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Ets1 and Ets2 are nuclear phosphoproteins which bind to DNA in vitro and share two domains of strong
identity. Deletion analyses of each of these conserved regions in Etsl demonstrated that integrity of the
carboxy-terminal domain, also conserved in the more distantly related elk and erg gene products, is essential
for both nuclear targeting and DNA-binding activity in vitro.

The c-ets family consists of genes with sequence identity
to the v-ets oncogene found in the genome of the transform-
ing E26 retrovirus. The c-ets family includes c-ets-1 (5, 12,
21), the progenitor of v-ets (6, 8, 10, 13), c-ets-2 (3, 11, 21,
22), and the more distantly related erg and elk genes (16, 17,
19). Although the functions of these genes remain to be
established, recent evidence suggests a role for the c-ets-1
product (Etsl) in lymphoid activation (14), whereas the
c-ets-2 product (Ets2) may be involved in cell proliferation
(2) and in macrophage functional activation (K. E. Boulu-
kos, P. Pognonec, E. Sariban, M. Bailly, C. Lagrou, and J.
Ghysdael, submitted for publication).

Comparison of the amino acid sequence of chicken Etsl
and Ets2 allowed the identification of two regions of strong
identity of 96 and 175 amino acids localized near the amino
terminus (domain B in Fig. 1) and in the carboxy-terminal
domains (domains D and E in Fig. 1), respectively. This last
domain can be divided in two regions of 50% identity (region
D) and more than 90% identity (region E). The D domain is
separated from the B domain by a 113-amino-acid domain
(domain C) displaying no identity with the corresponding
region of Ets2. Finally, the extreme amino-terminal domain
of Etsl (domain A) shares virtually no identity with Ets2
and, in fact, corresponds to a region where alternative
splicing events are known to occur in both chicken c-ets-I
and c-ets-2 genes (13; Boulukos et al., submitted). Since
both Etsl and Ets2 are nuclear phosphoproteins (3, 9, 14, 15)
and bind to DNA in vitro (15; Boulukos et al., submitted),
we hypothesized that the regions of strong homology were
the most likely to be responsible for the nuclear localization
and DNA-binding activity in vitro of these proteins. To test
this, we constructed a series of mutants (Fig. 1) using a
c¢DNA clone encoding Etsl (15). The resulting mutated
DNAs were subcloned into a simian virus 40 (SV40) early
promoter-based expression vector (4) and transfected into
monkey COS-1 cells. Two days after transfection, the sub-
cellular locations of mutant Etsl proteins were analyzed by
indirect immunofluorescence with an Ets-specific antiserum
and compared with the location of a wild-type protein
similarly expressed in COS-1 cells from the previously
described pKCR3-c-ets-1 construct (15). Similarly, the
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DNA-binding abilities of mutant Etsl proteins were com-
pared with that of wild-type Ets1 by DN A-cellulose chroma-
tography of extracts of L-[>**S]methionine-labeled cells and
immunoprecipitation analyses with an Ets-specific antiserum
as described previously (15).

The first of the mutants constructed involved a 279-
base-pair internal in-frame deletion from Hpal at nucleotide
(nt) position 110 to BglII at nt position 389 (for map coordi-
nates, see reference 8), resulting in the deletion of almost all
of domain B of Ets1 (A38-130). A high level of immunofluo-
rescence was detected in the nuclei of COS-1 cells trans-
fected with the A38-130 construct (Fig. 2, A38-130). The
pattern of immunofluorescence derived from the A38-130
mutant was indistinguishable from that observed in COS-1
cells transfected with a wild-type Etsl construct (Fig. 2,
WT). This nuclear immunofluorescence is specific to Etsl
since it was not detected with either a nonimmune control
serum or an Ets antiserum blocked with an excess of the
purified bacterial immunogen (data not shown). These re-
sults demonstrate that domain B of Etsl can be deleted
without affecting the subcellular localization of the protein.

We next constructed a series of deletion mutants in the 3’
region of the c-ets-I-specific cDNA clone corresponding to
the highly conserved carboxy-terminal domain E. To delete
the first 138 nt of domain E, we created a novel HindIlI site
by point mutating a C to a T at nt position 955 using an
oligonucleotide-directed in vitro mutagenesis system (Amer-
sham Corp., Arlington Heights, Ill.). This point mutation
resulted in an amino acid change from a proline to a leucine
at amino acid 319 (319P-L). Immunofluorescence experi-
ments demonstrated that the product of the 319P-L construct
remains localized in the nucleus, indicating that this amino
acid change does not affect the subcellular localization of the
protein (Fig. 2, 319P-L). The creation of this novel HindIIl
site allowed us to remove 46 amino acids of conserved
sequences of domain E by digestion of the 319P-L construct
with restriction enzyme HindIII followed by religation,
thereby generating the in-frame deletion mutant A318-363.
The A318-363 protein entirely localized in the nucleus (Fig.
2, A318-363). These results demonstrated that integrity of the
first 46 amino acids of domain E is not required for nuclear
localization of Etsl in cells. We therefore constructed an-
other mutant, A364-441, deleting all nt downstream of the
natural HindIII site found at nt position 1092 (numbering as
reported in reference 8) in the c-ets-1 cDNA. Immunofluo-
rescence analysis of COS-1 cells transfected with this mutant
showed that A364-441 Etsl is exclusively localized in the
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FIG. 1. Wild-type and mutant c-ets-1 constructions. The first line drawing illustrates the wild-type Etsl. All other line drawings
schematically depict the mutant constructions used in this study. Light grey boxes indicate amino acid sequence identities of approximately
70 and 50% shared between Ets1 and Ets2. The dark shaded box represents amino acid sequence identity greater than 90% shared between
Etsl and Ets2. A38-130 was constructed with a c-ets-1 cDNA clone that was digested with BglII restriction enzyme and subsequently blunt
ended with Klenow enzyme. After digestion with restriction enzyme Hpal, the blunt-ended Bg/II site was ligated in phase to the Hpal site
with T4 ligase. The circularized mutated molecule was then digested with EcoRI and subcloned into the EcoRlI site of an SV40 promoter-based
expression vector (4). Similarly, A364-441 was constructed by digesting the c-ets-1 cDNA clone with HinDIII and EcoRlI, thereby removing
the C-terminal-coding sequences downstream of the true HinDIII site. This mutated DNA was then cloned into a similar SV40-based
expression vector containing a HinDIII site upstream from a stop codon. The point mutation at nt position 955 creating a novel HinDIII site
in a c-ets-1 cDNA clone (319P-L) as well as A369-388 were generated by oligonucleotide-directed mutagenesis (Amersham). A318-363 was
obtained by HinDIII digestion and religation of mutant 319P-L. DNA. Abbreviations: WT, wild type; A38-130, deletion in domain B where,
as in all constructions, A represents deletion and the first number which follows A corresponds to the first amino acid deleted and the second
number corresponds to the last amino acid deleted; 319P-L, the amino acid at position 319 (asterisk) has been changed from a proline to a
leucine; A318-363, deletion in the first 46 amino acids of domain E; A369-388, deletion including the eight-basic-amino-acid motif; A364-441,
deletion of the 78 C-terminal amino acid residues of domain E.
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cytoplasm (Fig. 2, A364-441). This indicated that integrity of
the 78 C-terminal residues of Etsl is required for nuclear
localization of the protein. As we previously noted (15), a
stretch of basic amino acid residues (376-GKRKNKPK) is
found within this carboxy-terminal domain and is similar to
the minimal amino acid sequence important for nuclear
targeting of SV40 large T antigen as well as several other
nuclear proteins (7, 20). In addition, this region is predicted
to extend out of the surface of the protein (15). We therefore
deleted these basic sequences (A369-388) using an oligonu-
cleotide-directed in vitro mutagenesis system (Amersham).
Mutant A369-388 Etsl was almost exclusively localized in
the cytoplasm of COS-1 transfected cells (Fig. 2, A369-388).
These results indicated that these basic sequences represent
an essential determinant for Ets1 nuclear localization. How-
ever, we reproducibly noticed a very low level of patchy
nuclear immunofluorescence in COS-1 cells expressing the
A369-388 protein. This residual nuclear immunofluores-
cence, which differs from the usual uniform pattern of
immunofluorescence of wild-type Etsl, is not likely to be
due to passive transfer of the smaller-sized mutated A369-
388 protein since the A364-441 protein, which is even smaller
in size, remained localized in the cytoplasm. This suggests
that integrity of additional sequences located downstream of
amino acid 388 is required to induce complete nuclear
localization of Etsl. Similar observations have been made
recently for several other nuclear proteins including Myc
and polyomavirus large T (7, 20).

These Ets1 mutant constructions were next used to delin-
eate the region(s) important for binding to sequence-nonspe-
cific DNA in vitro. Wild-type and mutant constructions were

FIG. 2. Immunofluorescence studies. Monkey COS-1 cells were
transfected with 10 pg of SV40-based expression vector encoding
either wild-type (WT) or mutant DNA as indicated essentially as
previously described (3, 15). Briefly, cells were transferred to

collagen-coated cover slips and fixed in cold methanol (—20°C) for
20 min. After extensive washes in phosphate-buffered saline and
incubation in ethanolamine, subcellular Etsl localization was ana-
lyzed by immunofluorescence with our standard Ets antiserum (12).
After being washed, cells were incubated with fluorescein isothio-

cyanate-conjugated swine anti-rabbit immunoglobulins (Dakopatts,
Glostrup, Denmark). Immunofluorescence was examined with a
Zeiss epifluorescence microscope. The experiments detailed here
gave a consistent and reproducible immunofluorescence pattern in
>95% of exogenous Etsl-expressing cells.



5720 NOTES

QS
° o
A P =)
Mr - = S
(kD)
98 =
68 =
. E
s 8 -
FT W EI FT W EI FT W EI

MoL. CELL. BioL.

e 2o} ~
o e
o o}
> el Cl
v v v
- - -
FT W El FT W El FI- W El

FIG. 3. DNA binding of wild-type Ets1 (WT) and mutant Etsl in vitro. Monkey COS-1 cells were transfected with 10 pg of SV40-based
expression vector encoding either wild-type or mutant Etsl proteins. Two days after transfection, cells were labeled with 500 uCi of
L-[*SImethionine per ml and lysed in TDT buffer (10 mM Tris hydrochloride [pH 7.4], 50 mM NaCl, 1 mM dithiothreitol, 0.1% Triton X-100,
1 mM EDTA, 10 pg of leupeptin per ml, 100 pg of phenylmethylsulfonyl fluoride per ml, 1% aprotinin; all from Sigma Chemical Co., St. Louis,
Mo.). After centrifugation at 100,000 X g, the supernatant was loaded on a native calf thymus DNA-cellulose column equilibrated in TDT
buffer as described previously (15). After extensive washing in TDT buffer, bound proteins were eluted in TDT buffer adjusted to 1 M NaCl.
Equivalent amounts of flowthrough (FT), wash (W), and elution (El) fractions were immunoprecipitated with an excess of the standard Ets
antiserum and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. kD, Kilodaltons.

transfected into COS-1 cells, the cells were labeled with
L-[>**SImethionine and lysed, and lysates were incubated in
the presence of calf thymus DNA-cellulose as previously
described (15). The A38-130 protein maintained its ability to
bind to DNA-cellulose as efficiently as the wild-type protein
(WT) (Fig. 3, compare WT and A38-130 lanes). Therefore,
although conserved 70%, domain B does not appear to be
important for nuclear localization of Etsl or for its ability to
bind to DNA. As previously demonstrated, the slower-
migrating high-molecular-weight species immunoprecipi-
tated by the Ets antiserum are phosphorylated versions of
Etsl (14). Consistent with our recent observation with
wild-type Etsl (15), the phosphorylated forms of A38-130
were detected exclusively in the flowthrough fraction (Fig. 3,
FT), whereas only the nonphosphorylated form bound to
DNA-cellulose (Fig. 3, El). The 319P-L mutant protein with
the amino acid change from a proline to a leucine residue
also bound to DNA-cellulose as efficiently as wild-type Etsl
(Fig. 3, compare lanes WT and 319P-L, FT vs. El). The 3’
constructions with deletion of either the first 46 amino acids
of domain E, A318-363, or the basic sequences, A369-388,
were able to bind to DNA, but the resulting mutated proteins
had a lower affinity for DNA than the wild-type protein did

TABLE 1. Summary of subcellular localization and DNA binding
analyses of wild-type and mutant Ets1 constructions®

Construction Localization DNA binding
WT N +++
A38-130 N +++
319 P-L N +++
A318-363 N +
A369-388 C/N +
A364-441 C -

“ Abbreviations: WT, wild type; N, nucleus; C, cytoplasm; +++, high
affinity for DNA-cellulose; +, low affinity for DNA-cellulose; —, complete
loss of affinity for DNA-cellulose.

(Fig. 3). However, deletion of the 78 C-terminal residues of
Etsl in mutant A364-441 resulted in a complete loss of
affinity for DN A-cellulose. Results similar to those depicted
in Fig. 3 were obtained when extracts containing the wild-
type or A364-441 protein were mixed before cochromatogra-
phy on the same DNA-cellulose column (data not shown).
These results demonstrated that within domain E, integrity
of the extreme C-terminal region of Etsl is absolutely
required for DNA binding in vitro (Table 1). Since mutants
A318-363 and A369-388 also displayed reduced affinity for
DNA in vitro, at least part of the first 46 amino acid residues
of domain E also appear to contribute to efficient DNA
binding. Studies reported here did not address the possible
role of domain D in Etsl nuclear targeting and DNA-binding
activity. This domain forms part of an entire exon in the
chicken and human c-ets-1 locus (10, 23). In mammals, an
alternative splicing event generates a protein lacking the
domain encoded by this exon (18), and we have recently
obtained evidence that this alternative protein retains both
its nuclear localization and its capacity to bind DNA (P.
Pognonec, K. E. Boulukos, R. Bosselut, C. Boyer, A. M.
Schmitt-Verhulst, and J. Ghysdael, submitted for publica-
tion).

The DNA-binding activity analyzed here is likely to rep-
resent an intrinsic property of Etsl since an Etsl protein
produced in insect cells from a baculovirus recombinant
vector also binds DNA in vitro (J. Ghysdael and D. Gijsen,
manuscript in preparation). However, the predicted amino
acid sequences of Etsl and Ets2 in domain E do not reveal
homologies to any of the known protein DNA-binding mo-
tifs. Recently, Anton and Frampton (1) proposed that tryp-
tophan repeats represent a novel DN A-binding motif in Myb
and Ets proteins. As they pointed out, three tryptophan
repeats are found in domain E spaced at 17 and 18 amino
acids. It is interesting that the first two of these tryptophans
are deleted in A318-363 and the third tryptophan is deleted in
A369-388 and that both these mutant Ets1 products exhibit a
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reduced affinity for DNA. However, when the third tryp-
tophan is deleted in a larger deletion (A364-441), the mutant
Etsl products completely lose the ability to bind to DNA-
cellulose, suggesting that either the tryptophan spacing in
itself is insufficient in functioning as a DN A-binding motif or
possibly the tertiary structure of the protein is modified such
that the remaining two tryptophans are rendered inaccessi-
ble, thereby disrupting the DNA-binding motif. Since do-
main E is highly conserved in all members of the ets family,
including the more distantly related erg and elk gene prod-
ucts, our results suggest that this region is probably respon-
sible for nuclear localization and DN A-binding activity of all
members of the ets gene family, whereas other, less con-
served regions of these protein products could be responsi-
ble for other aspects of ets protein function.
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