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The ETS protein TEL, a transcriptional repressor, contains a
PNT domain that, as an isolated fragment in vitro, self-associ-
ates to form a head-to-tail polymer. How such polymerization
might affect the DNA-binding properties of full-length TEL is
unclear. Here we report that monomeric TEL binds to a consen-
sus ETS site with unusually low affinity (K, = 2.8 X 10~ ¥ m). A
deletion analysis demonstrated that the low affinity was caused
by a C-terminal inhibitory domain (CID) that attenuates DNA
binding by ~10-fold. An NMR spectroscopically derived struc-
ture of a TEL fragment, deposited in the Protein Data Bank,
revealed that the CID consists of two a-helices, one of which
appears to block the DNA binding surface of the TEL ETS
domain. Based on this structure, we substituted two conserved
glutamic acids (Glu-431 and Glu-434) with alanines and found
that this activated DNA binding and enhanced trypsin sensitiv-
ity in the CID. We propose that TEL displays a conformational
equilibrium between inhibited and activated states and that
electrostatic interactions involving these negatively charged
residues play a role in stabilizing the inhibited conformation.
Using a TEL dimer as a model polymer, we show that self-asso-
ciation facilitates cooperative binding to DNA. Cooperativity
was observed on DNA duplexes containing tandem consensus
ETS sites at variable spacing and orientations, suggesting flexi-
bility in the region of TEL linking its self-associating PNT
domain and DNA-binding ETS domain. We speculate that TEL
compensates for the low affinity, which is caused by autoinhibi-
tion, by binding to DNA as a cooperative polymer.

The ETS transcription factors play roles in normal cellular
processes as well as a variety of human malignancies. For exam-
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ple, chromosome rearrangements at specific ets loci are associ-
ated with Ewing sarcoma (1), prostate cancer (2), and certain
leukemias. Specifically, the human chromosome translocation
t(12;21), linked with B-cell acute lymphoblastic leukemia,
encodes a TEL/AML1 fusion protein (3, 4). This oncogenic
fusion retains the PNT (or SAM) domain of the ETS protein
TEL (or ETV6) and the DNA binding domain of RUNX1 (or
AML1). The PNT domain of TEL is implicated in transcrip-
tional repression (5-9). Thus, it is postulated that in the aber-
rant, oncogenic context, the TEL PNT domain causes repres-
sion of target genes selected by the RUNX1 DNA binding
domain (10, 11). Despite these significant biological phenom-
ena, the DNA-binding properties of TEL and the TEL/AML1
fusion protein are not understood, nor are there any well char-
acterized transcriptional targets.

TEL, one of the 27 ETS transcription factors encoded by the
human genome, binds DNA through its highly conserved ETS
domain. All ETS proteins recognize a consensus 5'-GGAA/
T-3' motif within the context of a 9- to 10-bp DNA sequence
(12, 13). The conservation of DNA-binding properties among
ETS proteins necessitates additional mechanisms that can reg-
ulate selection of specific transcriptional targets within biolog-
ical contexts. Heterotypic protein partnerships with non-ETS
proteins that stabilize ternary complexes are found frequently
and help provide such additional DNA-binding specificity. For
example, SRF associates with the ETS proteins ELK-1, ELK-4
(SAP1), or ELK-3 (NET) in ternary complexes (14), ETS protein
PU.1 binds DNA with IRFx (Pip) (15), and Ets1 partners with
RUNXI1 on DNA (16 -20).

A possible uniqueness of the DNA-binding properties of TEL
comes from the biophysical studies indicating that its PNT
domain can form a very stable head-to-tail polymer (21-23),
and, thus most likely, the full-length protein also polymerizes
(see Fig. 1). We speculated that the DNA binding mode of full-
length TEL may be affected by self-association, enabling the
interaction with multiple ETS binding sites. The PNT domain
retained in the TEL/AMLI fusion protein may similarly affect its
DNA-binding properties. Although several cell-based assays sug-
gest that wild-type TEL self-associates (24, 25), whether or not the
polymeric state exists in full-length, wild-type TEL has not been
shown definitively in vitro by biochemical or biophysical
approaches. In direct relevance to this report, no DNA binding
studies have determined how self-association of TEL might impact
its recognition of promoter or enhancer elements.

In this study, we demonstrated that TEL DNA binding is
strongly repressed by an autoinhibitory mechanism that
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appears to involve steric blockage of the monomeric ETS
domain DNA-binding interface by a flanking C-terminal helix.
A conformational change of this inhibitory region is likely nec-
essary for DNA binding. Next, using a dimeric TEL variant gen-
erated with PNT domain point mutations, we demonstrated
that dimerization of TEL facilitates cooperative DNA binding.
We also defined the spacing and orientation requirements of
tandem ETS sites for this binding. These results demonstrated
that self-association compensates for the low affinity of the
autoinhibited TEL monomer. Our findings can predict pro-
moter and enhancer architecture of downstream targets of
TEL, several highly related ETS proteins, and the TEL/AML1
fusion protein, which all potentially can self-associate through
their respective PNT domains.

EXPERIMENTAL PROCEDURES

Expression Plasmids—Murine TEL cDNA was cloned into
the bacterial expression vector pET28B (Novagen) and used for
generation of mutant versions (A94D, V113E, and A94D/
V113E) by site-directed mutagenesis. The pET-based pAED
vector, which carries a high copy ori (26), was used for cloning
and expression of the deletion species AC436, AC426, AN127,
AN331, AN334:AC436 (wild-type, E431A, E434A, and E431A/
E434A), and AN331:AC426. Cloning by PCR-based strategies
used the primer pairs listed in supplemental Table 1. The PCR-
generated fragments were inserted into the Ndel and Kpnl sites
of the pAED4 vector to enable expression of fragments of TEL
with the only non-TEL residue being an N-terminal Met.

Expression and Purification of TEL Species—pET-based vec-
tors were used for inducible expression in Escherichia coli
BL21(ADE3). Cells were grown at 37 °C to an Ay, of 0.8, and
induced with 1 mm isopropyl 1-thio-B-p-galactopyranoside for
2 h. The cell pellet was resuspended in 50 mm Tris, pH 7.9, 1 M
NaCl, 1 mMm EDTA, 1 mM DTT,*and 1 mm phenylmethylsulfo-
nyl fluoride, then lysed by sonication. The cleared lysate was
subjected to an overnight dialysis at 4 °C into 20 mm sodium
citrate, pH 5.3, 150 mm KCl, 1 mm EDTA, 1 mm DTT, 0.2 mm
phenylmethylsulfonyl fluoride, and 10% glycerol. The recombi-
nant protein was then purified to near homogeneity using con-
ventional chromatography. Briefly, the TEL species passed
through a DEAE column, bound to an S-Sepharose column in
the 150 mMm KCI buffer (above), and then eluted at ~500 mm
KCL. After pooling appropriate fractions, the protein was con-
centrated and further purified on a Superdex 75 column (20 mm
sodium citrate, pH 5.3, 500 mm KCl, 1 mm EDTA, 1 mm DTT,
and 10% glycerol). Purified proteins were stored at —80 °C in
50-ul aliquots for one-time use. TELP preparations were made
by mixing equal molar amounts of two mutant forms.

DNA Duplexes for EMSAs—To generate the DNA duplex
used to investigate autoinhibition, complementary oligonu-
cleotides 27 bases in length were designed such that a 9-bp, high
affinity consensus ETS binding site (underlined) was positioned
in the middle of a 23-bp double-stranded duplex: 5'-TCGAC-
GGCCAAGCCGGAAGTGAGTGCC-3' (top strand), 5'-TCG-

“The abbreviations used are: DTT, dithiothreitol; CID, C-terminal inhibitory
domain; EMSA, electrophoretic mobility shift assay; LID, linker inhibitory
damper; ESI/M, electrospray ionization mass spectrometry.
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AGGCACTCACTTCCGGCTTGGCCG-3’ (bottom strand). To
generate DNA duplexes used to test TEL binding to direct and
inverted binding site repeats the following oligonucleotides were
used for the direct repeat and inverted repeats, respectively:
5'-TCGACGTGTGCGCCTTAAGTGTACTTCCGGCCGT-
GTTACTTCCGGCATGCCGG-3’ (top strand) and 5'-TCGAC-
GTGTGCGCCGGAAGTGTACTTCCGGCCGTGTTACTTA-
AGGCATGCCGG-3’ (top strand). End labeling was performed
using an equimolar mixture of the two oligonucleotides, T4
polynucleotide kinase (Invitrogen) and [y-*>P]ATP. The oligonu-
cleotides were then annealed by boiling for 5 min, followed by slow
cooling to room temperature.

DNA duplexes used to test TEL binding to a direct ETS bind-
ing site repeat spaced by 54, 65, 76, and 108 bp (or 5, 6, 7, and 10
helical turns, respectively) were generated using a two-step
cloning process. First, complimentary oligonucleotides were
designed to contain a single ETS binding site (underlined) and
no additional GGA sequences: 5'-CACGCCGCATGTATGT-
AGCCTGTTGCTAGCTGCCGGAAGTAATACGTAACGC-
AGCTATTGCTACTAACTATTGTGCTGCA-3" (top strand).
Once annealed, the DNA duplex was digested with Sacl and
Pstl and inserted into the pKS Bluescript vector to generate
pKS-EBS1. To create the second binding site in the DNA
duplex, a subsequent round of cloning was conducted. As
before, complimentary oligonucleotides were designed to con-
tain a single ETS binding site and no additional GGA sequences
(supplemental Table 2). Once annealed, the DNA duplexes
were digested with Pstl (5) and Kpnl (3') and inserted into the
pKS-EBSI to generate a series of pKS-EBS2 vectors with appro-
priately spaced binding sites. After the second round of cloning,
DNA duplexes were radiolabeled by PCR using the following
primers: 5'-GAGCTCACGCCGCATGTATGT-3’ (forward)
and 5'-GGTACCGTTAGCATTAAGCTA-3' (reverse). Radio-
labeled PCR products were gel-purified.

EMSAs—EMSAs were performed as previously described
(27). In brief, equilibrium binding conditions were set up with a
series of protein dilutions (10~ '® to 10”7 M) mixed with radio-
labeled DNA duplexes (2.5 X 10~ "2 M) and incubated at room
temperature for 1 h to reach equilibrium. The aliquots were
then loaded onto a running 6% native gel, which was subse-
quently dried and analyzed by phosphorimaging. To determine
equilibrium dissociation constants (K,), a nonlinear least
squares fitting of the free protein concentration [P] versus the
fraction of DNA bound ([PD]/[D,]) to the equation, [PD]/[D,] =
1/(1 + (K,/[P])), was conducted, using KaleidaGraph (v. 3.51,
Synergy Software). Unbound [P] is assumed to be the total [P,]
due to the excess of protein in all reactions. This approach was
not suitable for determining the affinity of the cooperative
TELP dimer, because the dimerization equilibrium constants
for the full-length protein in its free and DNA-bound forms
were not measured.

Dissociation Rate Experiments—Dissociation rate experi-
ments were conducted as previously described (28). Binding
reactions consisting of protein (10~ ® m) and radiolabeled DNA
duplex (10~ '° M) were incubated at room temperature for ~1 h.
A control aliquot was removed and mixed with 1/10 volume of
EMSA buffer (25 mm Tris, pH7.9, 1 mMEDTA, 1 mm DTT, 10%
glycerol, 6 mm MgCl,, 50 mm KCl, 0.1 ug/ul bovine serum
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FIGURE 1. Engineering of TEL monomeric and dimeric configurations.
A, proposed model of wild-type TEL forming open-ended polymers via head-
to-tail PNT domain interactions. The ETS domain, which mediates DNA bind-
ing, is also shown attached by a proposed flexible linker (this report). B, two
point mutations (A94D, oval with horizontal lines, or V113E, oval with vertical
lines) in the PNT domain block polymerization by disrupting one of the two
surfaces necessary for subunit interaction (21). TEL species bearing both
point mutations are monomeric, denoted here TELM. C, a combination of the
two mutant proteins each bearing a single point mutation yields a stable
dimer, denoted here TELP.

albumin, and 50 ng/ul poly(dI-dC)). To the remaining reaction
mixture, a 1000-fold excess unlabeled 27-bp DNA duplex con-
taining a single ETS binding site in 1/10 volume of EMSA buffer
was added. After brief vortexing, aliquots were removed at
timed intervals and immediately loaded onto a running 6%
native gel. The ratio of the shifted signal, quantified by phos-
phorimaging, at each time point to the signal in the control lane
was presented as the fraction of original complex remaining at
time ¢, ([PD,]/[PD,]). The dissociation rate constant, k_; (and
corresponding half-life #,, = In(2)/k_;), was determined by
least-squares analyses (KaleidaGraph) of the equation,
In([PD,]/[PD,]) = —k_;t.

Limited Proteolysis—TEL species (30 um) AN334:AC436 and
AN334:AC436 (E431A/E434A) were digested for 2 min at room
temperature with increasing amounts of trypsin (2-500 ng) in
25 mMm Tris, pH 8.8, 175 mMm NaCl, 10 mm CaCl,, and 1 mm
DTT. The reactions were stopped by adding SDS sample buffer,
followed by boiling for at least 5 min. Reaction mixtures were
electrophoresed on 15% SDS gels and visualized by Coomassie
staining. For analysis by electrospray ionization/mass spec-
trometry (ESI/MS), TEL species AN334:AC436, and AN334:
AC436 (E431A and E434A) were digested with 50 ng of trypsin
under conditions described above, and the reactions were
stopped by the addition of 1% trifluoroacetic acid.

RESULTS

Monomeric TEL Binds DNA with Low Affinity—To obtain a
soluble form of full-length TEL we exploited two point muta-
tions, A94D and V113E, which are well known to disrupt
polymerization of the PNT domain (21) (Fig. 1). Recombinant
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TEL with either single or double substitutions displayed a dra-
matic increase in solubility relative to native TEL, which other-
wise was highly insoluble when expressed in E.coli. As
expected, the double mutant (A94D/V113E), termed TELM,
appeared to be monomeric based on its chromatographic prop-
erties (supplemental Fig. S1). These findings suggested that
wild-type, full-length TEL has self-association properties simi-
lar to the well characterized PNT domain-only fragment and
that the monomeric TEL™ species was suitable for further
analysis.

The equilibrium dissociation constant (K,) of TELM for
DNA was quantified by EMSAs. We used a consensus binding
site with the core sequence 5'-GCCGGAAGT-3’, which has
been well characterized as a high affinity binding site for several
ETS proteins (K, values in the 10~ to 10~ ' m range) (19, 28).
The core sequence is consistent, except for the first G position,
with the reported DNA sequence preferences for TEL (29).
Unexpectedly, TELM displayed an unusually low affinity for this
binding site (K, = 28 X 10~ m) (Fig. 2 and Table 1).

TEL DNA Binding Is Autoinhibited—Several ETS proteins,
including Ets-1 (26, 30 —34), Elk-1 (35, 36), Elf-3 (37), and ETV4
(38), display autoinhibition of DNA binding that is mediated by
elements outside of the ETS domain. Therefore, we hypothe-
sized that TEL may be regulated in this manner. Indeed, the
minimal ETS domain (AN331:AC426) exhibited ~10-fold
higher affinity (K, = 2.3 X 10~° M) than full-length TEL™ for
the consensus binding site (Fig. 2 and Table 1). These findings
demonstrated that TEL DNA binding is indeed repressed by an
autoinhibition mechanism.

Through further deletion mapping, inhibitory sequences
were better defined (Fig. 2 and Table 1). Deletion of the region
C-terminal to the ETS domain (AC426) activated DNA binding
by TELM to the level observed with the minimal ETS domain.
This result identified a C-terminal inhibitory domain, which we
termed the CID. Surprisingly, deletion of the N-terminal resi-
dues yielded a fragment (AN331) with even lower affinity than
that of the full-length protein (K, = 110 X 10~ ? m). This finding
suggested that the CID can actually repress DNA binding by the
ETS domain ~50-fold, but that the sequences N-terminal of
the ETS domain interfere with its full inhibitory potential.
AN127, which lacks the PNT domain, retained this dampening
activity. Furthermore, because AC426 and the minimal ETS
domain had the same affinity for the consensus DNA duplex,
the de-repression was dependent on the presence of the CID.
We have termed the region (within residues 127-331) that dis-
plays this activity the linker inhibitory damper (LID). In conclu-
sion, sequences flanking the ETS domain of TEL regulate its
DNA-binding properties (Fig. 2D).

The CID Includes an o-Helix Positioned to Block DNA
Binding—An undocumented, NMR-based tertiary structure of
a TEL fragment corresponding to residues 334 — 436, deposited
in the Protein Data Bank (2DAO.pdb), provided insights into
the possible mechanism of autoinhibition. In addition to the
expected ETS domain “winged helix-turn-helix” fold between
residues 334 and 426, two C-terminal helices (H4 and H5) are
also present in this fragment (Fig. 34). NMR spectroscopic
analyses of AN331:AC458 verified these reported secondary
structural elements (supplemental Figs. S2 and S3). Conforma-
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FIGURE 2. TEL DNA binding is autoinhibited by sequences C-terminal to
the ETS domain. A, schematic representation of TEL deletion mutants. PNT
domain with polymer-blocking point mutations A94D and V113E (*), linker
inhibitory damper (LID), ETS domain, and C-terminal inhibitory domain (C/D)
indicated. B, equilibrium DNA binding studies of TEL™ (upper) and AN331:
AC426 (lower). Proteins were titrated over a concentration range of 10~ '3 to
10”7 m with each lane representing a 2.5-fold increase. The leftmost lane is a
DNA-only control. C, DNA-binding isotherms were generated, as described
under “Experimental Procedures,” for TELM (open circles) and AN331:AC426
(filled circles). Data points with error bars and K, values represent the mean *=
S.D. from four independent experiments. D, schematic of TEL autoinhibition
by the CID with dampening by the LID.

10

tion of the tertiary structure of this TEL fragment awaits addi-
tional analyses. The DNA-binding activities of AN334:AC436
and AC436 were shown to be repressed ~100- and ~10-fold,
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TABLE 1
DNA binding affinity of monomeric TEL species

Fig. 2 provides the schematic of all mutant species. K, values are determined by
binding isotherms, as described in Fig. 2. Reported K, values are mean * S.D.
determined from four independent experiments. The extremely low affinity of
AN334:AC436 and AN331 provides less accurate measurements and, thus, -fold
inhibition is an estimate (footnote a). The -fold inhibition is calculated as the ratio of
K, (TEL,)/K, (AN331:AC426). Species bearing PNT domains, full-length TEL,
AC426, and AC436 were monomeric due to polymer-blocking mutations (see Figs.
1and 2).

Protein K, -fold inhibition
107°m
TEL (full-length, monomeric) 28 + 4 10
AN331:AC426 (ETS domain-only) 2.8 + 0.4 1
AC426 (monomeric) 2.3 * 0.6 1
AN331 110 = 37 ~50”
AN127 21 =3 7.5
AC436 (monomeric) 26 *+ 2 9.2
AN334:AC436 (structurally described) 270 =73 ~110°
AN334:ACA436 (E431A) 16+ 02 1
AN334:AC436 (E434A) 1.6 0.8 1
AN334:AC436 (E431A/E434A) 1.3£0.1 1
“ Estimated.

respectively, and thus are similar to AN331 and wild-type TEL
(Fig. 2A and Table 1). This finer mapping confirmed that the
CID function was intact in the structurally characterized frag-
ment. In comparison to high resolution models of ETS domain-
DNA complexes, illustrated with Ets-1 (Fig. 3B), helix H5 of
TEL would block the DNA binding surface. These structural
data suggest that TEL DNA binding requires displacement,
possibly via local unfolding of helix H5 of the CID. Thus, in our
model of TEL autoinhibition the protein exists in two confor-
mations: a closed, inhibited form and an open, active form that
is competent to bind to DNA.

Testing the Conformational Change Mechanism—To test
the hypothesized mechanism of autoinhibition, we sought to
identify residues in the CID that stabilize the inhibited con-
formation of TEL. By aligning TEL sequences from five ver-
tebrate species and the closely related human TEL2b (Fig.
3C), we found high conservation among the residues in helix
H5. Of particular interest were the negatively charged Glu-
431 and Glu-434, which are positioned in the TEL fragment
structure to interact with the positively charged N terminus
of helix H1 of the ETS domain (Fig. 34). Mutant proteins
with alanine substitutions at Glu-431 and Glu-434 were ana-
lyzed for structural changes by protease sensitivity. Partial
trypsin proteolysis, followed by ESI/MS, was used to identify
sites most susceptible to cleavage. When assayed over the
same time period, fragment(s) appeared at lower trypsin
concentrations in the mutant proteins than in wild-type spe-
cies (Fig. 3D). For example, a trypsin cleavage site at Arg-426,
which lies in an unstructured loop between helices H4 and
H5, was observed in both proteins (Fig. 3A). In contrast,
cleavage at Arg-429 at the N terminus of helix H5 was
observed only in the mutant, potentially accounting for its
overall enhanced trypsin sensitivity. These findings indicate
that the CID adopts different conformations in the wild-
type, parental versus mutant species.

We next measured the DNA binding affinity of the CID
mutants. Each single and the double mutant bound DNA with
significantly higher affinity than the parental fragment (AN334:
AC436). Thus, the binding affinity of the CID mutants was
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FIGURE 3. Inhibitory helix H5 blocks the TEL DNA binding interface. A, unpublished NMR-derived tertiary
structure of AN334:AC436 in Protein Data Base (2DAO.pdb). The three a-helices (H1-H3) and four B-strands
(S7-54) that comprise the ETS domain (red), as well as two additional C-terminal helices (H4 and H5) (purple) of
the CID are indicated. Conserved acidic residues Glu-431 and Glu-434 are shown as sticks (green). Arg-426 and
Arg-429, which are sites of trypsin cleavage, are highlighted (orange). B, the DNA binding surface of an ETS
domain is illustrated by a crystal structure of an Ets-1-DNA complex (selected residues 331-437 from
1TMDM.pbd (42)): helix H3 lying in the major groove and the N terminus of helix H1 contacting the phosphodi-
ester backbone, ETS domain (red); helix H4 and H5 of Ets-1 inhibitory module (purple), additional inhibitory
helices N-terminal to the ETS domain are not illustrated for simplicity. C, schematic representation of AN334:
AC436, with helices (cylinders) and B-strands (arrows) identified. Potential trypsin cleavage sites at all arginine
and lysine residues are depicted as vertical lines, and Arg-426 and Arg-429 are indicated (*). A sequence align-
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and/or Glu-434 could function in
intramolecular interactions that
stabilize a closed, inhibited confor-
mation of the TEL ETS domain.
Furthermore, we hypothesize that
the altered conformation of the
mutant proteins mimics the active,
bound conformation of TEL.

TEL Dimers Display Higher DNA
Binding Affinity—In considering
the relatively low affinity of mono-
meric TEL for the consensus bind-
ing site, we speculated that poly-
merization would enhance the
overall DNA binding of wild-type,
full-length TEL. Because full-
length, wild-type TEL is insoluble
and not tractable for in vitro analy-
sis, we took advantage of known
PNT domain mutants with dis-
rupted polymer interfaces (Fig. 1, B
and C). Each of the single substitu-
tion mutant proteins (A94D and
V113E) retains one of the native
surfaces required for self-associa-
tion, and thus a mixture of the two
in the context of the isolated PNT
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ment of C-terminal TEL residues (426 - 436) shows the position of helix H5 and the negatively charged residues

Glu-431 and Glu-434. D, partial trypsin proteolysis of AN334:AC436 (upper) and AN334:AC436(E431A/E434A)
(lower) with increasing amounts of trypsin. The positions of 10-and 15-kDa molecular mass markers are shown.

Fragments with cleavage at Arg-426 and Arg-429 were identified via ESI/MS.

5’ CATGCCGGAAGTAACACGGCCGGAAGTACA 3’
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FIGURE 4. TEL dimers bind cooperatively on DNA duplexes with a double
ETS site. A, the ETS binding sites (bold) within the 57-bp DNA duplex used for
EMSAs. Arrows indicate the orientation of 5'-GGA-3’ core sequences in DNA.
B, DNA binding patterns of full-length, autoinhibited TEL™ (left) and TEL®
(right) as described (Fig. 2), except here each lane represents a reaction with a
10-fold higher protein concentration. Labels, (1x)TELY, (2x)TELM, and (1x)TELP,
refer to the proposed identity (M, monomer or D, dimer) and number (7x or 2x) of
independent binding species. The darker appearance of the right panel repre-
sents a longer exposure of the radioactive gel and is inconsequential as all assays
had equivalent amounts of DNA. C, analysis of AC426 species, as in B. This frag-
ment lacks autoinhibition and, thus, exhibits higher affinity DNA binding.

approximately equivalent to the high affinity, minimal ETS-
domain fragment (AN334:AC426) (Table 1). In support of a
conformational change mechanism of autoinhibition, Glu-431
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domain results in a very stable TEL
PNT dimer (21). Based on chro-
matographic properties, a mixture
of full-length TEL versions of the
two PNT domain mutants also yielded a stable dimer, which
we have termed TELP (supplemental Fig. S1).

The DNA-binding properties of TELM and TELP were
assayed on DNA duplexes bearing two ETS binding sites in
tandem (Fig. 44). With increasing concentrations of each TEL
species, DNA-protein complexes of two different mobilities
were observed (Fig. 4B). Notably, for TEL™, a single protein-
DNA species was detected, which we propose corresponded to
one low affinity protein monomer, (1x)TELM, bound to one
DNA duplex, (Fig. 4B, left). In contrast, two shifted bands
appeared in the TELP assay, with the slower mobility one being
dominant. We propose this slower migrating band has the two
subunits of the TELP dimer, (1x)TELP, bound to the DNA
duplex (Fig. 4B, right). The faint, faster migrating species would
be due to the monomeric species, presumably present due to
incomplete dimer formation. To enhance the sensitivity of the
EMSA approach, we used the high affinity species AC426, in
which the CID is deleted. In this case, AC426™ displayed two
complexes, which we propose corresponded to single and dou-
ble occupancy by independent TEL AC426 monomers, (1x)- or
(2x)AC426™ (Fig. 4C, left). In contrast, AC426°, similar to
TELP, showed predominantly one complex, which we propose
represents cooperative binding by dimeric AC426, (1x)AC426"
(Fig. 4C, right). In analyses of both wild-type TEL and AC426,
the relative dominance of the slower TELP-DNA complexes
suggested that the dimer binds a tandem DNA site with higher
affinity than the monomeric species, highly suggestive of a
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cooperative dimer. Lack of information regarding the K, for the
dimer dissociation on or off of DNA precluded additional quan-
titative analysis of these results.

Cooperative DNA Binding Stabilizes Complexes—To quan-
tify the proposed difference in DNA-binding affinity between
monomeric and dimeric TEL species and to test whether the
tandem ETS binding sites are necessary, we measured dissoci-
ation rates. We used the CID-deleted fragment AC426, because
its inherent higher affinity enabled more robust measurements.
The dissociation rate constants (k_;) and half-lives (t,) of the
protein-DNA complexes were determined by following the
kinetics of dissociation from the labeled DNA in the presence of
a large excess of unlabeled DNA. Both AC426™ and AC426"
displayed rapid dissociation from a DNA duplex containing a
single ETS binding site (Fig. 5, A and C, and Table 2). Similar to
results with a direct repeat in equilibrium binding studies (Fig.
44), AC426™ achieved double occupancy. However, doubly
bound monomers were unstable similar to the single occu-
pancy complex (Fig. 5B, upper, Fig. 5C, and Table 2). In con-
trast, AC426" formed a more stable ternary complex with
DNA, as evidenced by a longer half-life of 75 s (Fig. 5B, lower,
Fig. 5C, and Table 2). These results demonstrated that TEL
dimerization stabilizes the binding to a direct repeat of the ETS
binding site, but not to a single ETS binding site. In conclusion,
dimerization, mediated by the PNT domain, provides DNA
binding cooperativity between bound TEL species.

Determinants for TEL Cooperative DNA Binding—To char-
acterize the DNA determinants for cooperativity, we measured
the kinetics of dissociation of AC426" from DNA duplexes
bearing two ETS binding sites with variable spacing and orien-
tations (Table 2). AC426" displayed similar dissociation rates
from DNA duplexes bearing either a direct or an inverted
repeat, corresponding to half-lives of 75 and 52 s, respectively.
Furthermore, AC426" formed these stable complexes on DNA
containing a direct repeat spaced up to five helical turns apart
(t, = 35's). Cooperative, stable complexes were not detected on
binding sites with more extended spacing. In conclusion,
AC426" binds cooperatively to double ETS consensus sites of
variable spacing and orientation, within a limit of five or less
DNA helical turns.

DISCUSSION

We have demonstrated that TEL DNA binding is repressed
by autoinhibition. Furthermore, TEL self-association facilitates
cooperative binding to DNA. Notably, cooperativity was
observed on DNA duplexes displaying variable spacing and ori-
entation of two ETS binding sites. These findings demonstrate
that the dimerization enhances the DNA-binding activity of
TEL and provides a route to compensate for the relatively low
affinity of the autoinhibited TEL ETS domain.

A Model for TEL Autoinhibition—Combining our biochem-
ical data with the reported structure of the TEL ETS domain, we
propose that TEL displays a conformational equilibrium
between two different structural states. One state is an inhib-
ited conformation in which the CID interferes with DNA bind-
ing. The other state is an uninhibited conformation where the
CID is displaced or disrupted and, thus, is no longer an imped-
iment for DNA binding. Based on an undocumented structure
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FIGURE 5. TEL dimers form more stable complexes than TEL monomers on
tandem ETS binding sites. Dissociation of protein-DNA complexes were
measured by EMSAs. Labels, (1x)AC426™, (2x)AC426", and (1x)AC426°,
defined as in Fig. 4. Free DNA is only shown (A, upper). A, stability of AC426M
(upper) and AC426° (lower) bound to a single ETS consensus site (shown).
B, stability of AC426™ (upper) and AC426P (lower) bound to a direct repeat of
an ETS consensus site (shown). C, exponential decay plots of data from A and
B. The upper x axis is adjusted by 15 s to account for the time required for the
mixing of the sample and the sample to enter the gel. AC426° bound to a
direct repeat (filled circles) and AC426° bound to a single ETS binding site
(open circle) are shown. Similar to AC426P on a single site, dissociation plots
for AC426M indicate a half-life of <10 s on either a direct repeat or a single site.
These data are not shown for clarity of the graph. See Table 2 for ., values of
AC426P on a single ETS site or a variety of double ETS site duplexes.

of a TEL fragment in the Protein Data Base and the established
mode of ETS domain DNA binding (39 —43), we propose a helix
within the CID could directly block the binding surface of the
ETS domain in two complementary ways. First, due to its prox-
imity to the DNA recognition helix (H3) in the inhibited con-
formation, helix H5 prevents helix H3 from entering the DNA
major groove. Second, helix H5 also prevents the N terminus of
helix H1 from contacting the negatively charged DNA back-
bone, an interaction known to be important in ETS domain
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TABLE 2
DNA determinants for TEL dimeric cooperativity

DNA duplexes contained ETS binding sites with the core 5'-CCGGAAGT-3', as
described under “Experimental Procedures.” Values in parentheses indicate either
the number of base pairs between the first G of the GGA of each of the two binding
sites or the number of helical turns with one turn equal to 10.5 bp. The dissociation
rate, k_,, was determined from exponential decay plots of fraction of starting signal
remaining ([PD,]/[PD,]) plotted against time (seconds), as illustrated in Fig. 5. The
half-life of each complex was calculated as £, = 0.693/k_,. All experiments were
performed with the dimeric AC426" bearing polymer-blocking mutations (see Figs.
1and2).

Binding site k_, ty,
st s
Single GGA >0.07 <10
Direct GGA (+15 bp) 0.009 75
Inverted GGA (+13 bp) 0.013 52
Direct GGA (+3 turns) 0.008 86
Direct GGA (+5 turns) 0.020 35
Direct GGA (+6 turns)) >0.07 <10
Direct GGA (+7 turns) >0.07 <10
Direct GGA (+10 turns) >0.07 <10

DNA binding (27). Thus, the possible conformational change is
a change in the position of helix H5. Unfolding of helix H5 is a
simple form of displacement that is consistent with the
enhanced sensitivity of the CID to partial proteolysis upon
mutation of Glu-431 and Glu-434. Attempts to detect a confor-
mational change of this helix in the activated mutant (AN331:
AC458) versus wild-type forms of TEL by CD spectroscopy
were not successful (data not shown). However, helix H5 is
relatively small and may not contribute substantially to the
overall CD spectrum of the protein. One possible mechanism
for de-repression of autoinhibition could be an interaction of
helix H5 with the LID. A CID-LID interaction could compete
with the CID-ETS domain interaction noted in the inhibited
state, thus explaining the dampening of autoinhibition by the
LID. Testing this proposed model will require additional struc-
tural and dynamic measurements of a series of TEL deletion
fragments.

The steric mechanism proposed for TEL autoinhibition dif-
fers from the predominantly allosteric mechanism described
for Ets-1 autoinhibition (26, 28, 33, 34). Four inhibitory helices
flank the ETS domain of Ets-1 and function cooperatively as an
inhibitory module. This module is positioned distal to the DNA
recognition helix and allosterically regulates DNA binding by
dampening the dynamics of an internal core of hydrophobic
residues, thus stabilizing a rigid, inhibited conformation. How-
ever, similar to the mechanism proposed for TEL, a conforma-
tional change accompanies DNA binding. In the case of Ets-1,
unfolding of an inhibitory helix is observed, yielding a more
flexible, active conformation of the ETS domain. Ets-1 auto-
inhibition is re-enforced by stabilizing the inhibitory module
through multisite phosphorylation of an adjacent serine-rich
region (33). In contrast, autoinhibition is counteracted via
interactions with the partner protein RUNX1 (16-18),
which occurs in vivo at many composite promoter and
enhancer sites (19, 20). This route to counteracting the auto-
inhibition of Ets-1 led us to explore what could overcome the
relatively low affinity of monomeric TEL for a single consen-
sus DNA sequence.

TELP Counteracts Autoinhibition by Binding Tandem DNA
Sites as a Cooperative Dimer—We discovered that TEL self-
association via the PNT domain facilitates cooperative DNA
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FIGURE 6. Model of dimeric TEL binding to DNA with a double ETS site.
Determinants of cooperative dimeric binding suggest flexibility of TELP
between the self-associating PNT domain and the DNA-binding ETS domain.
Horizontal arrows indicate binding site positions and orientation of the core
5'-GGA-3’ recognition sequence. Domains and point mutations are illus-
trated as in Fig. 1.

— —

binding, thus providing one route to counteract autoinhibition.
Cooperativity of DNA binding by dimeric TEL" was observed
on DNA duplexes containing two ETS binding sites. Further-
more, this cooperativity was observed with variable spacing and
orientations of the two sites, suggesting a substantial degree of
flexibility in the middle region of TEL linking its PNT and ETS
domains (Fig. 6). However, cooperativity was lost when binding
sites were spaced farther than five DNA helical turns apart,
indicating that this is a limit to this flexibility. Based on these
findings, we speculate that a wild-type TEL polymer may not
require a well ordered array of target sites for cooperative bind-
ing in vivo. Nevertheless, there would be a requirement for rel-
atively close proximity of two or more of these sites.

We speculate that TEL may function only at promoters with
multiple binding sites that can accommodate a cooperative
polymer. TEL has been shown to repress luciferase reporters
driven by promoter elements of the stromelysin-1 (9, 44, 45) and
Bcl-X; (46) genes. Notably, both of these promoters contain
multiple consensus ETS binding sites, implying that a cooper-
ative TEL polymer may be required for repression. Indeed,
TEL-mediated repression of stromelysin-1 is reported to be
dependent upon dimerization properties, because mutants
unable to self-associate failed to repress (45). Based on these
data, we hypothesize that autoinhibition and polymerization
may define TEL specificity by targeting the ETS proteins to
promoters bearing multiple binding sites.

PNT Domain Provides Specificity in the ETS Family—The
polymerization properties of TEL distinguish it from most
other ETS family members, in part because only one-third of
the ETS proteins have PNT domains. However, even those with
PNT domains display surprising differences (47). For example,
in Ets-1 and Ets-2, the monomeric PNT domain has a docking
site for the ERK2 kinase that phosphorylates nearby phos-
phoacceptor sites (48). The subsequent phosphorylation acts in
concert with the PNT domain to enhance binding of the co-
activator CBP (49). FLI1 and TEL2 have been suggested to asso-
ciate with TEL, and thus some type of polymerization may be a
common property for a limited number of PNT domain-con-
taining ETS proteins (5, 50). Also, there is an interesting net-
work of homotypic and heterotypic interactions among ETS
proteins in Drosophila that involves their PNT domains (51,
52). The Drosophila protein Yan functions as a repressor to
counter the activity of the activating Pnt-P2, possibly by alter-
native binding to common downstream transcriptional targets
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(53, 54). Yan is the apparent ortholog of TEL, and, self-associ-
ation properties have been implicated in its biological activity
(55). Similar to TEL, wild-type and engineered dimeric versions
of full-length Yan show no difference in DNA binding affinity
on a single ETS binding site (51). In addition, there is a PNT
domain-only protein in Drosophila, Mae, which has polymer-
ization-blocking properties, because it has only one active asso-
ciation surface. Mae binds to both Pnt-P2 and Yan to regulate
their biological activities (51, 56). Thus, the PNT domain and its
diverse competencies represent a route to specificity and regu-
lation with the ETS transcription factor family.

TEL Self-association and Cancer—The mechanism of TEL/
AMLI1-mediated oncogenesis is unclear, although it is likely
related to transcriptional effects on downstream targets.
Because the PNT domain of TEL is retained in this fusion, we
speculate that the self-association properties of the PNT
domain may facilitate cooperative DNA-binding activities in
TEL/AML1 similar to TEL. Such properties may enable the
fusion protein to bind cooperatively to promoters not nor-
mally bound by monomeric AMLI, thus contributing to the
gain of function activity of the oncogenic fusion protein.
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