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ABSTRACT The ets family of eukaryotic transcription
factors is characterized by a conserved DNA-binding domain of
~85 amino acids for which the three-dimensional structure is
not known. By using multidimensional NMR spectroscopy, we
have determined the secondary structure of the ets domain of
one member of this gene family, human Fli-1, both in the free
form and in a complex with a 16-bp cognate DNA site. The
secondary structure of the Fli-1 ets domain consists of three
a-helices and a short four-stranded antiparallel g-sheet. This
secondary structure arrangement resembles that of the DNA-
binding domain of the catabolite gene activator protein of
Escherichia coli, as well as those of several eukaryotic DNA-
binding proteins including histone H5, HNF-3/fork head, and
the heat shock transcription factor. Differences in chemical
shifts of backbone resonances and amide exchange rates be-
tween the DNA-bound and free forms of the Fli-1 ets domain
suggest that the third helix is the DNA recognition helix, as in
the catabolite gene activator protein and other structurally
related proteins. These results suggest that the ets domain is
structurally similar to the catabolite gene activator protein
family of helix-turn-helix DNA-binding proteins.

The ets family of transcription factors (1) has been defined by
the presence of a conserved region originally identified in the
v-ets oncogene of the avian retrovirus E26 (2). Members of
this gene family are involved in regulating a variety of
biological processes including morphogenesis and eye devel-
opment in Drosophila and hematopoietic differentiation in
mammals. The deregulation of several ets genes by viral
transformation or chromosomal translocation has been
shown to be oncogenic in humans and other vertebrates (1).

All ets proteins examined to date are sequence-specific
DNA-binding proteins that recognize a GGAA/T core
flanked by more variable but not random 5’ and 3’ sequences
(1). The conserved domain shared by all ets family members
is =85 amino acids long. This domain, referred to as the ets
domain, has been shown by deletion analyses to be princi-
pally responsible for the sequence-specific DNA-binding
activities of ets proteins (1). Sequence comparisons have not
revealed any convincing homologies of the ets domain to
other well-characterized DNA-binding motifs such as the
zinc finger, homeodomain, leucine zipper, or helix-turn—
helix (2). The amino half of the ets domain contains three
highly conserved tryptophans that are spaced 17 or 18
residues apart, similar to myb and myb-related proteins (3).
The carboxyl portion of the ets domain contains a large
number of positively charged residues that cannot be readily
aligned with the basic residues of other DNA-binding do-
mains. Patterns of DNA contacts of the ets domain deter-
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mined from chemical protection studies are not similar to
those of the well-characterized classes of DN A-binding pro-
teins and suggest that it binds DNA in a unique manner (4).
It is therefore thought that the ets domain may represent a
distinct structural motif for DNA binding (2).

Although several predictions have been made of the sec-
ondary (5, 6) and the tertiary (7) structures of the ets domain,
no experimental data on the structure of ets proteins are
available. Here we present the structural characterization of
the ets domain of human Fli-1 (8), one member of the ets
family. By using heteronuclear multidimensional NMR, we
have obtained nearly complete backbone assignments for the
Fli-1 ets domain in the unbound form and in a complex with
a 16-bp cognate DN A site and have determined the secondary
structure of the protein in both forms. In addition, by
comparing chemical shifts and amide proton exchange rates
in the free and DNA-bound forms, regions of Fli-1 that are
involved in DNA binding were identified.

MATERIALS AND METHODS

Protein Expression and Purification. The DNA fragment
encoding a 98-amino acid segment (residves 276-373) of
human Fli-1 (8, 9) was cloned into pET-3b (Novagen). The
bacterially expressed protein, designated Fli-1-(276-373),
contains an extra N-terminal methionine. For preparation of
uniformly N- and ’N/13C-labeled proteins, transformed
cells of Escherichia coli BL21(DE3) (Novagen) were grown
at 37°C in M9 minimal medium (10) containing appropriate
isotopes. Cells for preparing selectively N-labeled proteins
were grown as described (11).

For purification, cells were resuspended in 20 mM Tricine,
pH 8.1/50 mM NaCl/1 mM EDTA/2 mM dithiothreitol
(DTT)/1 mM phenylmethylsulfonyl fluoride (buffer I) and
lysed by using a French press. (NH,),SO4 was added to the
soluble cell lysate to 85%, and the pellet was resuspended in
buffer I and dialyzed twice against buffer I. The dialyzed
protein suspension was loaded onto an S-Sepharose Fast
Flow column (Sigma). Fli-1 was eluted with a gradient of
0.05-0.6 M NaCl in buffer I. After fractions containing Fli-1,
as identified by SDS/PAGE, were pooled, the pH was
adjusted to 6.5 and MgCl, was added to 2 mM. This suspen-
sion was loaded onto an Affi-Gel Blue column (Bio-Rad) that
had been equilibrated with 50 mM NaH,PO,, pH 6.5/0.75 M
NaCl/2 mM MgCl,/2 mM DTT (buffer II). After washing
with buffer II, a linear gradient of buffer II-buffer III (50 mM
NaH,PO,, pH 6.8/2 M NaCl/1 mM EDTA/2 mM DTT) was
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applied. Fractions containing Fli-1 were concentrated and
exchanged into the NMR buffer (see below). The purified
protein was >97% pure, as judged by SDS/PAGE and free of
nuclease activities.

Preparation of DNA. The single strands 5'-d(CCCGACCG-
GAAGTGGG)-3’' and 5'-d(CCCACTTCCGGTCGGG)-3'
were synthesized and purified by HPLC using a Nucleogen-
DEAE 60-7 column (Rainin, Woburn, MA) and a gradient of
0.25-0.44 M KCl in 20 mM potassium phosphate/5 M urea,
pH 5.5. After desalting on a Sephadex G-25 column, the two
strands were mixed at an approximately equal molar ratio and
annealed in 10 mM potassium phosphate (pH 7.0). The
double-stranded DNA was separated from the single strands
over a hydroxyapatite column eluted with a gradient of
10-400 mM potassium phosphate (pH 7.0) and desalted by
using a Sephadex G-25 column.

NMR Spectroscopy. NMR samples were in 20 mM Tris-d1;
maleate-ds, pH 6.8 (uncorrected for isotope effect)/1 mM
EDTA-d;6/10 mM DTT-d;1/90% H,0/10% 2H,0 or 99.9%
2H,0. All deuterated reagents were purchased from Cam-
bridge Isotope Laboratories (Andover, MA). NMR data were
recorded at 25°C for the unbound form and at 37°C for the
complexed form. The protein concentrations in various sam-
ples were 0.4-3.8 mM. For samples of protein~-DNA com-
plexes, the relative molar ratio of protein to DNA was
determined by titration of DNA to protein while monitoring
the upfield signals of methyl groups of the protein by 'H NMR
or by silver-stained native PAGE. Typically, the NMR sam-
ples of the complex were at a DNA/protein molar ratio of
1.4:1. Ratios of DNA to protein near or <1 resulted in greatly
increased linewidths in the NMR spectra, making the samples
unsuitable for NMR analyses.

All NMR spectra were acquired on a Bruker (Billerica,
MA) model AMX 500 NMR spectrometer. For backbone
assignments and the identification of secondary structural
elements, the following NMR experiments were carried out:
I5N- and B3C-resolved three-dimensional nuclear Overhauser
effect spectroscopy/heteronuclear multiple-quantum corre-
lation (NOESY-HMQC) (12) with a 60-msec mixing time,
L’N-resolved total correlated spectroscopy/heteronuclear
single quantum correlation (TOCSY-HSQC) (13) with a 24-
msec mixing time, and experiments correlating various nuclei
of the peptide backbone including HNCA (14), HN(CO)CA
(15), HNCO (14), and HACACO (16). (The latter experiments
are named by the resonances that are observed.) In these
experiments, carrier frequencies for 'H, 1N, 13C<, and *CO
were 500.139, 50.684, 125.90, and 125.76 MHz, respectively.
Typically 40, 32, 40, 80, and 1024 complex points were
collected for 1N, 13Ce, 13CO, indirectly detected *H, and
observed 'H dimensions, respectively. The sweepwidths
used for the observed 'H, indirectly detected 'H, 1N, 13Ce,
and 13CO dimensions were 8333, 6250, 1299, 3774, and 2500
Hz, respectively, for the DNA-bound form, and 8333, 6250,
1524, 3019, and 1887 Hz, respectively, for the free form. In
the 3C-resolved NOESY-HMQC, a sweepwidth of 8772 Hz
was used and 62 complex points were collected for the 13C
dimension. N HSQC (17) spectra were collected with 128
complex points in the N dimension. NMR data were
processed and analyzed on Silicon Graphics (Mountain
View, CA) computers using in-house written software
(E.T.O. and R. Meadows, unpublished software). Linear
prediction was employed to improve resolution in the indirect
dimensions as described (18).

Amide exchange rates were measured from a series of N
HSQC spectra that were recorded for =3 hr each after the
protein or protein~-DNA complex sample in H;O NMR buffer
(see above) was exchanged into the 2ZH,O buffer.

For the free form, some of the NMR experiments were
collected using samples of another version of Fli-1 containing
residues 276-373 of Fli-1 and a 13-amino acid N-terminal

Proc. Natl. Acad. Sci. USA 91 (1994)

vector leader sequence (MASMTGGQQMGRD). This pro-
tein [designated Fli-1-(276-373)L] bound specifically to DNA
with essentially the same affinity as Fli-1-(276-373) (data not
shown). When 'H-’N correlation (HSQC) (17) spectra of
these two proteins were compared, there was essentially no
difference between the amide proton and nitrogen chemical
shifts for residues 280-373 (data not shown), indicating that
chemical shift assignments of the two proteins can be used
interchangeably for these residues.

RESULTS

Backbone Assignments. NMR structural studies were con-
ducted on uniformly N- or 1’N/13C-labeled Fli-1-(276-373)
complexed with an unlabeled 16-bp DNA fragment contain-
ing a 9-bp consensus site for Fli-1 (9). The 16-bp long DNA
site was used since shorter fragments of 14 and 12 bp resulted
in reduced affinity to the protein (data not shown).

Sequential assignments of 'H, 13C, and 1°N resonances of
the protein backbone were obtained by first identifying the
resonances of adjacent residues by using two sets of hetero-
nuclear three-dimensional NMR experiments. HNCA and
HN(CO)CA experiments were used to correlate the amide
proton and nitrogen resonances of residue i with the C*
chemical shifts of residues i and i — 1. Ambiguities due to C*
degeneracy were resolved by using a second set of experi-
ments that take advantage of the dispersion of carbonyl
resonances. These experiments used an ’N-resolved total
correlated spectroscopy to correlate the amide proton and
nitrogen signals to the H® resonances of the same residue and
a combination of HACACO and HNCO experiments to
identify the H*frequency of residue i — 1. The adjacent spin
systems identified from these two sets of experiments were
further checked by nuclear Overhauser effects (NOEs) from
15N-resolved NOESY spectra. To make sequential assign-
ments, the spin systems had to be identified by amino acid
type. Residue types were obtained unambiguously for >50%
of the residues in the protein by using eight samples that were
selectively 1N-labeled by amino acid type. The amide proton
and nitrogen resonances of Leu, Phe, Met, Lys, Arg, Tyr, Ile,
and Gly/Ser were identified from HSQC experiments of
these selectively labeled samples.

From these experiments, backbone assignments were ob-
tained for 94% of the residues in Fli-1-(276-373) in the
DNA-bound form. Assignments were not obtained for three
amino acid residues (F362, G364, and Q367) near the C
terminus. In addition, backbone assignments are also missing
for N306-G307 and G353, which as will be shown are located
in loops connecting strands in the B-sheet. The signals
corresponding to these residues were weak, presumably
caused by broad linewidths of the corresponding NMR
signals.

Secondary Structure. A summary of the NMR data that
define the secondary structure of the Fli-1 ets domain when
bound to DNA is shown in Fig. 1. The secondary structural
elements were identified from patterns of short- and medium-
range NOEs (Fig. 1 A-E) that are characteristic of different
types of secondary structures (19), deviations of 1He, 13Ce,
and 13CO chemical shifts (Fig. 1 F~H) from their random-coil
values (20-22) and slow exchanging amide groups (Fig. 11),
which suggest their participation in the hydrogen-bonding
network of a-helices or B-sheets.

As depicted in Figs. 1 and 2, the secondary structure of the
Fli-1-(276-373) consists of three a-helices and a short four-
stranded antiparallel B-sheet. The alignment of the g-strands
was determined by interstrand NOEs obtained from three-
dimensional 1’N- and 13C-resolved NOESY spectra (Fig. 2).
An a-helix (residues 284-294) is located near the N terminus
followed by two B-strands. Residues 316-325 form a second
helix followed by a loop leading to the third helix (residues
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Fic. 1. Summary of NMR data used to identify the secondary structure of the Fli-1 ets domain in the DNA-bound form and residues
influenced by DNA binding. The amino acid sequence of the Fli-1 ets domain and the residue number in full-length Fli-1 (8) are shown. NOEs
between amide protons of consecutive residues (A) and between H* and the amide proton of subsequent residues (B—E) are represented by bars
connecting the residues. The thickness of the bar represents the intensity of the NOE. (F-H) Deviations of 13Ce, 1He, and 13CO chemical shifts
from random-coil values (20-22). ( and J) Amide proton exchange rates in the presence of DNA at 37°C (/) and in the absence of DNA at 25°C
(J). Solid circles, slow exchange amides that were protected from exchange after 24 hr in 2H,0; half-solid circles, intermediate exchange amides
that were observed after 3 hr but not observed after 24 hr in 2H,0; no circle, fast-exchange amides that were not observed after 3 hr in 2H,0;
open circles, residues for which HN and N assignments are not available. (K) Residues whose chemical shifts of backbone resonances are
strongly affected by DNA binding. Residues with large (see below) chemical shift changes in any of the five backbone resonances (N, 1HN,
13Ce, 1He, or 13CQ) between the free and DNA-bound forms and not involved in dimerization are represented by solid squares. Residues with
large chemical shift changes but also involved in dimerization are represented by half-solid squares. The chemical shift change was considered
large if it was greater in magnitude than 1.43, 0.81, 0.36, 0.35, or 0.87 ppm for 1°N, 'HN, 13Ce, 1H<, or 13CO, respectively. These cutoff values
were the sum of the mean and standard deviation of the chemical shift changes for all residues. Secondary structures derived from NMR analyses
are indicated at the bottom.

332-345). At the C terminus, two more B-strands pair with the
first two strands to form a four-stranded antiparallel g-sheet.

DNA Binding. To identify regions in the Fli-1 ets domain
that are involved in DNA binding, we obtained backbone
assignments for the protein in the free form and compared
these chemical shifts to those of the protein when bound to

DNA. However, this comparison is complicated by the fact
that at the concentration needed to carry out the NMR
experiments, the protein forms a dimer in the absence of
DNA, as determined by analytical sedimentation and dy-
namic light scattering analyses (J. Harlan and E. Matayoshi,
personal communication). In the presence of DNA, the
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FiG. 2. Alignment of the four strands (81-84) in the antiparallel
B-sheet of the Fli-1 ets domain. Arrows indicate observed sequential
and interstrand NOEs.

protein dimer is disrupted and the protein-DNA complex
exists in a monomeric form. Therefore, the chemical shift
differences between the free and DNA-bound forms contain
contributions from both DNA binding and the dissociation of
the protein dimer. To identify residues involved in the
dimerization of the protein, we collected a 'H-'5N correlation
(HSQC) spectrum of the free form at a concentration (50 uM)
where the protein is predominantly monomeric. Most of the
amide proton and nitrogen chemical shifts were identical in
the monomer and dimer. However, in three regions of Fli-1
(amino acids W302-E308, Y342-M348, and L369-Q370),
differences in the amide proton and nitrogen chemical shifts
were observed (data not shown), suggesting that these resi-
dues are involved in the dimerization of the protein. Chemical
shift changes in the presence of DNA in other regions must,
therefore, be due to DNA binding.

Fig. 1K summarizes the comparisons of chemical shifts of
five backbone resonances (N, 'HN, 13Ce, 1H¢, or 1*CO) of
the Fli-1 ets domain in the free and DNA-bound forms and
shows the residues that are most strongly affected by the
presence of DNA. Residues with large differences in chem-
ical shift between the free and DNA-bound forms but no
differences between the monomer and the dimer are mainly
located in the C-terminal half of the protein and include the
third helix, the loop leading to this helix, the third and fourth
strands of the B-sheet, and the loop connecting these two
strands. In addition to these residues, large backbone chem-
ical shift differences were also observed in three residues
near the beginning of the first helix and in several residues of
the second B-sheet strand, the second helix, and the loop
between them. This suggests that these regions either directly
interact with DNA or undergo a conformational change upon
DNA binding. The secondary structure of the Fli-1 ets
domain in the absence of DN A (data not shown) is essentially
the same as the DNA-bound form, suggesting that there are
no gross structural changes upon DNA binding. Thus, it is
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likely that these regions are in close proximity to DNA in the
protein-DNA complex.

Amino acid residues Y342-M348 (represented by half-solid
squares in Fig. 1K) at the C-terminal end of helix 3 and in the
loop between helix 3 and the third strand of the B-sheet
showed large changes of backbone chemical shifts upon DNA
binding. These residues are also involved in dimerization.
The magnitudes of changes of amide proton and nitrogen
chemical shifts from dimer to monomer are much less than
those upon adding DNA (data not shown). It therefore
appears that these residues could also be affected by DNA
binding.

Additional evidence for the involvement of the Fli-1 resi-
dues identified from chemical shift changes in DNA binding
is obtained from the differences in rates of chemical exchange
of amide protons with the solvent in the presence and absence
of DNA. This comparison is shown in Fig. 1 I and J. In the
absence of DNA, sequential and medium-range NOEs and
deviations of 'He, 13C%, and *CO chemical shifts from
random coil values indicate a helical conformation for amino
acid residues Y332-K345. At 25°C and in the absence of
DNA, the half-lives of amide protons of these residues in
helix 3 (with the exception of L.339) are <2 hr. At 37°C and
in the presence of DNA, the half-lives of amide protons of
residues in the third helix are >24 hr. The exchange rates of
several residues surrounding this helix at the end of the
second helix and the third B-sheet strand are also slowed in
the presence of DNA. The slower amide proton exchange
rates of these residues in the DNA-bound form indicate that
their amide groups become protected from the solvent by the
presence of DNA. This suggests that the residues in these
regions are involved in contacting DNA in the protein-DNA
complex.

DISCUSSIONS

To understand the DNA-binding specificities of the ets pro-
teins at the molecular level, structural information is re-
quired. Here we describe the structural characterization of
this class of proteins. Using multidimensional NMR, we have
determined the secondary structure of the ets domain of
human Fli-1. It consists of three o-helices and a short
four-stranded B-sheet. Although the presence and locations
of the helices have been correctly predicted from the primary
sequences of ets proteins using secondary structure predic-
tion algorithms (5, 6), the B-strands have not been identified.
It has been proposed (7) that the ets domain is structurally
related to the myb DNA-binding domain, which contains
three helices forming a helix-turn-helix-like structure similar
to those of the cro repressor of bacteriophage 434 and the
homeodomain (23). However, our results show that the
overall secondary structures of the ets domain of Fli-1 and
myb are not similar.

By comparing chemical shifts and amide proton exchange
rates of the protein free in solution and complexed to DNA,
we found that residues in helix 3 are strongly affected by
DNA binding. This agrees with the available mutagenesis
data on the DNA binding of ets domains (5, 6, 24). Bosselut
et al. (5) showed that a single amino acid substitution in Ets-1,
at a position equivalent to K334 of Fli-1 in the third helix, was
able to change the DN A-binding specificity of Ets-1 to that of
Elf-1. As has been noticed by others (5, 6), this helix is
amphipathic with polar and charged residues on one side that
could interact with DNA as the recognition helix and hydro-
phobic residues on the opposite side that could dock the helix
to the protein core. On the basis of common features of
recognition helices of eukaryotic DNA-binding proteins,
Suzuki (25) predicted that helix 2 corresponds to the recog-
nition helix in ets proteins. However, the sequence of helix
3 also aligns well with those of recognition helices in other
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eukaryotic DNA-binding proteins, and our NMR resuits and
published mutagenesis data (5) suggest that helix 3 of the Fli-1
ets domain is the recognition helix.

The secondary structure of the Fli-1 ets domain determined
by our NMR studies resembles that of the DNA-binding
domain of catabolite gene activator protein (CAP) from E.
coli (26). The two proteins have a primary sequence homol-
ogy of 20% over 80 aligned residues (Fig. 3). CAP belongs to
the family of helix—turn-helix prokaryotic DNA-binding pro-
teins (27). Several eukaryotic proteins including the globular
domain of the linker histone HS (28), the HNF-3/fork head
family (29), and the heat shock transcription factor (30, 31)
are known to be structurally similar to CAP. The DNA-
binding domains of these proteins all have three helices and
a short antiparallel B-sheet composed of three or four strands.
In addition to having similar secondary structures, like other
members of this structural family, the ets domain also utilizes
the third helix as the principal element for DNA recognition.
Additional contacts of the Fli-1 ets domain with the DNA
suggested by the NMR data include residues in the loop
connecting the third and fourth B-strand, and near the N
terminus of the first helix. These data are also consistent with
the structures of DNA complexes of CAP and HNF-3y,
where similar contacts were observed (26, 29). Thus, it
appears that the ets domain does not constitute a distinct
structural motif for DNA binding, as previously thought (2),
but resembles the CAP family of helix-turn-helix proteins.

Although a detailed structural comparison awaits a high-
resolution structure of the ets domain, some obvious differ-
ences between the ets domain and the well-characterized
proteins with similar folds can already be identified. Com-
pared to CAP, the tight turn in the helix-turn-helix motif of
CAPis lengthened to aloop in the Fli-1 ets domain, as in other
eukaryotic DNA-binding proteins in this family. The HNF-
3/fork head motif has been referred to as a ‘‘winged helix”’
(29) in which the recognition helix is flanked by a loop
connecting the last two B-strands on one side and 4 long loop
at the C terminus on the other side. Both of these loops
interact with DNA, in addition to the recognition helix. The
ets domain does not appear to have the second wing formed
by the C-terminal loop, as residues beyond the last strand of
the B-sheet can be deleted without abolishing DNA binding
(32). These differences and the structural resemblance of the
ets protein to CAP and related proteins remain to be eluci-
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FI1G. 3. Sequence and secondary structure alignment of the Fli-1
ets domain to CAP DN A-binding domain. The sequences of the Fli-1
ets domain and CAP were aligned by first superimposing the sec-
ondary structures of the two proteins. The two sequences were
adjusted relative to each other by matching the homologous residues
(indicated by vertical lines) of the two proteins. The amino acid
sequence and the secondary structure for CAP were from ref. 26.
Secondary structures are drawn schematically, where boxes repre-
sent a-helices and arrows represent B-strands.
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dated by the determination of the complete tertiary structure
of the protein and protein~-DNA complex.
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