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Abstract The murine E-protein gene ME1 encodes a non-
tissue-specific, helix-loop-helix transcription factor that is
associated with morphological development. ME1 gene expres-
sion is regulated by a TAT A-less promoter that contains multiple
Spl consensus elements, E-boxes, and a novel transcription
initiation site. In this study, we compared DNA homologous to
the ME1 promoter from vertebrate species ranging from frog to
human. A region of striking sequence similarity was identified in
a region corresponding to the ME1 transcription initiation site
(ME1 Inr). Within this region, a poly d(A) tract and a 9-bp
inverted repeat (5'-GTCCGCCTG) were highly conserved in all
species that were examined. Protein complexes that recognized
these DNA elements were present among distant vertebrates
(frog, chick, monkey and human), and were able to bend the
MEI1 Inr to a similar extent (~ 60°) as the previously described
murine MBPa and MBPJ proteins. Collectively, these results
suggest that an ME1 Inr-like element and its associated proteins
functioned in an ancestral vertebrate more than 350 million years
ago.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

E-proteins comprise a subfamily of helix-loop-helix tran-
scription factors that play a fundamental role in cell differ-
entiation and development (for review, see [1,2]). Three classes
of E-protein genes (E2A [3], E2-2 [4] and HEB [5]) have been
identified among vertebrates, and appear to be descendants of
the ancestral Drosophila daughterless gene [6,7]. Although
there is considerable redundancy within the E-protein family
with respect to expression and function, vertebrate E-proteins
genes display clearly different expression patterns during de-
velopment [8-10] and appear to have unique functional roles.
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For example, products of the E2A gene are required for B cell
formation and immunoglobulin rearrangements [11,12].

Expression of the murine ME1 gene (counterpart of human
HEB) is enriched in morphogenetically active regions during
development [8,10], and in the hippocampus and olfactory
epithelium of the adult mouse [10]. Analysis of the MEI prox-
imal promoter has revealed several response elements includ-
ing a novel initiator, four E-box consensus sites, and a strong
repressor [13]. In an effort to identify regions of the MEI1
promoter that have been functionally conserved over the
course of vertebrate evolution, we have isolated counterpart
genomic DNA from frog, rat and human and compared this
to the mouse sequence. Our results indicate that a region
proximal to the MEI1 transcription initiation site is strikingly
conserved, and this region recruits a similar complement of
proteins which bends the MEL Inr ~60° in all the vertebrate
species examined.

2. Materials and methods

2.1. Cloning genomic DNA

Genomic clones from human were obtained by screening a human
genomic library (Stratagene) at low stringency with a DNA fragment
containing the ME1 Inr (—45 to +121 bp in the MEI promoter [13]).
Conditions of hybridization were: 25% formamide, 5X SSPE, 5%
SDS at 42°C; washes were in 0.5X SSC at 55°C. The REB genomic
fragment was amplified from rat genomic DNA (generous gift from
Don Marsh) using the primers 5'-GGCGCGGAGGGATCCGGA
and 5'-CGGTCCCCCCGAATAGAAC, which were conserved be-
tween the HEB and MEI sequences. Cycles of PCR were: 92°C,
1 min; 56°C, 1 min; 72°C, 30 s for 30 cycles. Xenopus genomic clones
were isolated from an X. laevis genomic library (gift from Angie
Ribera) using the 5’-end of XEl ¢cDNA [7] as a probe, which was
obtained by RACE-PCR (CloneTech). Conditions of hybridization
were: 50% formamide, 5X SSPE, 5% SDS at 42°C; washes were in
0.2Xx SSC at 65°C.

2.2. RNase protection analysis

Total RNA was purified as described previously [14]. HEB template
DNA was linearized with either BamHI (antisense) or Sacl (sense)
and transcribed in vitro using T7 and T3 RNA polymerase, respec-
tively, in the presence of [0-32P]JUTP as described [15]. Approximately
20 ug of total RNA and 10°-10° cpm of riboprobe were co-precipi-
tated and resuspended in a solution containing 80% formamide, 100
mM sodium citrate (pH 6.4), 300 mM sodium acetate (pH 6.4) and
1 mM EDTA. RNA was denatured at 90°C for 3-4 min and allowed
to anneal overnight at 45°C. RNase digestion was performed with an
RPA 1I kit (Ambion) using RNase A and RNase T1 for 30 min at
37°C. Protected RNA fragments were separated on a 6% polyacryl-
amide-40% urea gel visualized by autoradiography using Hyperfilm-
MP (Amersham).

2.3. Electrophoretic mobility shift assays (EMSA)
Extraction buffer contained 20 mM HEPES, pH 7.8, 450 mM
NaCl, 0.2 mM EDTA, 0.5 mM DTT, 25% glycerol and a mixture
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of protease inhibitors: PMSF (0.5 mM), leupeptin (0.5 pg/ml), pep-
statin (0.7 ug/ml), aprotinin (1 pg/ml) and bestatin (40 pg/ml). All
steps were performed at 4°C. After sonication, extracts were cleared
by microcentrifugation for 5 min. Binding conditions for EMSA
were: 10 mM HEPES, pH 7.8, 1 mM spermidine, 5 mM MgCl,, 50
mM KCI, 0.5 mM DTT, 9% glycerol, 0.8 mg poly d(I-C), 100000 cpm
of labeled oligonucleotide (cold competitor DNA was used at a 200-
fold molar excess), and 10 pg of nuclear extract. Following incubation
for 15 min at 37°C, reactions were applied to a polyacrylamide gel,
electrophoresed to separate DNA-protein complexes and analyzed by
autoradiography.

2.4. Gel permutation analysis

The MEl/pBend2 vector containing the ME1 Inr insert was di-
gested with the appropriate restriction endonucleases (shown in Fig.
3). DNA fragments were then filled in with [*>P]-adCTP as described
[16], electrophoresed on a 5% polyacrylamide gel, and visualized by
autoradiography. Relative mobilities were measured from a point
originating at the loading well.

2.5. Cell culture

PCC7, Cos-7, U373 and Colo320 cells were maintained in Dulbec-
co’s Modified Eagles Medium (Gibco) supplemented with 10% fetal
calf serum, 2 mM r-glutamine, 100 U penicillin-G/ml and 100 mg
streptomycin/ml. Transient transfections were performed by calcium
phosphate co-precipitation [17]; transfection efficiencies were deter-
mined by B-gal assays, as described [15].
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3. Results and discussion

3.1. Cloning of MEI counterpart DNA from diverse vertebrates

Different strategies were used to obtain human (HEB), rat
(REB) and frog (XE1.1 and XE1.2) counterpart DNA. HEB
was isolated from a human genomic library (Stratagene) using
the 5'-region of MEI as a probe. A fragment of the REB
promoter was cloned by PCR using sequences on either side
of the poly d(A) tract that were conserved between ME1 and
HEB. Although this primer set was used successfully in all
mammals that were tested, we were unable to amplify MEI
homologues from more distant vertebrates including chicken
and frog (Xenopus laevis). Attempts to clone these genomic
fragments by low stringency hybridization were also unsuc-
cessful. We then focused on X. laevis since it represented the
most distant species from the mammalian sequences (MEI,
REB and HEB). To clone X. laevis DNA, the 5-end of an
XE1 c¢cDNA [7] was obtained by RACE-PCR (rapid amplifi-
cation of cDNA ends by PCR) and was used to screen a
Xenopus genomic library. Fortuitously, two independent
clones (XE1.1 and XE1.2) were identified by this analysis.
XEl.1 and XE1.2 appear to be pseudoalleles that arose
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Fig. 1. Nucleotide comparison of the MEl promoter and homologous DNA from other vertebrates. Partial sequences of ME1 (mouse), HEB
(human), REB (rat), XEl.1 (Xenopus) and XE1.2 (Xenopus) are shown. The ME1 sequence is shown in its entirety while differences in other se-
quences are indicated. Dots represent sequence identity and dashes indicate gaps. Numbering begins at the MEI transcription start site, which
occurs at the center of the 13-bp poly d(A) tract. A 16-bp palindrome and a 9-bp inverted repeat flanking the ME1 transcription start site are
underlined and double underlined, respectively. Arrows indicate the putative transcription start site in each sequence (see text). Lower case let-

ters represent intron sequences.
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Fig. 2. Identification of the HEB transcription start site by RNase
protection analysis. Total RNA (10 ug) was annealed with a 194-bp
HEB antisense RNA. The largest protected fragment in Colo 320
(human) and Cos-7 (monkey) cells mapped to the 5’ end of an §-bp
poly d(A) tract. No protected bands were observed in yeast RNA.
A sense strand generated a protected fragment of the expected size
(159 bp), and also a smaller, hypersensitive site that mapped to the
8-bp poly d(A) tract.

from Xenopus tetraploidization approximately 30 million
years ago [7,18].

The nucleotide sequences of the ME1 promoter [13], and
the putative HEB, REB, XE1.1 and XE1.2 promoters were
aligned with Clustal V software [19] and adjusted by eye (Fig.
1). A region of striking sequence similarity was observed in a
96-bp region from —54 bp to +42 bp of the MEI1 promoter.
Within this region, the ME1 gene was 82% identical to HEB,
88% identical to REB (within a region between —41 and +30),
69% identical to XE1.1 and 67% identical to XE1.2. This
should be compared to the similarity of the basic, helix-
loop-helix (bHLH) region which encodes the highly conserved
DNA binding and dimerization motifs [7]. Within the bHLH
region, MEI sequence identity ranges from 81% in XE1.2 to
95% in REB. Clearly, stringent evolutionary pressures have
acted upon both the regulatory and coding sequences of these
genes.

A poly d(A) tract was identified in all genes and ranged in
size from 7 bp in XE1.2 to 13 bp in MEI. Transcription
appeared to initiate within or proximal to the poly d(A) tract
in all genes examined (indicated by arrows). The ME1 tran-
scription start site has been described previously [13], HEB
transcription initiation was determined by RNase protection
analysis (see Fig. 2 below), XE1.2 by RACE-PCR (described
above), and the putative start site of XEl.1 represents the
most 5" ¢cDNA clone from an X. laevis random-primed
cDNA library (Stratagene). It should be noted that the most
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5" XE1.2 cDNA clone from the same library was within 5 bp
of the longest XE1.2 RACE-PCR product. Based upon the
location of the putative transcription start sites, the region
downstream of the poly d(A) tracts comprises the 5'-untrans-
lated region in all species.

The 9-bp inverted repeat 5'-GTCCGCCTG-3’ immediately
downstream of the poly d(A) tract was absolutely conserved
in ME1, HEB and REB, and contained a single mismatch in
both XE1.1 and XE1.2 (T — C conversion at the fourth posi-
tion). This region constitutes the MBPP binding site in the
MET1 Inr which is susceptible to DNA bending ([20] see be-
low). Sequences upstream of poly d(A) tract were less con-
served but displayed regions of apparent homology. This was
evident in a 10-bp sequence 5'-GCGGAGGGAT-3’ (from
—54 bp to —44 bp in MEI1) which was present in all species.
The 16-bp palindrome in ME1 was conserved among mam-
mals (ME1, HEB and REB), but only partially conserved in
the Xenopus genes.

Sequences flanking the region from —54 bp to +42 bp dis-
played reduced sequence identity. In the Xenopus genes, there
was no apparent homology to the mammalian sequences. It is
noteworthy, however, that both XE1.1 and XE1.2 contained
Spl consensus sites and E-boxes within their proximal pro-
moters (similar to ME1). The HEB promoter was clearly re-

A

Y YN

5' -GAGCTCGGTGCTGAGGCGCCTCAGCGGAARARAAAAAAAAATGTCCGCCTGAGGAG-3 "
3' -CTCGAGCCACGACTCCGCGGAGTCGCCTTTTTTTTTTTTTACAGGCGGACTCCTC-51

} ME] initiator i
I
I

1

B

PCC7 Cos-7 X. laevis
123456 123456 123456
R v B g e e e

MBPa. e i) ool
MBPB > -l
< s

e = <

Fig. 3. ME1 Inr binding proteins from distant vertebrates. A: A
synthetic oligonucleotide comprising the MEL Inr and flanking re-
striction endonuclease sites is shown [20]. The 16-bp palindrome up-
stream from the poly d(A) tract and the downstream 9-bp inverted
repeat are indicated. The arrow designates the transcription start
site [20]. Oligonucleotides used in this experiment are indicated be-
low. B: EMSA analysis of the MEI Inr with nuclear extracts from
PCC7 (mouse), Cos-7 (monkey) and X. laevis (stage 28 embryos).
The ME1 Inr oligonucleotide was [a-*?P]JdCTP labeled and was
present in each lane. Cold competitor DNAs in each panel were:
lane 1, none; lane 2, random 26mer; lane 3, MEI1 Inr; lane 4, 3’
oligo; lane 5, 5’ oligo; lane 6, 5'+3" oligos. Competitor DNA was
used at a 200-fold molar excess. The predominant protein complexes
that bound the MEI Inr in PCC7, designated MBPo and MBP,
are indicated [20]. The putative homologues of these complexes in
Cos-7 cells and X. laevis are labeled o and f, respectively.
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Fig. 4. Protein-induced bending of the MEI1 Inr by protein com-
plexes from distant vertebrates. A: Vector map of the ME1 Inr oli-
gonucleotide cloned into the Xbal and Sall sites of pBend2 [20]. Re-
striction endonuclease sites used for the bending analysis are
indicated; numbering initiates at the EcoRI site. B: Circular permu-
tation analysis of the MEI Inr in the presence of nuclear extracts
from U373 (human), Cos-7 (monkey), chick (embryonic day 12) and
X. laevis (stage 28) cells. The left panel shows restriction fragments
from A, electrophoresed on a native 5% polyacrylamide gel. The
EcoRI-Xbal fragment was included as a negative control since it
lacks the MEI Inr sequence. The right panel plots the relative mobi-
lity against the distance from the EcoRI site. Putative o and B pro-
tein complexes, which were not resolved by this analysis, bend the
ME!1 Inr ~60° according to the equation pM/UE =coso/2, where
UM is the distance of bound probe, UE is the distance of unbound
probe and o is the angle of bending [21]. The bend mapped to the
center of the inverted repeat 5'-GTCCGCCTG-3’ (shown in A as a
double underlined sequence).

lated to MEI, but lacked several response elements that were
present in ME1 [13]. For example, HEB did not contain prox-
imal E-boxes and shared little sequence similarity to a strong
repressor region in the ME1 promoter (sequence not shown).
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The 5'-untranslated regions of ME1 and HEB were closely
related and both appear to utilize the same splice site at the
first intron-exon boundary [13].

3.2. HEB transcription initiation

The putative transcriptional start site of the HEB gene was
determined by RNase protection analysis (Fig. 2). An HEB
antisense riboprobe was synthesized from the Sacl to the
BamHI restriction endonuclease site of the HEB promoter.
As a positive control, a sense RNA strand was synthesized
in the opposite orientation. RNase protection analysis of these
two RNAs yielded a fragment of the expected size (159 bp)
and also a smaller set of protected bands which mapped to an
8-bp poly d(A) tract in the HEB gene. This hypersensitive site
probably resulted from ‘breathing’ of the poly d(A) tract since
hydrogen bonding is relatively weak within A-T rich stretches.

In both human (Colo 320) and monkey cells (Cos-7), pro-
tected bands mapped to the HEB 8-bp poly d(A) tract. The
pattern observed is essentially identical to that described for
the ME1 gene, which initiates transcription within a 13-bp
poly d(A) tract [13]. While there are several models that could
explain this banding pattern, we propose that transcription
initiation in the HEB gene occurs at a site proximal to the
5’-end of the poly d(A) tract. Since this is based partially
upon the similarity between the HEB and MEI1 promoters
(in both sequence and RNase protection results), we cannot
rule out other possibilities. For example, transcription could
initiate at multiple locations within the HEB poly d(A) tract
or slightly upstream from the poly d(A) tract, and a similar
pattern of protected bands may result. It seems clear, how-
ever, that transcription does not initiate at a site upstream
from the BamHI site (—43 bp in the HEB promoter) since
no protected bands in either Colo 320 or Cos-7 lanes corre-
sponded to the full length probe (compare with the 159-bp
band in the sense lane). Thus, the primary transcription start
site of HEB is likely to occur in a region proximal to the 8-bp
poly d(A) tract, which is similar to that observed in the mouse
MEI1 promoter [13].

3.3. Identification of protein-binding complexes that recognize
the MEI Inr

There are at least seven protein complexes in mouse PCC7
cells that recognize the ME1 Inr [13,20]. Due to the high
degree of similarity observed between the ME1 Inr and its
counterpart DNA in other vertebrates, we were interested to
know whether protein extracts from other species could also
recognize ME1 Inr DNA. Electrophoretic mobility shift as-
says (EMSA) using extracts from Cos-7 cells generated a pat-
tern of bands that was highly reminiscent of that observed in
mouse (Fig. 3; lanes 1, 2). At least seven Cos-7 protein com-
plexes bound an oligonucleotide containing the ME1 Inr, and
two of these displayed characteristics similar to the MBPo
and MBPP complexes identified in mouse [20], based upon
competition analysis (Fig. 3, lanes 4-6). Specifically, the pu-
tative oo complex was competed by the MEI Inr oligo, and the
putative B complex was competed by a 3’ oligo containing the
9-bp inverted repeat. The putative oo complex in Cos-7 cells
was also competed to some extent by the 3’ oligo.

EMSA analysis using Xenopus laevis protein extracts (stage
28) generated a pattern quite different from that observed in
mouse or Cos-7 cells (Fig. 3). Only two protein complexes
were observed in Xenopus extracts and these were detected
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at significantly reduced levels. Nevertheless, the two bands
may be related to the mouse MBPo and MBPP complexes
based upon their behavior when competed with different re-
gions of the MEI Inr. Specifically, neither of these complexes
were competed by the 5’ region of the MEI1 Inr while the
putative B complex in Xenopus was competed by the 3’ oligo.
The putative o complex in Xenopus was competed by the 3’
oligo which differs from that observed in mouse.

Upon identifying protein complexes from different species
that bound the MEI Inr (Fig. 3), we then tested whether they
could bend the MEI Inr as do protein extracts from mouse
cells which introduce a ~60° bend within the 9-bp inverted
repeat [20]. Using circular permutation analysis [21] with frag-
ments of an ME1 Inr/pBend2 construct [20], protein com-
plexes from human, monkey, chicken, and Xenopus cells
also bent the 9-bp inverted repeat ~60° (Fig. 4). This sug-
gests that protein complexes related to the mouse MBPa and
MBPJ complexes are present throughout the vertebrate line-
age and, considering the proximity and conservation of the
putative MBPo and MBPP binding sites (the poly d(A) tract
and 9-bp inverted repeat, respectively [20]), these protein com-
plexes may have a related function among the vertebrate spe-
cies examined.

Collectively, these results demonstrate the selective conser-
vation among the ME1 promoter and its homologous DNA
in diverse vertebrates. Although several general features were
present in all the promoters examined (e.g. Spl consensus
sites, absence of a TATA-box), most striking is the apparent
maintenance of an ME1 Inr-like sequence among vertebrates
as distant as frog and human. It is significant that the ME1
Inr and homologous DNA from other species appears to be
coincident with transcription initiation in each species exam-
ined. That proteins from various vertebrates can recognize,
and bend the MEI1 Inr, supports the notion that homologous
o and P protein complexes are present throughout the verte-
brate lineage. Taken together, these results suggest that an
MEI Inr-like element, in conjunction with its associated pro-
tein complexes (MBPo and MBP), may have functioned as a
transcriptional initiation unit in an ancestral organism that
predated terrestrial vertebrates.
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