
different translocation events contributing to the induction of a pre-B-cell acute lymphoblastic leukemia and a
pro-B-cell acute lymphoblastic leukemia. These results led us to focus on the amino-terminal region of E2A to
better understand its normal role in transcriptional regulation and its aberrant involvement in the two
leukemias. We report here the identification of two conserved boxes in the E2A amino-terminal domain that
show extensive homology within the transactivation domains of E12, E47, E2-2, HEB, and daughterless, all
members of the same class of helix-loop-helix proteins. Together, both boxes are crucial for transcriptional
activation and have the potential to form a new activation motif, that of a loop adjacent to an amphipathic
a-helix, designated the loop-helix (LH) motif. A minimal region containing the LH motif is sufficient for
transcriptional activation. Point mutations in the amphipathic helix of the minimal region reduce its
transactivation capabilities dramatically. The same constructs expressed in yeast cells show identical patterns
of activation, suggesting that the LH motif and its target proteins are functionally conserved in yeast cells. We
propose that the LH motif represents a novel transactivation domain that is distinct from the previously
characterized acidic blob, proline-rich, and glutamine-rich activation motifs. In addition, the LH motif is the
first activation motif restricted to one class of DNA binding proteins.

The helix-loop-helix (HLH) proteins are a growing family
of proteins containing a conserved structural motif (HLH)
that mediates DNA binding and dimerization (7, 18a, 19, 27).
These proteins play a major role in the control of cell type
differentiation by forming homo- and heterodimers with
themselves and other HLH proteins (7, 18a, 19, 27). The
members of one particular class of HLH proteins (class I)
are closely related (70 to 90% identity in the HLH region),
are ubiquitously expressed, and include E12 (7, 18a, 19, 21,
27), E47 (7, 9, 18a, 19, 21, 27), E2-2 (9), HEB (10), and
daughterless (3, 6). E12 and E47 are encoded by the same
gene (E2A) but arise through differential splicing (26). The
E2A gene products are involved in B-cell-, muscle-, and
pancreas-specific gene expression (2, 4, 14, 20). For exam-
ple, the presence of the E2A gene products or other ubiqui-
tous class I HLH molecules is necessary for the mediation of
specific differentiation programs by the formation of het-
erodimers with tissue-specific HLH proteins, such as MyoD,
myogenin, and members of the achaete-scute protein family.

In contrast to its normal role in regulating transcription,
the E2A gene has been found to be translocated in two acute
lymphoblastoid leukemias (ALL). In pro-B-cell ALL, con-
taining a t(17;19) translocation, the E2A N-terminal domain
is fused to a leucine zipper-like domain (11). In pre-B-cell
ALL, containing a t(1;19) translocation, the E2A N-terminal
domain is fused to a homeobox-like domain, termed pbxl
(13). The involvement of the E2A N-terminal domain in two
translocation events is puzzling and suggests an important
function for this portion of the protein.

Here, we identify a strikingly conserved region in the
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N-terminal regions of E2A, E2-2, HEB, and daughterless.
We show that this conserved region is important for tran-
scriptional activation of these proteins and has the potential
to form a structure consisting of a loop adjacent to an
amphipathic a-helix (designated the loop-helix [LH] motif).
Several amino acid substitutions of conserved residues
within the putative LH motif obliterate the transactivation
capability of the LH domain in both yeast and mammalian
cell lines. Thus, we describe a new activation motif that is
restricted to one class of DNA binding proteins and that is
functionally conserved in yeast, Drosophila, and mammalian
cells.

MATERIALS AND METHODS

Cell culture and transfections. HeLa and COS cells were
cultured in Dulbecco's modified Eagle medium supple-
mented with 10% fetal bovine serum. For transfections, cells
were plated at a density of 106 cells per plate on 10-cm
plates. At 12 to 24 h later, the cells were transfected by the
DEAE-dextran method. The total amount of transfected
DNA was kept constant by the addition of an appropriate
amount of carrier vector DNA. At 40 to 48 h posttransfec-
tion, the cells were harvested and equal amounts of protein
were assayed for chloramphenicol acetyltransferase (CAT)
activity. After autoradiography, the spots were excised and
quantitated by liquid scintillation counting.
Western blot (immunoblot) analysis. COS cells were used

to quantitate protein levels, since higher levels of expression
are achieved with these cells. COS cells cotransfected with
the reporter and activator constructs were harvested at 40 to
48 h posttransfection, and each plate was divided in two for
CAT activity determinations (see above) and for Western
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FIG. 1. Identification of a new motif conserved in class I HLH proteins. (A) Homology between E2A and daughterless (da). Shown are
the percentages of amino acid homology between E2A and daughterless for box 1 and box 2 (1 and 2, respectively), the HLH (B-HLH), and
the regions surrounding them. (B) Comparison of the amino acid sequences (single-letter code) of the region containing box 1 and box 2 of
four class I HLH proteins: E2A, HEB, E2-2, and daughterless (da). Solid lines mark the loop and the potential amphipathic helix. Boxed
amino acids signify conserved residues. The numbers below the sequences indicate the amino acid position of each protein. Single and double
mutations made in the E2A protein are designated as circled letters above the sequences.. Letters connected by lines indicate that multiple
amino acid substitutions were made within the same molecule. Letters not connected by lines represent single-residue substitutions.

blot analysis. Fifty micrograms of each extract was fraction-
ated on a 5 to 15% polyacrylamide gradient gel, transferred
to Immobilon-P (Millipore), and probed with a polyclonal
anti-GAL4 (amino acids 1 to 147) antibody (kindly provided
by M. Ptashne). The blots were then probed with 125I-
conjugated protein A and visualized by autoradiography.

Generation of deletions and mutants. 5' and 3' deletions in
E2A and E2-2 were generated by use of appropriate restric-
tion enzyme sites and by digestion with Bal 31 enzyme. The
deletions were treated with Klenow or T4 DNA polymerase
as needed to maintain the correct reading frame and were
subsequently fused in frame to GAL4 (1 to 147) in expression
vector plasmid pBXGI. All constructs were verified by
sequencing (in accordance with manufacturer instructions
[U.S. Biochemicals Corp.]).
Mutations were generated by site-directed mutagenesis

with mismatched oligonucleotides (in accordance with man-
ufacturer instructions [Bio-Rad Laboratories]) and verified
by sequencing (as described above). The oligonucleotides
used to generate the mutations were as follows: 5'-CTG
GAC GAG CCC ATC CAC G-3' (for 334P); 5'-CGA GGA
CAG GCA CGT GCT CC-3' (for 334D/335S); 5'-CGT GCT
CCT CAG CCA CGC C-3' (for 339L); and 5'-ATC CAC
GAG CGC CGC AGC C-3' (for 337E/338R). The mutant
nomenclature defines the position and the new residue. For
example, mutant 334P means that a proline residue was
substituted for the wild-type residue at position 334.
Yeast expression plasmids. Both the wild-type and mutant

E2A sequences containing the LH region were excised as
EcoRI-BamHI fragments from the pBXG1 parent con-
structs. These were ligated into pMA424 (2,um containing

HIS3 and the ADHI promoter [16]) cut with EcoRI and
BamHI. This step created an in-frame fusion with GAL4 (1
to 147).
Media and 13-galactosidase assay. Yeast strain GGY::171

(Agal4 Agal80 his3 leu2 URA3::GAL1-lacZ [8]) was trans-
formed with various GAL4-E2A expression plasmids by the
lithium acetate method (12). Individual transformants were
grown to saturation in 5 ml of SC-His supplemented with 2%
glucose (24a). Cultures were diluted 1:25 into SC-His sup-
plemented with 2% galactose, 2% ethanol, and 3% glycerol
and grown to an optical density at 600 nm of -1. 1-Galac-
tosidase activity was determined by lysing cells with glass
beads as described previously (24). Activity was normalized
to the protein concentration as determined by the Bio-Rad
protein assay.

RESULTS

Deletions in E2A and E2-2 define a conserved region crucial
for transcriptional activation. Previous studies demonstrated
that the N-terminal portion (amino acids 1 to 426 and 1 to 451
of E2A and E2-2, respectively) is crucial for transcriptional
activation (9). Using dot matrix analysis, we noted that
within the N-terminal portion, two stretches of amino acids
that are extremely well conserved in class I HLH proteins
are present (Fig. 1A). Within this sequence we noted two
striking features: a stretch of highly conserved proline and
serine residues (Fig. 1B) and a region of sequence similarity
containing virtually identical hydrophilic and hydrophobic
residues (Fig. 1B). To determine whether these two con-
served boxes play an important role in the transactivation
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FIG. 2. The LH motif in E2A and E2-2 is crucial for transcriptional activation. The transcriptional activities of the wild type and

N-terminal and C-terminal deletions of E2A (A) and E2-2 (B) were examined. The wild-type and truncated versions were fused to the GAL4

DNA binding domain. The structures of the reporter and activator plasmids are diagrammed. Ten micrograms of the CAT reporter plasmid
containing five GAL4 binding sites and the adenovirus Elb TATA box was cotransfected along with 5 pig of expression plasmid encoding the

different activator proteins of E2A and E2-2. Results of independent duplicates are presented. Plasmids encoding the full-length
amino-terminal proteins (amino acids 1 to 426 for E2A and 1 to 451 for E2-2) were considered to yield wild-type levels of CAT activity and
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were assigned the value of 100. The activities of the deletions were normalized accordingly. Relative CAT activities (averages of the
independent duplicates presented) as tested in HeLa cells are stated to the right of the diagrams. The relative CAT activities for N-terminal
deletions from 166 to 426 and 259 to 426 were averages of duplicates from a separate identical experiment. All assays presented were repeated
at least two times, with independent duplicates yielding comparable results.

ability of E2A and E2-2, we made a series of deletions (Fig.
2). Deletions generated from both the 5' and the 3' ends were
subsequently fused in frame to the GALA DNA binding
domain (Fig. 2). The expression plasmids together with a

CAT reporter plasmid containing five GAL4 DNA binding
sites upstream of the Elb TATA were cotransfected into
HeLa cells and subsequently measured for CAT activity.
Progressive C-terminal deletions showed that residues 366 to

G0L 4
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FIG. 3. Helical wheel representation of the potential amphip-
athic helix conserved in E2A, E2-2, HEB, and daughterless (da).
Numbers 1 to 10 in the boxes represent the 10 amino acid residues
of the proposed amphipathic helix shaded in Fig. 1B (amino acid
residues 331 to 340). The hydrophobic residues of one side of the
helix are shaded. Note that both sides of the helix are highly
conserved in all four proteins.

426 of E2A are not crucial for activity (Fig. 2A). However,
the deletion of box 2 reduced activity in both E2A and E2-2
by greater than 70% (Fig. 2). Furthermore, C-terminal dele-
tions in E2A and E2-2 resulting in the removal of both box 1
and box 2 eliminated most of the activity (Fig. 2). In E2-2,
further deletion from residues 246 to 120 resulted in an
additional 30-fold reduction in transactivation. Progressive
N-terminal deletions in E2A or E2-2 (residues 1 to 166 or 1 to
183, respectively) resulted in a modest increase in transcrip-
tion (Fig. 2). However, a drastic decrease in transcriptional
activity was observed with deletion into box 1 in both E2A
and E2-2 (residues 304 to 426 and 315 to 451, respectively).
Further deletions into box 1 and box 2 resulted in a complete
loss of transcriptional activity for both proteins (Fig. 2).
Thus, more than one region in E2A and E2-2 is important for
transactivation. However, the conserved region (containing
both box 1 and box 2) in E2A and E2-2 is most crucial for
transcriptional activation.

Secondary structural analyses indicate a putative loop ad-
jacent to an amphipathic a-helix. A closer comparison of the
conserved boxes within the five protein sequences (E12,
E47, E2-2, HEB, and daughterless) revealed two striking
features (Fig. 1B). In E2A, the cluster of residues rich in
serines and prolines, indicated as box 1, contains beta turns,
as predicted by the Chou-Fasman algorithm. Furthermore, a
majority of the amino acid residues within this sequence are
residues found with a high frequency in loops, a recently
recognized category of secondary structure resembling the
Greek letter Qi (15). Loops are located on the exterior of the
protein and frequently use the amino acids proline, serine,
asparagine, aspartate, and glycine (15). Strikingly, E2-2,
HEB, and daughterless also contain multiple predicted beta
turns and the same stringently conserved residues frequently
found in loops.
A closer examination of the second conserved box, indi-

cated as box 2, revealed a number of absolutely conserved
hydrophobic and hydrophilic residues (Fig. 1B). In each of
the gene products analyzed, Chou-Fasman analysis pre-
dicted this stretch of amino acids to adopt an a-helical
structure. This prediction prompted us to plot box 2 on a
helical wheel (Fig. 3). Five highly conserved hydrophobic
residues (valine, alanine, leucine, leucine, and isoleucine)
are present on one side of the helix. On the other side of the

helix are present mainly hydrophilic residues, including
arginine and aspartate (Fig. 3). The degree to which both
hydrophobic and hydrophilic residues are stringently con-
served within E2A, E2-2, HEB, and daughterless is remark-
able. Although a detailed structural analysis is required, we
propose that as a working model, this conserved motif might
be a loop joined to an amphipathic helix, designated the LH
motif.
The LH motif is sufficient for transcriptional activation. To

determine whether the putative LH motif is sufficient for
transcriptional activation, we constructed a GAL4 fusion
containing the LH motif and its immediate flanking se-
quences (residues 259 to 366 of E2A; Fig. 4A). In addition,
we constructed GAL4 fusions containing just loop se-
quences (residues 259 to 304; Fig. 4A) or the sequences
containing the amphipathic helix (residues 304 to 366; Fig.
4A). The E2A LH sequence was capable of transactivation
at levels comparable to that of the wild type, whereas neither
the loop nor the amphipathic helix by itself was capable of
transactivation (Fig. 4A). Western blotting performed on the
same extracts as those used for the CAT assay revealed that
adequate amounts of the fusion proteins were being made, as
compared to the wild type (Fig. 4B). These data suggest that
(i) the LH sequence contains transactivation activity, (ii) the
loop acts synergistically with the amphipathic helix to trans-
activate, and (iii) neither the loop nor the amphipathic helix
is capable of transactivating independently.
Amino acid substitutions in the helix dramatically reduce

transactivation in vivo. The conservation of residues in the
proposed LH domain in E2A, E2-2, HEB, and daughterless
is striking (Fig. 1B and 3). Deletion of these sequences
results in the loss of transcriptional activity (Fig. 2). To test
directly whether the conserved residues present in the LH
motif play an important role in the transactivation capability
of class I HLH proteins, we made several mutations in an
E2A minimal domain containing the LH motif and adjacent
3'-flanking sequences (residues 259 to 426) (see Fig. 1B for a
diagram of mutated residues). In the deletion assays, this
minimal LH domain yielded wild-type (100%) levels of CAT
activity (Fig. 2A). A proline substitution introduced into the
amphipathic helix (mutant 334P) reduced activity by more
than 80%, as expected if this sequence forms an a-helical
structure (Fig. 5A and B). To test the necessity of the
stringently conserved hydrophobic and hydrophilic residues
in the putative amphipathic helix, we substituted hydropho-
bic amino acids with hydrophilic ones and vice versa (Fig.
1B and 3). Substitutions of an alanine to an aspartate and an
isoleucine to a serine (334D/335S) resulted in a dramatic
25-fold decrease in transactivation (Fig. 5A and B). Simi-
larly, substitutions of a valine to a glutamate and a leucine to
an arginine (337E/338R) resulted in a 35-fold reduction in
transactivation capability (Fig. 5A and B). A single hydro-
philic amino acid substitution of an arginine to a leucine
(339L) resulted in no change in transactivation levels (Fig.
5A and B). Single and double mutations targeted to con-
served loop-favoring sequences in the loop region of E2A
(serines 288 and 293, prolines 290 and 294, and phenylalanine
283) had little or no effect on transactivation (data not
shown). To determine whether the differences in the activi-
ties of the various mutants could have been due to variations
in protein levels, we performed a Western blot analysis. The
various GAL4 derivatives were of the expected size and
were expressed at comparable levels (data not shown).
Thus, the ability ofE2A to transactivate is highly sensitive to
mutations that affect either the amphipathy or the secondary
structure of its amphipathic helix, whereas mutations within
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FIG. 4. The LH motif is sufficient for transcriptional activation. (A) The transactivation abilities of the LH motif, the loop alone, and the
amphipathic helix alone were compared with those of wild-type E2A. The corresponding GAL4 fusion proteins are diagrammed with their
relative CAT activities. (B) Western blot showing levels of expression of the LH domain (LH)-, loop (L)-, and amphipathic helix
(H)-containing GAL4 fusion proteins. Arrowheads indicate the correctly sized protein products. E47wt is the GAL4 fusion to the wild-type
E2A (residues 1 to 426). 5xGAL4CAT is the GAL4 DNA-binding domain (residues 1 to 147) alone. The transactivation assay in COS cells
was performed as stated in Materials and Methods with 5 ,ug of the reporter construct and 0.5 ,ug of the activator constructs. The transfections
were repeated at least two times and were similarly performed in HeLa cells, which yielded comparable patterns of transcriptional activation.

the loop do not have an impact on the transactivation
capability of E2A.
The LH motif has a common cellular target. The extraor-

dinary conservation of the LH domain suggests that E12,
E47, E2-2, HEB, and daughterless might interact with a
common cellular target. To determine whether the LH
sequence present in E2A, E2-2, and daughterless has a

common target, we tested whether the overexpression of
E47, E2-2, and daughterless could inhibit the transactivation
activity of the GAL4-E2A minimal LH domain (Fig. 6). This
inhibition or "squelching" would result from the full-length
protein E47, E2-2, or daughterless competing for and
thereby titrating away a common target from the LH acti-
vating region. All three HLH proteins competed efficiently
for the transactivation capability of the E2A LH motif (Fig.
6), whereas the control parent plasmid, pJ3f, failed to
compete (data not shown). These experiments suggest that
the E2A LH target can interact with other class I HLH
proteins, including daughterless and E2-2.
The LH-interacting target is functionally conserved in yeast

and mammalian cells. Recent studies have shown that both
E47 (9) and daughterless/lethal of scute heterodimers can
activate transcription from their cognate sequences in yeast
cells (2). Thus, we tested whether the LH domain could
transactivate in yeast cells. Indeed, the wild-type LH do-
main strongly activated the f-galactosidase reporter gene
(Fig. SC). This result raises the question of whether the
target interacting with the LH motif is conserved in yeast
cells as well. To test this idea, we examined whether amino
acid substitutions within the proposed helix had a similar
impact on transactivation in yeast cells and in mammalian
cells. A proline substitution introduced into the helix re-

duced activity to approximately 30%. Substitutions of a

conserved alanine to an aspartate and an isoleucine to a

serine resulted in a fourfold reduction in transactivation
capability (Fig. 5C). Similarly, substitutions of a valine to a
glutamate and a leucine to an arginine reduced transactiva-
tion by a factor of five (Fig. 5C). Interestingly, as in
mammalian cells, substitution of the conserved arginine
within the helix to a leucine did not reduce the transactiva-
tion capability of the LH domain (Fig. SC). A Western blot
revealed that mutant protein levels were comparable to
those in the wild type (data not shown). These data correlate
extremely well with the results obtained for mammalian cells
(Fig. 5B and C). Thus, mutations in the putative a-helix have
similar effects in both yeast and mammalian cells. These data
and the results described above suggest that the molecule(s)
interacting with the LH domain is likely to be conserved in
yeast, Drosophila, and mammalian cells.

DISCUSSION

In this study, we identified a transactivation domain, the
LH motif, present in a class of HLH proteins. Although it is
clear from our data that the LH motif is responsible for a
majority of the transcriptional activation of E2A and E2-2, it
is not the sole determinant required for full transcriptional
activation. Our deletion studies (Fig. 2) revealed a modest
increase in transcriptional activation in both E2A and E2-2
which was eradicated upon further deletion. Furthermore, in
E2-2, subsequent deletion from the C terminus of residues
246 to 120 resulted in an additional 30-fold reduction in
transactivation. Similarly, when the E2A minimal LH do-
main (residues 259 to 366) was fused to GAL4, it accounted
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FIG. 5. Conserved hydrophobic and hydrophilic residues in the amphipathic helix are crucial for transcriptional activation in mammalian
and in yeast cells. (A) Amino acid substitutions were made in the E2A minimal LH domain (residues 259 to 426) as shown and described in
Fig. 1B and 2. Independent duplicates are presented. Lanes: 5 and 6, the alanine residue at position 334 was changed to a proline residue;
7 and 8, alanine and isoleucine residues at positions 334 and 335, respectively, were substituted with aspartate and serine residues; 9 and 10,
the arginine residue at position 339 was changed to a leucine residue; 11 and 12, valine and leucine residues at positions 337 and 338,
respectively, were substituted with glutamate and arginine residues. The mutated expression plasmids were cotransfected with a CAT
reporter plasmid into HeLa cells, and CAT activity was assayed (as described in Materials and Methods) with 5 ,ug of the reporter construct
and 2 ,ug of each activator construct. (B) The average relative values are shown in the histogram. The CAT activity for the E2A wild-type
LH domain (residues 259 to 426) was determined in a separate experiment and is not shown here; however, the CAT activities for the
full-length E2A protein (1 to 426) and the minimal LH domain (259 to 366) are shown here as a reference. In separate experiments, the E2A
wild-type LH domain (259 to 426) showed CAT activity equal to that of the full-length E2A protein (1 to 426) (Fig. 2A). The same assay
performed with COS cells yielded comparable transactivation results, and Western blotting performed on the same extracts revealed that
equal amounts of proteins were expressed (data not shown). (C) The putative LH motif activates transcription in yeast cells. The indicator
yeast strain GGY::171 (8), which contains a GALl-lacZ reporter gene activated by UASG (four GAL4 binding sites) integrated at the URA3
locus, was transformed with the indicated GAL4-E2A fusion constructs, harvested, and assayed for 1-galactosidase activity as described in
Materials and Methods. The averages for at least four independent transformants are shown. Standard deviations were <20%. ,-Galacto-
sidase activity is expressed as units per milligram of total protein.

for 69% of wild-type levels of activity. Obviously, there are
likely additional regions within E2A and E2-2 that account
for these differences. In this study, we have chosen to focus
on the major determinant, the LH motif. The LH domain
contains a putative loop adjacent to a potential amphipathic
helix. The potential amphipathic helix consists of strikingly
conserved hydrophobic and hydrophilic residues (Fig. 3).
Most of the LH residues are conserved in E2A and the
Drosophila gene product daughterless, two proteins that
show little homology outside the HLH region. The hydro-
phobic residues of the putative helix appear to be critical for
transactivation. Substitutions of the conserved alanine, iso-

leucine, valine, and leucine residues obliterate transactiva-
tion in both yeast and mammalian cells. Whether the con-
served hydrophilic residues play a crucial role is not clear.
Substitution of a conserved hydrophilic residue does not
affect transactivation. Obviously, more extensive mutagen-
esis will be required to determine exactly the structure-
function relationship of the LH motif. Nevertheless, the data
presented here clearly demonstrate the importance of the
conserved hydrophobic residues in LH-mediated transacti-
vation.

Inspection of the primaxy amino acid sequence reveals
that the putative loop region also contains a series of
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Competitor - E2-2 da E47
FIG. 6. E47, E2-2 and daughterless (da) squelch the transactiva-

tion ability of the E2A minimal LH domain. Five micrograms of the
E2A minimal LH activator (residues 259 to 366), 10 ,ug of the CAT
reporter plasmid, and 10 p,g of each competitor plasmid (simian
virus 40 expression plasmids encoding full-length E47, E2-2, and
daughterless proteins) were cotransfected into HeLa cells and
assayed for CAT activity as described in Materials and Methods.
Relative CAT activities are shown in the histogram.

conserved residues. Although our mutations in the loop
represented a nonrandom set, loop mutations that we intro-
duced into the E2A loop region had no effect on E2A
transactivation (unpublished results). However, the loop is
required for function, as deletion of its sequences obliterates
transactivation in both E2A and E2-2. It is conceivable that
the loop domain folds into a malleable structure that is
insensitive to single amino acid substitutions but is required
to enhance the affinity of the LH target molecule for inter-
action with the proposed amphipathic helix.
The homology of the LH motifs is so striking that an

obvious suggestion is that they have a common and con-
served target. Competition experiments with the various
class I HLH proteins indeed indicated the presence of such
a conserved target molecule. For example, overexpression
of daughterless in mammalian cells inhibits the transactiva-
tion capability of E2A. In addition, substitutions of residues
within the putative helix that decrease transactivation in
mammalian cells also reduce transactivation in yeast cells.
Similarly, a substitution within the putative helix that does
not affect transactivation in mammalian cells does not re-
duce transactivation in yeast cells. Thus, mutations in the
LH affect function similarly in yeast and mammalian cells.
These data are most easily explained by the presence of a
universal target molecule.
We attempted to identify other proteins containing the LH

motif; however, no homologies of significance were de-
tected. This result implies that the LH domain is restricted to
a class of DNA binding proteins. Thus, we have identified a
new transactivation domain that is clearly distinct from
activation domains such as the acidic blob (23, 25) and
proline-rich (18) and glutamine-rich (5) domains. It is possi-
ble that different activation domains interact with separate

target proteins. Recently, it was shown that the activating
region of ElA interacts with a target distinct from that of an
acidic activating region (17). Furthermore, a potential tran-
scriptional adaptor was identified which potentiated the
activity of particular acidic activation domains (1). It will be
interesting to determine whether E2A, E2-2, and daughter-
less, members of the class I HLH proteins containing the
conserved LH motif, are able to inhibit the activity of other
classes of transactivators. It seems likely that the LH
domain interacts with a target specific for this class of
transactivators.
The restricted presence of the LH motif in class I HLH

proteins is interesting. The class I HLH proteins E12, E47,
E2-2, HEB, and daughterless are known to play important
roles in various, seemingly unrelated developmental path-
ways. For example, E12 and E47 are required for B-cell-,
muscle-, and pancreas-specific gene expression. E2-2 is
involved in immunoglobulin gene expression. daughterless is
involved in at least two known developmental pathways: sex
determination and neurogenesis. Thus, class I HLH proteins
have pleiotropic roles. They form either homodimers or
heterodimers with tissue-specific HLH proteins. For exam-
ple, E2A forms heterodimers with MyoD and myogenin (14,
19, 20), and daughterless forms heterodimers with achaete-
scute (19). In B cells, E2A products likely form homodimers
(20). It is conceivable that one function of the class I HLH
proteins is to interact with a common target to activate
transcription of downstream genes in the various develop-
mental pathways.
Understanding the normal role of the LH motif in activat-

ing transcription is of critical importance in deducing its
aberrant role in the two B-cell ALLs. It is intriguing that in
two independent pediatric ALLs, the E2A N-terminal region
containing the LH motif is fused to a heterologous DNA
binding domain (13, 22). In pre-B-cell ALL, containing a
t(1;19) translocation, the E2A N-terminal portion, including
the LH motif, is fused to a homeobox-like domain, desig-
nated pbxl (13, 22). In pro-B-cell ALL, containing a t(17;19)
translocation, the same E2A LH motif-containing portion is
fused to a DNA binding and dimerization domain containing
a basic leucine zipper-like region, designated HLF (11). It is
likely that the translocated E2A LH domain, with its inap-
propriate heterologous DNA binding domain (i.e., pbxl or
HLF), is able to interact with components of the basic
transcriptional machinery, thereby activating promoters that
it normally does not activate. Why the E2A N-terminal
transactivation domain, including the LH motif, is involved
in two ALLs of the B-cell lineage is an intriguing but open
question. Understanding the role of E2A in these leukemias
awaits the isolation and characterization of molecules inter-
acting with the LH domain.
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