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LETTER TO THE EDITOR

The ETS-domain: a new DNA-binding
motit that recognizes a purine-rich core

DNA sequence

We compared the sequence-specific DNA binding prop-
erties of the proteins encoded by the murine homolog of
the ets-1 proto-oncogene and two ets-related genes, mu-
rine PU.1 and Drosophila E74. The protein products of
these genes share sequence similarity within a region of
~85 amino acids that we propose to call the ETS-do-
main. This amino acid sequence similarity, combined
with the observation that these proteins bind similar
DNA sequences, provides the basis for our proposal that
the ETS-domain defines a new family of eukaryotic
DNA-binding proteins.

The proto-oncogene ets-1 was discovered first as one
of two cellular sequences transduced by the avian retro-
virus E26. Chicken ets-1 and myb gene sequences are
fused to gag sequences to form the tripartite E26 onco-
gene (Leprince et al. 1983; Nunn et al. 1983). The ets
portion of this oncogene is required for the induction of
erythroblastosis in infected chickens (Nunn and Hunter
1989) and also appears to affect the myeloid transforma-
tion process (Golay et al. 1988).

Over the last five years, a variety of genes have been
described whose protein products have predicted amino
acid sequences that show strong similarity with that of
the avian ets-1 proto-oncogene. These include human
ets-1 (Watson et al. 1988), murine ets-1 (Gunther et al.
1990), ets-2 (murine, human: Watson et al. 1988; avian:
Boulukos et al. 1988), human erg (Reddy et al. 1987,
human elk-1 and elk-2 {Rao et al. 1989), Drosophila E74
(Burtis et al. 1990), Drosophila ets-2 (Pribyl et al. 1988),
and murine PU.1 (Klemsz et al. 1990). Representatives
of each of the protein products of these genes are aligned
in Figure 1 according to the ~85-amino-acid region of
strong conservation. We designate this region the ETS-
domain. Five of the seven proteins listed have their ETS-
domains near the carboxyl terminus. Twenty-two amino
acid positions are identical among all members. At 12
positions, only one of the seven sequences is dissimilar
from the others. The ETS-domains of Ets-1 and Ets-2 are
the most similar, whereas those of PU.1 and E74 are the
most divergent from Ets-1. Outside of the ETS-domain,
most of the sequences diverge significantly. An excep-
tion is Ets-2, which is ~50% identical to Ets-1 (Watson
et al. 1988). The human erg protein also contains some,
more limited, sequence similarity with Ets-1 and Ets-2
proteins, outside of the ETS-domain (Reddy et al. 1987).

A role for this conserved protein domain has been
demonstrated recently by our discovery of the sequence-
specific DNA binding activities of three ETS-domain
proteins: murine Ets-1, murine PU.1, and Drosophila

E74A (Gunther et al. 1990; Klemsz et al. 1990; Urness
and Thummel 1990). The murine ets-1 homolog was
isolated by screening a cDNA expression library with a
Moloney murine sarcoma virus (MSV) LTR promoter se-
quence {Gunther et al. 1990). In a similar manner, a mu-
rine PU.1 ¢cDNA was isolated by screening an expression
library with a regulatory sequence upstream from the
MHC class II I-AB gene. The PU.1 protein product also
binds to a purine-rich sequence within the SV40 en-
hancer (Klemsz et al. 1990). The Drosophila ets-related
gene E74 was isolated by virtue of its location within an
early ecdysone-inducible puff. This complex gene en-
codes two related proteins, designated E74A and E74B.
These proteins have unique sequences at their amino
termini joined to an identical carboxy-terminal region
that contains the E74 ETS-domain (Burtis et al. 1990).

The sequence-specific DNA binding of PU.1, E74A,
and Ets-1 suggests that their shared ETS-domains may
mediate this common activity. Indeed, fragments of the
PU.1 and Ets-1 proteins that retain sequence-specific
DNA binding activity contain the conserved ETS-do-
main (Gunther et al. 1990; Klemsz et al. 1990). The con-
figuration of conserved amino acids within the ETS-do-
main, however, has no apparent similarity to any well-
characterized DNA-binding motifs (Johnson and
McKnight 1989; Mitchell and Tjian 1989). There are no
appropriately spaced cysteines or histidines to stabilize a
zinc finger structure. Furthermore, the conserved a-he-
lical permissive regions are not spaced in a recognizable
helix—turn—helix configuration. Potential a-helices also
do not show the amphipathy speculated to be crucial in
the helix—loop—helix model (Murre et al. 1989). The
proto-oncogene ets-1 encodes three tryptophans with 17-
to 18-amino-acid spacing (Fig. 1) similar to the trypto-
phan repeats observed in myb and myb-related protein
products (Anton and Frampton 1988). These tryptophans
are highly conserved among the ETS-domain proteins,
PU.1 being the only exception, with a substitution of a
tyrosine for one of the tryptophans. Although basic
amino acids are concentrated in the carboxyl half of the
ETS-domain, they cannot be aligned readily with either
the basic amino acids of the leucine zipper/basic region
family of proteins (Landschulz et al. 1989) or with the
basic domain of the helix—loop—helix family of proteins
(Murre et al. 1989). Therefore, we conclude that the
ETS-domain encodes a new structural motif for binding
DNA and that proteins containing this conserved se-
quence, the ETS-domain proteins, constitute a new
family of eukaryotic DNA-binding proteins.
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Figure 1. Alignment of conserved amino acids within the ETS-domain. The amino acid sequences of the ets-related proteins are
aligned within their ETS-domains: murine Ets-1 (Gunther et al. 1990), human Ets-2 (Boulukos et al. 1988; Watson et al. 1988), human
Erg (Reddy et al. 1987), human EIk (Rao et al. 1989), murine PU.1 (Klemsz et al. 1990), Drosophila E74 (Burtis et al. 1990}, and
Drosophila Ets-2 (Pribyl et al. 1988). The ETS-domain, shown in brackets, consists of 85 amino acids in Ets-1. Listed at the top is the
consensus sequence which consists of the 22-amino-acid identities and some positions with conservative amino acid substitutions.
Positions that have conserved basic amino acids (b} and the conserved tryptophan residues {*} are indicated above the consensus.
Listed to the left of each sequence is its name, the number of residues to its putative start codon, and its percent identity with the
ETS-domain of the murine Ets-1 protein. [The human, murine and avian Ets-1 homologs are 100% identical within the ETS-domain.)
Stop codons are shown at the end of each sequence, or the number of residues to the stop codon for Erg and Elk. We note that
Drosophila Ets-2 does not appear to be an Ets-2 homolog, as proposed originally, because its sequence similarity with Ets-2 does not

extend outside of the ETS-domain (Pribyl et al. 1988).

A comparison of the DNA sequences bound by Ets-1,
PU.1, and E74A suggests that a common binding speci-
ficity may be shared among ETS-domain proteins. As
shown in Figure 2, each of the ETS-domain binding sites
contain a centrally located, purine-rich sequence, 5'-
GGAA-3'. We speculate that recognition of this se-
quence may be a conserved feature of all ETS-domain
proteins because the DNA-binding sites of Ets-1 and the
ETS-domain proteins most divergent from Ets-1, PU.1,
and E74, contain this GGAA motif.

Three independent forms of experimental evidence are
consistent with a role for the GGAA sequence in ETS-
domain DNA binding. First, methylation interference
analysis identified the two guanine residues within the
GGAA sequence as close contact points for Ets-1 and
PU.1 protein binding (Gunther et al. 1990; Klemsz et al.
1990). Second, the binding of PU.1 to an oligonucleotide
with the sequence GGAA was not competed with a mu-
tant oligonucleotide bearing the sequence CCAA
(Klemsz et al. 1990). Similarly, site-directed mutagenesis
of the MSV LTR promoter (GCGGAA changed to
CGCCAA) eliminated Ets-1 binding (Gunther et al.
1990). Third, E74A was used to select oligonucleotides

PU.1 ﬁﬂﬂﬂﬂGGHHCTTG@

E74 T|A/A|CICHIG G A A|G|T/AAC

m-ets-1 EGHGCGGHHGCGC

Figure 2. Comparison of the DNA sequences in the binding
sites for PU.1 (SV40 enhancer, position 304 to 330; Klemsz et
al. 1990), Ets-1 (MSV LTR; Gunther et al. 1990) and the E74
protein (within an E74 intron; Urmess and Thummel, 1990).
The DNA sequences are aligned by the common GGAA motif.
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of random sequence to statistically define a consensus
sequence for binding (Urness and Thummel 1990). This
analysis demonstrated that the GGAA sequence is es-
sential for E74A binding and must be preceded by either
an A or C. A precise assessment of the significance of
the flanking nucleotides will require further biochem-
ical characterization of these and other ETS-domain pro-
teins.

Qur studies of PU.1, E74A, and Ets-1 suggest that
ETS-domain proteins function as transcriptional regu-
lators. PU.1 trans-activates a reporter gene placed down-
stream of PU.1 binding sites in transient expression
assays in tissue culture cells (Klemsz et al. 1990). Like-
wise, disruption of the Ets-1 binding site in the MSV
LTR reduces the transcriptional activity of this viral pro-
moter (Gunther et al. 1990). Although there is no estab-
lished function for the DNA binding activity of E74A,
the E74 gene is postulated to play a central role in the
ecdysone regulatory hierarchy during Drosophila meta-
morphosis (Burtis et al. 1990; Urness and Thummel
1990).

The tissue distribution of the known mammalian
ETS-domain proteins suggests that they could regulate
the expression of tissue-specific genes. For example,
PU.1 is expressed in macrophages and B-cells (Klemsz et
al. 1990); Ets-1 is most abundant in T lymphocytes (Bhat
et al. 1987, 1989), and elk gene expression is restricted to
the lung and testis (Rao et al. 1989). On the other hand,
Ets-2 is more broadly distributed such that, in T lym-
phocytes, ets-1 and ets-2 are both expressed (Bhat et al.
1987, 1990). Similarly, in Drosophila, the E74A and
E74B mRNAs have overlapping temporal and spatial
patterns of expression (Burtis et al. 1990; Thummel et al.
1990). In these cases, ETS-domain proteins may compete
for occupancy of a common set of binding sites. Further
studies of the known ETS-domain proteins and the iso-
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lation of new members of this family should provide in-
sights into how this novel DNA-binding domain is regu-
lated.
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The ETS-domain: a new DNA-binding motif that recognizes a
purine-rich core DNA sequence.
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