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Abstract
The Ets family of transcription factors is composed of more than 30 members. One of its members,
Elf3, is expressed in virtually all epithelial cells as well as in many tumors, including breast tumors.
Several studies observed that the promoter of the type II TGF-β receptor gene (TβR-II) is strongly
stimulated by Elf3 via two adjacent Elf3 binding sites, A-site and B-site. Here we report the 2.2 Å
resolution crystal structure of a mouse Elf3 C-terminal fragment, containing the DNA-binding Ets
domain, in complex with the B-site of mouse type II TGF-β receptor promoter DNA (mTβR-
IIDNA). Elf3 contacts the core GGAA motif of the B-site from major groove similar to that of known
Ets proteins. However, unlike other Ets proteins, Elf3 also contacts sequences of the A-site from the
minor groove of the DNA. DNA binding experiments and cell-based transcription studies indicate
that minor groove interaction by Arg349 located in the Ets domain is important for Elf3 function.
Equally interesting, previous studies have shown that the C-terminal region of Elf3, which flanks the
Ets domain, is required for Elf3 binding to DNA. In this study, we determined that Elf3 amino acid
residues within this flanking region, including Trp361, are important for the structural integrity of
the protein as well as for the Efl3 DNA binding and transactivation activity.
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Introduction
E74-like factor-3 (Elf3) is an Ets transcription factor family member involved in the expression
of at least 10 genes1. Elf3 works with other transcription factors to achieve specificity and to
regulate genes involved in inflammation, differentiation, tumorigenesis, and metastasis2; 3; 4;
5; 6; 7; 8; 9; 10; 11. Elf3 has been identified in a wide range of epithelial carcinoma cells, and it
is aberrantly expressed in cancers of the lung and breast12. In recent years, studies in several
cell culture model systems have shown that the promoter of the type II TGF-β-receptor (TβR-
II) gene is transactivated by Elf3. The TβR-II gene behaves as a tumor suppressor gene in many
contexts, and it is expressed in nearly all cell types. The TβR-II gene is strongly stimulated by
Elf3 via two adjacent Elf3 binding sites (A-site and B-site) in differentiated cells derived from

Correspondance ttahirov@unmc.edu.
Accession numbers
Atomic coordinates and structure factors have been deposited in the Protein Data Bank with accession number 3jtg.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Mol Biol. Author manuscript; available in PMC 2011 March 19.

Published in final edited form as:
J Mol Biol. 2010 March 19; 397(1): 278–289. doi:10.1016/j.jmb.2010.01.017.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mouse F9 embryonal carcinoma cells13; 14. Moreover, the forced expression of Elf3 in Hs578t
breast cancer cells dramatically elevates the expression of TβR-II and decreases the
tumorigenicity of these cells4. Given that both the A-site and the B-site are required for full
promoter activity and the DNA binding domain of Elf3 appears to form a ternary complex in
vitro with DNA containing both the A-sited and the B-site, it is likely that the stoichiometry
of binding for Elf3 to this promoter is 2:113; 14.

Elf3 is composed of five defined domains: a pointed domain, a transactivation domain (TAD),
a serine and aspartic acid-rich (SAR) domain, an AT-hook domain, and an Ets domain (Figure
2A)1. The C-terminal Ets domain is a conserved DNA binding domain approximately 85 amino
acids in length that is shared among the members of the Ets family15; 16; 17. Ets domains bind
specifically to a core GGAA/T motif of DNA often referred to as an Ets-binding site (EBS)
18; 19; 20. Structural analysis of Ets proteins reveals topological similarities in interactions with
DNA21; however, the structural basis for the contribution of DNA sequences flanking the EBS
is not well understood. To achieve a deeper understanding of the structural basis of the Ets
domain binding to mouse TβR-II (mTβR-II) promoter DNA, we initiated structural studies of
the mouse Elf3 Ets domain in complex with a mTβR-II promoter DNA containing a B-site and
half of an A-site (Figure 1A)1; 13; 14. X-ray analysis revealed Elf3·DNA base interactions with
the B-site GGAA core motif in the DNA major groove. In addition, interactions were found
in the major and minor grooves of the 5′-TGTTT-3′ region of DNA. DNA binding experiments
and cell-based transcription studies confirmed the importance of minor groove interactions for
function of Elf3. Furthermore, the structural analysis and functional studies described here
indicate that residues (355–361) C-terminal to Ets domain are necessary for the proper folding
and function of Elf3. These findings provide a structural explanation for earlier work, which
demonstrated that this region is required for in vivo binding of Elf3 to the promoter of the
TβR-II gene1.

Results and Discussion
Overall structure

We have determined the structure of the Ets domain-containing C-terminal part of the mouse
Elf3 in complex with the B-site of mTβRII promoter DNA (Figure 1A). The
mElf3269–371·mTβR-II dsDNA complex revealed protein interactions with the DNA bases and
backbone both in the major and minor grooves (Figures 1B, 2B and 3). The Elf3 Ets domain
displays an α/β architecture with three helices packed against three antiparallel β-strands
similar to the ‘winged helix-turn-helix’ (wHTH) topology found in other Ets proteins22; 23;
24; 25. Superimpositions of Ets domain Cα positions in Elf3 and the crystal structures of PDEF
(1yo5)21, PU.1 (1pue)17, Sap1 (1k6o)26, Elk1 (1dux)27, Ets1 (1k79)28, and GABPα (1awc)22

result in root mean square (rms) deviations of less than 0.97 Å (Figure 2C). The Elf3 Ets domain
is embedded in mTβR-II dsDNA mainly through recognition helix 3 contacts (Figures 1B and
3B). The N-terminal part of helix 3 is an α-helix while the C-terminal part is a distorted 310-
helix (Figures 1B and 2B). Similar observations were seen in this highly conserved tyrosine
rich helix region of previous Ets domain crystal structures, including Sap126, GABPα22 and
Ets128. The α1 helix makes only one DNA backbone contact through the Leu275 main chain,
which is a typical feature of DNA recognition by Ets domains. Residues in the loop connecting
helix 3 and β3 strand, part of the α2-helix, and the β3 strand are also involved in the
protein·DNA interaction (Figures 1B and 2B). In addition, several water molecules mediate
protein·DNA interactions (Figure 3A).

Interactions with DNA bases in EBS core motif
The α3 helix protrudes into the major groove and forms a number of specific interactions with
the bases of the 5′-G107G108A109 A110-3′ core sequence (Figure 3B). Arg331 and Arg334 form
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double hydrogen bonds with the bases of G108 and G107, respectively, which is characteristic
for all Ets domains (Figure 2B). Tyr335 interacts with the base of A109 via direct and water-
mediated hydrogen bonds. Similar observations were made in other Ets·DNA complex
structures, except for PU.1 and PDEF having asparagine and glutamine instead of tyrosine,
respectively (Figure 2B). Elf3 specificity for the core motif is also enhanced by van der Waals
interactions, one between the methyl group of T9 and the side chain of Lys328, and another
between the methyl group of T8 and the side chains of Ala332 and Tyr335. The van der Waals
interactions with the base corresponding to T8 in the structure of Elf3 are absent in structures
of Sap1 and PDEF since their DNAs contain a GGAT core instead of GGAA. Overall, Elf3
forms EBS core interactions similar to most of reported Ets domains (Figure 2B). However,
as we discuss below, sequences flanking the EBS core also contribute to Elf3 specificity for
the B-site on the mTβR-II promoter.

Interactions with DNA bases in EBS core flanking sequences
Elf3 forms several important interactions with DNA bases outside the EBS core (Figure 3).
The methyl group of T7 is involved in van der Waals interactions with the aromatic portion of
Tyr335. Glu327 forms a water-mediated hydrogen bond with A106. Glu327 also forms direct
hydrogen bonds with the bases of A106 and C105, however the observed donor to acceptor
distances of 3.6 Å are higher than the average value of 2.9 Å, indicating somewhat weaker
interactions. This glutamic acid residue is substituted with aspartic acid in some Ets proteins
(Figure 2B) where it does not interact with DNA bases with the exception of the corresponding
Asp58 of Elk127. However, the specific interactions for the Glu327 of Elf3 and the Asp58 of
Elk1 are different: Glu327 interacts with DNA bases outside the EBS core, while Asp58
interacts with bases in the EBS core27. The side chain of Arg349 invades the minor groove and
forms contacts with both strands of DNA via hydrogen bonds with the T16 and A103 bases.
The Arg349 is conserved in most of the Ets domains, except SAP-1, PU.1, and Elk-1 which
have a lysine in this position. This unique feature of the arginine residue was not observed in
other reported Ets·DNA complex structures, except that some resemblance is seen in the
structure of the PDEF·DNA complex. But unlike the Arg349 of Elf3, the Arg326 of PDEF
makes only water-mediated base interactions in the minor groove21.

Interactions with the DNA backbone
The Elf3 Ets domain makes a number of hydrogen bonds with the DNA sugar phosphate
backbone in two areas, T7T8T9 and A104C105A106G107 (Figures 3A and 3C). In the T7T8T9
area, T8 is involved in hydrogen bonds with side chains of Trp315 and Lys319 of the α2 helix.
The hydroxyl group of Tyr336 of the 310 helix and the backbone amide of Leu275 of the α1
helix form direct hydrogen bonds with the T7 phosphate oxygens from major and minor
grooves, respectively. The Arg339 is involved only in water-mediated hydrogen bond with
T7. The side chains of Asn321 of loop 4 and invariant Lys328 of α3 helix interact with the
phosphate oxygen of T9 from the major groove side.

In the A104C105A106G107 area, the sugar phosphate backbone forms hydrogen bonds with the
C-terminal amino acid residues of the Elf3 Ets domain. Interestingly, the conserved residue
Ser330 is involved in water-mediated contacts with C105, while Ser308 displays a direct
hydrogen bond with the A104 phosphate. However, none of the serine residues of Ets domains
in other Ets proteins, except for Ser308 of PDEF, form DNA contacts21. The hydroxyl groups
of Tyr326 and Tyr352 interact with the C105 phosphate in the major groove, and the backbone
amide of Leu350 interacts with the C105 in the minor groove. The Arg344, which is substituted
with lysine in other Ets domains (Figure 2B), forms hydrogen bonds with G107 phosphate. In
addition, the highly conserved Tyr337 forms water-mediated hydrogen bond with the
phosphate of A106.
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The role of C-terminal residues
Contrary to the well conserved Ets domain sequences, sequences located N- and C-terminal to
the Ets domain of different Ets proteins do not exhibit similarity. However, these sequences
play an important role in the regulation of Ets domain DNA binding activity. For example, in
Ets1 these amino acid sequences are folded as α-helices and form an inhibitory module29; 30,
while in GABPα C-terminal residues are involved in formation of the complex with
GABPβ22. Comparison of Ets protein structures and the folding of C-terminal residues are
shown in Figure 2C. C-terminal residues are folded as random coils in Elf3, Sap1 and Elk1,
while they form two α-helices in Ets1 and GABPα. Interestingly, corresponding C-terminal
residues are missing in PU.1 and PDEF, but their Ets domains are well folded and bound to
DNA. This raises the possibility that the C-terminal residues are dispensable for the stability
and DNA binding of other Ets proteins. Our earlier studies revealed that removal of the last
eight amino acids (364–371) of Elf3 reduced its ability to activate transcription from the
mTβR-II −108/+56(B/A) promoter/reporter construct by only 20%. However, further deletion
of 17 amino acids 355–371 completely abolished the DNA binding and transactivating
capacities of Elf31. The current structure provides detailed insight for the interaction of Elf3
C-terminal residues (355–371) with the Ets domain (Figure 4). Residues 362 to 371 do not
participate in stable interactions with the Ets domain and have high flexibility according to
high temperature factors for 362–366 and absence of density for 367–371. This is consistent
with the above mentioned deletion studies1. Among the amino acid residues 355–361, Trp361
appears to be the most extensively interacting residue. Its side chain covers and apparently
completes the hydrophobic core formed between the β-sheet and three helices of the Ets domain
(Figure 4). The van der Waals interactions of the Trp361 side chain with side chains of Trp295
and Phe354, and α-carbon of Gly301 anchors the C-terminal tail to the Ets domain, which in
turn reduces the solvent exposure of the hydrophobic pocket. Another noticeable interaction
is a hydrogen bond between the side chain of Asn357 and the main chain of Arg339.

EMSA studies of minor groove interactions
The above described Elf3·DNA interactions indicate that Elf3 bound to the B site also makes
contact with thymine and adenine residues (T16 and A103) in the adjacent A site (Figures 1 and
3B). To test whether base pairs in the A site contribute to the binding of Elf3 to the B site,
EMSA was performed with recombinant Elf3269–371 and a DNA probe based on the sequence
surrounding these sites. Since Elf3 contains an autoinhibitory domain(s) that minimizes
binding of the full length protein in vitro, a truncated version, Elf3269–371 (which includes the
DNA binding domain and C-terminus of the protein) was used for all EMSA reported here. In
an EMSA with increasing amounts of recombinant Elf3, we observed a slow migrating
complex, which is likely to be a ternary complex composed of two molecules of Elf3 bound
to the DNA probe, and a faster migrating complex, which is likely to be a binary complex
composed of one molecule of Elf3 and the DNA probe (Figure 5A). The intensities diminished
with decreasing protein concentration, and the slower migrating complex was only visible at
2.5 μM Elf3, while the greatest drop in intensity of the slower migrating complex occurred
between 2.5 and 0.25 μM.

To examine contributions of the T16 and A103 residues of the A site to Elf3 binding to the B
site, two probes were used with modified A site sequences (Figure 5B). Both probes disrupted
the A site by altering two residues in the 3′ half of the site, so that Elf3 can only be bound to
the B site and not to the A site. However, one of the probes (mA2) left the thymine residues
of the A site intact, while the other (mA4) also replaced two thymine residues. For the next set
of EMSAs, 2 μM recombinant Elf3 was chosen since it only generates a binary complex and
because at this concentration of Elf3 changes in DNA affinity should be more readily detected.
Under these conditions, the mA2 probe does not produce a ternary complex in an EMSA, even
when Elf3 concentrations were high enough for the wild-type probe to produce a ternary
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complex (data not shown). However, the mA2 probe gave a band for the binary complex of
similar intensity to that with the wild-type probe (containing both A and B EBS), while the
mA4 probe gave a less intense band (Figure 5C). This suggests that the residues in the A site
contribute to the affinity of the B site for Elf3.

The relative affinities of the mA2 and mA4 DNA probes for Elf3 were tested further by
comparing the abilities of the unlabeled oligonucleotides to compete with the labeled probes
for binding of Elf3. In an EMSA using labeled mA2 and 5-fold to 50-fold excess of the
unlabeled DNAs, the mA2 oligonucleotide decreased the intensity of the binary complex to a
greater degree than did the mA4 oligonucleotide (Figure 5D) for any given concentration of
unlabeled oligonucleotide. Similarly, mA2 also had the greater effect in an EMSA using the
labeled mA4 probe (Figure 5E). This strongly supports the model that thymine residues in the
Elf3-binding A site, which is retained in mA2, contribute to the binding of Elf3 to the B site.

Mutational and functional analysis of Elf3 binding to the TGF-β receptor II promoter
Our structural analysis of Elf3 binding to EBS in the mTβR-II promoter was also used to make
predictions concerning the contributions of several amino acid residues of Elf3 to its DNA
binding; specifically: Arg349, Asn357, and Trp361. Functional cell-based transcription studies
were performed to evaluate the effects of Elf3 point mutations R349A, N357A, or W361A.
Full-length versions of the flag-tagged Elf3 point mutant expression vectors were constructed
and transiently transfected into F9-differentiated cells along with the mTGFβ-RII (−108/+56)
promoter/reporter construct. Elf3 N357A was as effective as wild-type Elf3 in stimulating the
promoter/reporter construct, while 1 or 3 μg of Elf3 R349A consistently stimulated the
promoter/reporter construct to a lesser degree, and Elf3 W361A had no stimulatory effect
(Figure 6A). To determine the expression levels of Elf3 and its mutant forms, we examined
their expression in 293T cells, since their expression in transiently transfected F9-differentiated
cells was too low to be detected by western blot analysis (data not shown). Western blot analysis
using nuclear extracts prepared from 293T cells transfected with these expression vectors
showed expression of Elf3 R349A at similar levels to that of the wild-type Elf3 as well as
expression of Elf3 N357A at somewhat higher levels (Figure 6B). Interestingly, in contrast to
mElf3269–371W361A, which is not expressed at easily detectable levels (data not shown), full-
length Elf3W361A was readily observed although it was present at a lower concentration than
the wild-type Elf3. From these results, we conclude that the hydrogen bond contributed by
Asn357 in the C-terminal tail is functionally insignificant under the conditions of our studies.
In contrast, the minor groove contacts made by Arg349 are significant, but not critical, to the
transcriptional activity of Elf3. Even more importantly, Trp361 in the C-terminal tail is
essential to the transcriptional activity of Elf3 and probably to its structural integrity.

Conclusions
Ets family members were defined on the basis of the having the DNA binding Ets domain.
Consequently, upon activation they are supposed to bind to promoter sequences having the
same GGAA/T core motif. However, many genes contain GGAA/T sequences, plus different
Ets factors are present simultaneously in many cell types. This indicates that the binding of
each Ets protein to its regulatory sites at the required times must be tightly regulated. Most of
the Ets factors, including Elf3, are produced in an inert autoinhibited state, and in order to bind
DNA they have to be activated. Nevertheless, once activated, each Ets factor requires additional
parameters for recognition of the correct EBS. In the latter case, promoter sequences other than
the core EBS may play a crucial role in binding site preference by facilitating cooperative
binding of two or more factors. For example Ets1 and Runx1 cooperatively bind to closely
positioned sites on TCRβ31 and many other promoters.31; 32 Interestingly, the palindromic
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EBS on the stromelysin-1 and p53 promoters also facilitates the cooperative binding of Ets1
molecules which results in synergistic activation of gene expression33; 34.

The binding of Elf3 to both the A- and the B-site is necessary for the synergistic activation of
the mTβR-II gene in F9-differentiated cells13; 14; 35. Disruption of either site drastically
reduces the promoter activity of this gene. This synergistic effect could occur by one or more
mechanisms, including cooperative interactions that promote the binding of Elf3 to its two
overlapping EBS. Importantly, we have determined previously that Elf3 exhibits higher affinity
for the B-site than the A-site14. Based on the findings described in this study, we propose that
the higher affinity for the B-site is due to DNA sequence differences outside the EBS core,
including the R349 recognition site (TT for B-site vs. TC for A-site, Figure 1A). Our
crystallographic analysis of mElf3269–371·mTβR-II dsDNA reveals that Elf3 interacts with the
DNA bases from the major groove of the B-site introducing 26° bent and with bases from the
minor groove of the A-site. Importantly, the B-site interaction introduces local conformational
changes in half of the A-site (Figure 7A), which may enhance the binding affinity of the A-
site for Elf3. Hence, it is tempting to speculate that binding of Elf3 to the two EBS of the
mTβR-II promoter occurs by a two step mechanism: first, Elf3 binds the B-site, and then it
binds to the structurally modified A-site (Figure 7B). Finally, we wish to stress that the findings
described in this report and our previous studies1 argue strongly that regions flanking the Ets
domain are essential for DNA binding both in vitro and in vivo.

Materials and Methods
Structure determination and refinement

Preparations of mElf3 protein containing amino acid residues 269–371 (mElf3269–371), its
complex with mTβR-II dsDNA, crystallization, cryoprotection of crystals, X-ray diffraction
data collection and processing are described elsewhere36. The structure was determined by the
molecular replacement method starting with the coordinates of Ets1 (PDB entry 1gvj). The
major manual rebuilding of the initial model was performed with TURBO-FRODO software.
The model was refined at 2.2 Å resolution to an Rcryst of 23.4% and an Rfree of 26.2%. CNS
version 1.137 was used for all crystallographic computing. Application of zonal scaling38 and
bulk solvent correction improved the quality of electron density maps. The final model contains
amino acid residues 272 to 366, 16-mer mTβR-II dsDNA, and 54 water molecules per
asymmetric unit. The electron density was not clear for the three N-terminal and five C-terminal
amino acid residues and these residues were not included in the model. The Ramachandran
plot demonstrates that of the non-glycine residues, 87.2% lie in the most favored regions and
the other 12.8% in additionally allowed regions. The final refinement statistics are provided
in Table 1. The figures containing molecular structures were drawn with PyMOL39. The
distances used for the delineation of hydrogen bonds and van der Waals contacts are 3.4 Å and
4.2 Å, respectively.

Plasmid constructs for mutational analysis
The expression vectors used for flag-tagged full length Elf3 (in the FNpcDNA3 parent vector)
have been described previously13. Expression vectors for Elf3 with particular amino acid
modifications were created by site-directed mutagenesis using the QuickChange™ Site-
directed Mutagenesis kit (Strategene). Newly created restriction endonuclease cleavage sites
introduced into the expression vector along with each alteration were used for screening. The
resulting plasmids were sequenced to verify that the products contained the desired alterations.
Primers used for site-directed mutagenesis are listed here with the modified bases underlined.

R349A, 5′-GGAACGGGTGGATGGCCGTGCACTCGTCTACAAG-3′;
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N357A, 5′-GTTTGGCAAGGCCTCTAGTGGCTGGAAGGAAGAAGAGG-3′;

W361A, 5′-GCAAGAACTCTAGTGGCGCCAAGGAAGAAGAGGTTGGAGAG-3′.

Promoter/reporter assays
Promoter/reporter assays were performed as described previously13. Briefly, F9 cells were
grown in DME medium containing 10% fetal bovine serum, differentiated with 5 μM retinoic
acid, and transfected using the calcium phosphate method. The mTβR-II(−108/+56) promoter/
reporter construct was introduced at 15 μg/100-mm dish, and the resulting chloramphenicol
acetyltransferase expression was normalized to correct for differences in transfection
efficiency using the β-galactosidase activity of an internal control.

Nuclear extracts and western blot analysis
Nuclear extracts were prepared from 293T cells with the NE-PER kit (Pierce, Thermo
Scientific) and western blot analysis was performed as described previously40. In this analysis,
the M2 antiflag antibody (Sigma) was used to detect the flag-tagged proteins produced by
expression vectors transiently transfected into the 293T cells 24–48 hours before preparation
of the nuclear extracts.

Electrophoretic Mobility Shift Analysis (EMSA)
EMSA for Elf3 binding was performed as previously described41 with the following
modifications. For labeling probes (sequences given in Figure 5B), the nucleotide sequence
AGC was added to the 5′ end of both the sense and antisense oligonucleotides. In place of poly
(dI-dC), a version of the mTβR-II Ets-binding region with mutated Ets sites was used to reduce
non-specific binding (5′-
TAGCTGGCGAGAAGTTTGAATTCACCCTCTCGGCGCGCTA-3′). The 0.5X TGE
running buffer was used (12.5 mM Tris, 95 mM Glycine, 0.5 mM EDTA, pH 8.5). Recombinant
Elf3269–371 for EMSA was from the protein preparation used for crystallization36.
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Figure 1.
Overall view of mElf3269–371 bound to a B-site of mTβR-IIDNA. (A) mTβR-IIDNA sequences
containing A and B Elf3 binding sites. The core regions of A- and B-sites are boxed. The DNA
fragment used for crystallization is shown in bold. Highlighted G is replaced by C to enhance
the crystallization36. (B) The structure of the mElf3269–371·mTβR-IIDNA complex. The protein
is drawn as a ribbon diagram and DNA is represented as a stick diagram. The amino acid
residues involved in direct DNA base interactions are also drawn in stick form.
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Figure 2.
Elf3 domain structure and sequence alignment. (A) Schematic diagram showing the domains
of Elf3. (B) Structure-based sequence alignment of the DNA-bound Ets domains of Elf3, PDEF
(1yo5), PU.1 (1pue), Sap1 (1k60), Elk1 (1dux), Ets1 (1k79), and GABPα (1awc). The
secondary structure elements of Elf3 are indicated above the corresponding sequence. Helices
are depicted by red rectangles and β strands as yellow arrows. The α3 helix terminates with a
distorted 310 helix. Elf3 residues missing from the structure are highlighted in grey. Conserved
residues are shown in red. The Elf3 residues interacting with DNA are underlined with brown
color. Amino acid residues of Ets domains in direct contact with DNA bases are highlighted
in cyan. (C) A stereoview of the three-dimensional alignment of Ets domains in the crystal
structures of DNA-bound Elf3, PDEF, PU.1, Sap1, Elk1, Ets1, and GABPα. The α-carbon
traces are shown as color-coded lines. The α-carbon position of every tenth amino acid residue
of Elf3, starting from residue 280, is marked by a small circle.
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Figure 3.
A summary of the Elf3·mTβR-IIDNA interactions. (A) A schematic representation of
protein·DNA interactions. Hydrogen bonds are shown with black lines and van der Waals
contacts are shown with magenta lines. Water molecules are represented by red balls. The DNA
base pairs in the B-site core region are highlighted in green and DNA base pairs outside the
core region that interact with the protein are highlighted in yellow. The Elf3 sequences involved
in contacts with DNA bases are highlighted in cyan. (B and C) A stereoview of protein·DNA
interface showing the details of Elf3’s direct interactions with (B) DNA bases and (C) DNA
backbone. The hydrogen bonds are drawn with black dashed lines and the van der Waals
interactions are drawn with dashed magenta lines.
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Figure 4.
Location of Elf3 C-terminal. The structure of mElf3·mTβR-IIDNA is drawn as cartoons. The
side-chains of Ets domain hydrophobic core residues and Trp361 are shown as sticks and the
side chains of other residues are shown as lines. The Elf3 C-terminal residues 355–366 are in
magenta color and the rest of residues are colored by atom type: the carbon, nitrogen and oxygen
atoms are in grey, blue and red, respectively.
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Figure 5.
Binding of Elf3 to the TGFβ-RII EBS B-site in the presence of A-site mutations. EMSA was
performed with recombinant Elf3269–371 and 32P-labeled probes based on the TGFβR-II EBS
sequence. Bands produced by binary and, where present, ternary complexes as well as the free
probe are shown. (A) The wild-type probe was incubated with the indicated amount (μM) of
Elf3269–371. (B) The sequence of the wild-type (WT) probe is shown with the core of Ets-
binding sites B and A in bold. This sequence is compared to those of mA2, which has two
modified base pairs in the A site, and mA4, which has four motified base pairs in the A site.
(C) Incubations included 2 μM of Elf3269–371 and either the WT, mA2 or mA4 probe. As a
control, the WT probe was incubated without Elf3 (0). It is evident in part A of this figure that
2 μM of Elf3269–371 generates little or no ternary complex. Either probe mA2 (D) or mA4 (E)
was incubated with 2 μM Elf3269–371 and 5-fold to 50-fold excess of unlabelled competitor
probe mA2 or mA4 was added as indicated. The band produced by the binary complex is
shown.
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Figure 6.
Transcriptional activity of Elf3 and its point mutants. (A) F9-differentiated cells were
transiently transfected with the promoter/reporter construct mTGFβ-RII (−108/+56) and 1 or
3 μg of an expression plasmid for flag-tagged Elf3 with either the wild-type (WT) or indicated
point mutant sequence. CAT reporter gene activity was measured and normalized as described
in Materials and Methods. Independent clones of plasmids for the N357A and W361A mutants
gave similar results and this experiment was repeated twice to verify the intermediate effects
of the R349A clone. (B) Western blot analysis was performed using cell nuclear extracts from
293T cells transfected with the expression plasmids used in part (A) and an antibody against
the N-terminal flag tag to visualize relative expression levels.
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Figure 7.
Elf3 binding to the TβR-II promoter. (A) A cartoon representation of the model of Elf3 bound
to the A- and B-sites of the TβR-II promoter. The DNA fragment shared by both Elf3 molecules
is marked by dashed lines (B) A schematic representation of the two-step mechanism of Elf3
binding to the TβR-II promoter. The first Elf3 molecule binds to the high-affinity B-site and
induces conformational changes in the A-site (dashed lines). The conformational changes in
the A-site allow binding of a second Elf3 molecule to the major groove of the A-site.
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Table 1

Data collection and refinement statistics.

Data collection

Space group P212121

Cell dimensions: a, b, c (Å) 42.66, 52.00, 99.78

Resolution (Å)* 50-2.2 (2.24-2.2)

Unique reflections 11575

Rmerge (%)* 6.4 (39.0)

I/σ(I) 53.5 (9.9)

Completeness (%) 97.6 (97.5)

Redundancy 5.8 (6.0)

Temperature (K) 100

Mosaicity (°) 0.66–1.01

Refinement

Resolution (Å) 40-2.2

No. reflections 11365

Rwork/Rfree 0.234/0.262

No. atoms/B-factors (Å2)

 Protein 819/43.3

 DNA 650/47.6

 Water 54/43.6

R.m.s. deviations

 Bond lengths (Å) 0.006

 Bond angles (°) 1.06

Ramachandran plot

 Favored (%) 87.2

 Allowed (%) 12.8

*
Values in parentheses are for the last shell.
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