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Abstract 

Ewing sarcoma, a pediatric cancer of bone and soft tissue, is driven in most cases by an abnormal oncogenic fusion of the N-terminal region 
of EWS with the C-terminal region of FLI1 (EWS–FLI1). The FLI1 region contains a conserved DNA-binding domain (DBD) essential for the 
oncogenesis. Binding of EWS–FLI1 to microsatellites composed of contiguous GG AA sites, sho wn pre viously to be critical for the oncogenic 
program of this fusion, is not well understood. In this study, we demonstrate that the FLI1 DBD binds cooperatively to contiguous GGAA 

sites, thereb y f orming a nucleoprotein filament. A series of cry stal str uct ures of two, three, and f our FLI1 DBD proteins in comple x es with 
DNA oligomers cont aining t w o, three, and f our contiguous GG AA sites, respectiv ely, re v eal the str uct ure of this filament and the basis for its 
cooperativ e f ormation. We e xpect this mechanistic insight to be an important milestone in our understanding of the oncogenic function of 
EWS-FLI1 and exploiting it as a drug target. 
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wing sarcoma (ES) is an aggressive pediatric cancer of bone
nd soft tissue. Initial treatment of ES with a nontargeted drug
ombination, together with surgery and radiotherapy, result in
he 5-year survival rate of ∼70%, but for those whose cancer
ecurs there are currently no efficacious therapeutic options,
nd the prognosis is poor [ 1 ]. Therefore, mechanistic knowl-
dge of this and similar cancers is sorely needed to develop
recision therapeutics. ES is characterized and driven by an
bnormal fusion of the N-terminal region of EWS or FUS pro-
ein and the C-terminal region of one of five ETS transcription
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factors (FLI1, ERG, FEV, ETV1, or ETV4). The chromosomal
translocation resulting in this fusion is the only common mu-
tation and, in many cases, the only somatic mutation in this
cancer [ 2 , 3 ]. Fusions involving EWS are by far most com-
mon, to FLI1 in 85% of ES cases, to ERG in 10% and to
one of the three other ETS family members (FEV, ETV1, and
ETV4) in most of the remaining cases [ 4 ]. Fusions involving
FUS are estimated to cause < 1% of ES [ 5 ]. The fused region
of FLI1 or other ETS family transcription factors contains a
conserved DNA-binding domain (DBD) responsible for the
DNA binding of the fusion [ 2 ] and essential for the oncogenic
, 2025. Accepted: March 4, 2025 
c Acids Research. 
ons Attribution-NonCommercial License 
ial re-use, distribution, and reproduction in any medium, provided the 
up.com for reprints and translation rights for reprints. All other 
ink on the article page on our site—for further information please contact 

https://doi.org/10.1093/nar/gkaf205
https://orcid.org/0000-0001-7094-4216


2 Hou and Tsodikov 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

transcriptional program [ 6 ]. The structures of the DBDs of
FLI1, ERG, FEV, ETV1, and ETV4 are similar, as defined by
the X-ray crystallographic studies of these domains and their
complexes with DNA from our laboratory and other groups
[ 7–9 ]. In these proteins the DBD (residues 279–370 in FLI1;
Supplementary Fig. S1 ) starts with helix α1 and ends with he-
lix α4, which is not always present in other ETS family pro-
teins [ 10 ]. The sequence homology of the DBDs is especially
high for FLI, ERG, and FEV, which were previously grouped
based on their DNA binding preferences [ 11 ]. In agreement
with the structurally defined domain boundaries, deletion con-
structs of EWS–FLI1 fusions with a shortened C-terminal he-
lix ( α4) of the FLI1 DBD were impaired in transcriptional
functions [ 12 ]. Divergent protein regions outside of the DBD
in ETS family were found to be responsible for specific regula-
tory and autoregulatory functions in GABP, ETS1, ETS2, and
ERG [ 8 , 13–15 ]. 

ETS family transcription factors bind to the DNA se-
quence GGA(A / T). Depending on the sequences flanking the
GGA(A / T) site, standalone GGA(A / T) sites can be high-
affinity (such as CCGGAA; herein designated as “s” for
“strong”) or low-affinity (such as AAGGAA, designated as
“w” for “weak”) [ 16 ]. Some weak sites are located in prox-
imity to binding sites of other transcription factors, such as
Runt domain proteins, which can bind DNA cooperatively
with FLI1, ERG [ 17 ], and ETS1 [ 11 , 18 , 19 ]. Other weak
sites, instead, are found as contiguous repeats of GGAA sites,
known as GGAA microsatellites, in promoters of some genes
regulated by EWS–FLI1. An example of such a gene is NR0B1 ,
whose upregulation by EWS–FLI1 is required for ES oncoge-
nesis [ 20 ]. The EWS–FLI1 binding at the NR0B1 promoter
takes place on a GGAA microsatellite that consists of 25 con-
tiguous GGAA sites; this binding is necessary and sufficient
for the activation of the NR0B1 gene [ 21 ]. GGAA microsatel-
lites are overrepresented in promoters of genes directly bound
by EWS–FLI1, where the enrichment is near the genes up-
regulated (but not downregulated) by EWS–FLI1 [ 21 ]. Multi-
ple contiguous GGAA sites are necessary for the transcrip-
tional activation by EWS–FLI1, and the degree of activa-
tion increases as the number of GGAA repeats increases. The
size of an EWS–FLI1–DNA complex in vitro increases with
the increasing number of contiguous GGAA sites in DNA
oligomers of the same size, indicating that multiple copies
of EWS–FLI1 are bound to these DNA ligands and, by in-
ference, to GGAA microsatellites [ 21 ]. The stability of EWS–
FLI1–GGAA microsatellite complexes was hypothesized to be
a result of cooperative binding of multiple EWS–FLI1 pro-
teins. These initial findings were corroborated and extended
by other studies, revealing that EWS–FLI1 converted GGAA
repeats into cis -regulatory elements acting as enhancers, but
not repressors, by forming a nucleoprotein assembly of some
sort that opened chromatin and recruited Pol II to drive
the oncogenic transcriptional program [ 22–26 27 ]. Interfer-
ing with this assembly was deleterious to the oncogenic tran-
scription, and it was suggested to be a potential therapeutic
strategy [ 28 ]. 

Since the original discovery of the key oncogenic activ-
ity of EWS–FLI1 on GGAA microsatellites, its importance
has been accentuated, but mechanistic information on this
enigmatic assembly has remained elusive. Our study was
designed to fill this gap and provide structural and func-
tional details of the assembly of the FLI1 DBD on GGAA
repeats. 
Materials and methods 

Protein preparation 

Wild-type FLI1 (259–399) and FLI1 

F362A (259–399) were 
cloned, expressed in Esc heric hia coli BL21 (DE3) (Agilent 
Technologies) and purified as we described previously [ 7 ]. The 
other FLI1 constructs used in this study were cloned and mu- 
tated analogously, using the primers given in Supplementary 
Table S1 . The F362A mutation was introduced in all con- 
structs, except FLI1 (276–371), which eluted from the S- 
200 size-exclusion column as a single peak corresponding to 

the monomeric protein. Additional single mutations N329E,
D333G, and a double mutation N329E / D333G were intro- 
duced in FLI1 

F362A (276–375) by the analogous procedure to 

that used previously for F362A. The same expression and pu- 
rification protocols were then used. As in the previous study,
the N-terminal decahistidine tag was removed by Prescission 

protease (GenScript) from all the proteins in the course of pu- 
rification. In the last purification step, the proteins were puri- 
fied on a Sephacryl S-200 size-exclusion column (GE Health- 
care) in the gel filtration buffer (40 mM Tris–HCl, pH 8.0, 400 

mM NaCl, and 2 mM β-mercaptoethanol). The proteins were 
concentrated in an Amicon Ultra-15 centrifugal filter unit with 

a 10,000 Da molecular weight cut-off (EMD Millipore) to 12 

mg / ml, rapidly frozen in liquid nitrogen and stored at −80 

◦C.

DNA preparation 

The double-stranded DNA (dsDNA) oligonucleotides used in 

crystallization in complexes with FLI1 and in DNA bind- 
ing assays were annealed using single stranded DNA 

oligonucleotides (Integrated DNA Technologies) shown in 

Supplementary Table S2 . The oligonucleotides were dissolved 

in the annealing buffer (10 mM Tris, pH 8.0, 50 mM NaCl),
and the concentrations were measured. Then each pair of com- 
plementary strands was annealed at 1:1 ratio as previously 
described [ 7 ]. 

Crystallization and crystal structure determination 

For cocrystallization with the 2-site DNA, we used FLI1 (259–
399) and FLI1 

F362A (259–399); for co-crystallization with the 
3-site DNA, we used FLI1 

F362A (259–375), and for cocrystal- 
lization with the 4-site DNA, we used FLI1 

F362A (259–399).
FLI1 and the dsDNA (annealed as described above) were 
mixed at molar FLI1:DNA ratios of 2.1:1, 3.1:1, or 4.1:1 for 
2-site, 3-site, and 4-site DNA, respectively, on ice and diluted 

with cold 20 mM Tris, pH 8.0 buffer to a final NaCl concen- 
tration < 50 mM and incubated for 20 min on ice, followed 

by concentrating at 4 

◦C to 5–8 mg / ml in a 0.5 ml Amicon 

centrifugal filter unit with a 3,000 Da molecular weight cut- 
off. The crystals were grown at 21 

◦C by vapor diffusion in 

hanging drops set up by mixing of 1 μl of FLI1–DNA com- 
plex and 1 μl of the reservoir solution equilibrated against 1 

ml of reservoir solution. The crystallization of the FLI1 DBD 

(residues 259–371) was carried out analogously. The crystals 
were then gradually transferred to cryoprotectant solutions,
which were the same in composition as the reservoir solutions 
and additionally contained cryoprotectants, incubated for 20 

min and then frozen in liquid nitrogen by rapid immersion.
The reservoir solutions and cryoprotectants for each type of 
crystal are given in Supplementary Table S3 . 

The X-ray diffraction data for the crystals of FLI1–DNA 

complexes were collected at synchrotron beamline 22-ID at 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf205#supplementary-data
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he Advanced Photon Source, Argonne National Laboratory,
t the X-ray wavelength of 1.0 Å. The data for the crystals of
he FLI1 DBD were collected at beamline NYX at the National
ynchrotron Light Source, Brookhaven National Laboratory,
t the wavelength of 0.9794 Å. The data were indexed, inte-
rated and scaled with HKL-2000 [ 29 ]. The data for the crys-
als of the 4:1 FLI1–DNA complex were severely anisotropic,
nd the weak data due to the anisotropy underwent ellipsoidal
runcation by the online Diffraction Anisotropy Server [ 30 ].
he crystal structures of FLI1–DNA complexes were deter-
ined by molecular replacement with PHASER [ 31 ] by us-

ng as search models our previously reported, appropriately
runcated crystal structure of a 1:1 FLI1 DBD–DNA complex
PDB ID: 5JVT) [ 32 ] in the first Phaser run and the FLI1 DBD
rom this structure in subsequent runs. For the crystal struc-
ure of the autoinhibited FLI1 DBA, the FLI1 DBD portion of
he same published structure was used as a molecular search
odel. The crystal structures were then iteratively built with
OOT [ 33 ] and refined with REFMAC [ 34 ]. The PDB acces-

ion codes, data collection and structure refinement statistics
or the FLI1–DNA complexes and the FLI1 DBD are given in
upplementary Tables S4 and S5 , respectively. Solvent accessi-
le surface areas were calculated using program Surface Racer
 35 ] with a solvent probe radius of 1.4 Å. 

MSA experiments 

he 6-carboxyfluorescein (6-FAM)-labeled dsDNA was in-
ubated at 500 nM with FLI1 DBD proteins at different
LI1:DNA stoichiometric ratios, as specified in the text, in the
lectrophoretic mobility shift assay (EMSA) buffer (20 mM
epes, pH 7.8) on ice for 30 min. Samples with 5% glycerol
ere loaded on and run in a 6% nondenaturing polyacry-

amide gel in 0.5 × TBE running buffer (45 mM Tris, 45 mM
oric acid, and 1 mM EDTA) at 4 

◦C. The gels were scanned
n a Typhoon FLA 9000 gel scanner (Cytiva). The EMSA ex-
eriments were performed at least in independent duplicates. 

NA-binding assays monitored by fluorescence 

nisotropy measurements 

he FLI1 constructs and the DNA containing two weak sites
s well as DNA containing a single strong and a single weak
ite used in the assays are described above and specified in Fig.
 and Supplementary Table S2 . FLI1 was titrated at specified
oncentrations into 6-FAM-labeled dsDNA at 20 nM in the
NA binding buffer (20 mM Hepes, pH 7.8, 40 mM NaCl,

nd 5 mM MgCl 2 ) and incubated at room temperature for 10
in. The experiments were performed at least in independent

riplicate titrations. Fluorescence anisotropy was measured on
 SpectraMax M5 microplate reader (Molecular Devices) with
he excitation and emission wavelengths set at 494 and 525
m, respectively. The data for the titrations using single-site
NA were analyzed using a 1:1 binding model, by a procedure

eported previously [ 7 ], to obtain the best-fit curves and values
or equilibrium dissociation constant K d . 

The data for the titrations using DNA with two weak sites
ere analyzed by using the 2:1 FLI1–DNA-binding equilibria:

D + P 

K 1 
�DP (1)

DP + P 

K 2 
�DP 2 (2)

here DNA and FLI1 are denoted by D and P, respectively.
he equilibrium association binding constants K 1 and K 2 are
related to the microscopic site binding constant K site = 1 / K d
by the following relationships [ 36 ]: 

K 1 = 2 K site (3)

K 2 = ( w K site ) / 2 (4)

where w is the cooperativity factor. Each protein binding event
results in a relatively small fluorescent anisotropy change (far
from reaching the theoretical maximum of 0.4); therefore, to
a good approximation, the fluorescence anisotropy changes in
binding events described by equilibria (1) and (2) can be as-
sumed to be similar. Then, to a good approximation, fluores-
cence anisotropy ( r ) is related to total concentration of protein
[P] T in the binding mixture by the following equation: 

r = r 0 + a 
[ 
2 K site [ P ] T + w K site 

2 ( [ P ] T ) 
2 
] 
/A (5)

where r 0 is the anisotropy in the absence of protein, a is a
scaling constant and 

A = 1 + 2 K site [ P ] T + w K site 
2 ( [ P ] T ) 

2 (6)

Equation ( 5 ) was used to carry out nonlinear regression fit-
ting with SigmaPlot 9.0 (Systat) to obtain the best-fit curves
and values of a and w , using the values of K d from the anal-
ysis of the data collected with the single weak site DNA (Ta-
ble 1 ). In the nonlinear regression, the average fluorescence
anisotropy values were weighted by the respective reciprocal
relative errors of the measurements. 

Results 

Crystal structures of the FLI1 DBD in complex with 

two contiguous GGAA sites 

To unravel the architecture of FLI1–GGAA microsatellite
complexes, we first focused on obtaining a crystal structure
of the FLI1 DBD in complex with DNA containing two con-
tiguous GGAA sites. We overexpressed and purified a FLI1
construct (residues 259–399) containing the FLI1 DBD and
regions flanking it at the N- and C-termini. This construct is
a part of oncogenic EWS–FLI1 fusions. We crystallized and
determined a crystal structure of this protein in complex with
a double-stranded 15-mer DNA 5 

′ -GA CCGGAA GGAA GTG-
3 

′ , at a resolution of 2.59 Å (Fig. 1 A). We showed previously
that the wild-type FLI1 DBD was in a slow equilibrium be-
tween a monomeric and a dimeric state [ 7 ]. The monomeric
point mutant F362A, which was designed based on the crys-
tal structure of the FLI1 dimer, was shown to be fully func-
tional in DNA binding [ 7 ], transcriptional activation on mi-
crosatellites and oncogenic transformation (in the context
of the EWS–FLI1 fusion) [ 12 ], strongly suggesting that the
monomeric state is the functionally relevant state. For this
reason, we also determined a crystal structure of this mutant
in complex with the same DNA, at a resolution of 2.55 Å
( Supplementary Fig. S2 A). The wild-type and the monomeric
mutant complexes with DNA crystallized in different crystal
forms. In both crystals, there was one 2:1 protein–DNA com-
plex per asymmetric unit involving end-to-end DNA crystal
packing contacts and protein–protein contacts. 

Both crystal structures revealed that two FLI1 DBDs were
bound to the two GGAA sites of the DNA oligomer. Over-
all features of FLI1 DNA binding and site-specific recogni-
tion in these structures are similar to those in our previously
reported structures of the 1:1 FLI1–DNA complex [ 7 , 32 ];

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf205#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf205#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf205#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf205#supplementary-data
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Figure 1. The crystal str uct ure of the 2:1 FLI1 DBD–DNA complex on two contiguous GGAA sites. ( A ) The overall view of the complex. The C-terminal 
helix is colored y ello w; the tail is black. ( B ) A magnified view of the interface between the two neighboring FLI1 DBDs. The interacting residues are 
shown as sticks and labeled. Hydrogen bonds are shown by dashed blue lines, steric and hydrophobic interactions are shown by dashed gray lines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

therefore, here we will describe only new findings related to
binding of multiple FLI1s to contiguous GGAA sites. For the
sake of clarity, we will refer to the FLI1 DBD bound to the
first (from the 5 

′ -end on the GGAA strand) and the second
GGAA site as the i -th and the ( i + 1)-th FLI1 (Fig. 1 ), re-
spectively, and use subscripts i and i + 1 for their respec-
tive residues. In the structure of the FLI1 

F362A –DNA com-
plex, both FLI1 proteins packed against their crystallographic
neighbors forming dimers as previously observed for wild-
type FLI1 and ERG DBDs, when they were crystallized alone
or in 1:1 complexes with one-site DNA [ 7 , 8 ], despite the mu-
tation ( Supplementary Fig. S3 A). In the structure of the wild-
type FLI1 DBD with the two-site DNA, the ( i + 1)-th FLI1
was also packed against its crystallographic symmetry mate
in this dimeric form ( Supplementary Fig. S3 B). The region N-
terminal to Ile281 was disordered in these dimeric FLI1 DBDs.
In contrast, the i -th FLI1 of the 2:1 wild-type FLI1–DNA com-
plex was packed against its symmetry mate in an unrelated
arrangement, indicative of monomer–monomer crystal pack-
ing. In this interface, the N-terminal region (residues 268–274)
folded as a short helix against the N-terminal helix of the DBD
and made 2-fold symmetrical contacts with these regions of
the symmetry mate, while residues 275–280 were disordered
( Supplementary Fig. S3 B). The different packings in the crys-
tals demonstrated a dynamic nature of the monomer–dimer
equilibrium of the wild-type FLI1, and they showed that even
the mutant FLI1 DBD retained some propensity for dimer-
ization at high protein concentrations used in the crystallo-
graphic experiments or only in the crystalline state. There-
fore, the current structures indicated that both monomeric
and dimeric forms of FLI1 could be accommodated in the 2:1
FLI1–DNA complex and that the dimeric state of FLI1 

F362A

was a crystallization artifact. 
These structures of the 2:1 FLI1–DNA complex provide a

proof of principle that the FLI1 DBD can occupy two con-
tiguous GGAA sites simultaneously. In this ternary complex,
the two major DNA recognition helices α3 of the two FLI1s
form a 70 

◦ angle, with the end of the helix of the i -th FLI1
and the beginning of the respective helix of the ( i + 1)-th FLI1
at the vertex of this angle, as expected based on the previ-
ous crystal structures of the 1:1 complex (Fig. 1 A). Several 
residues in the DNA recognition helices of the two FLI1 pro- 
teins are in direct contact with each other in this complex,
composing a large part of the FLI1–FLI1 interface. (Fig. 1 B).
One set of these interactions is between the side chains of 
Tyr341 i and Asp333 i + 1 in the protein–DNA interface, where 
one of the carboxyl group oxygens of Asp333 i + 1 is engaged 

in weak bidentate hydrogen bonding with the hydroxyl group 

of Tyr341 i and the N4 amino group of the C complementary 
to the first G of the second GGAA site. The hydroxyl group 

of Tyr341 i is also involved in DNA recognition, forming a 
hydrogen bond with the N6 of the first A of the first GGAA 

site and a nonpolar contact with the T complementary to the 
second A. Additionally, the carboxyl group of Asp333 i + 1 and 

the phenol ring of Tyr341 i make nonpolar contacts with each 

other. Another set of contacts between the DNA recognition 

helices are steric contacts between Lys345 i and Asp344 i of the 
i -th FLI1 and Asn331 i + 1 and Asp315 i + 1 of the i + 1-th. The 
side chain of Asn331 i + 1 interacts sterically with both Lys345 i 

and Asp344 i . Asp315 i + 1 interacts only with Asp344 i , both 

sterically and via a network of divalent metal ions and co- 
ordinated water molecules, some of which hydrate the phos- 
phodiester backbone of the DNA. Lys345 i is engaged in a salt 
bridge with the DNA backbone of the opposite strand. Other 
FLI1–FLI1 contacts differ between the wild-type and the mu- 
tant FLI1–DNA structures ( Supplementary Fig. S2 B). The last 
set of FLI1–FLI1 interactions in both structures involve the 
C-terminal region of the i -th FLI1 DBD contacting the ( i + 1)- 
th FLI1. The conformation of the C-terminal region differs 
considerably between the wild-type (monomeric) and the mu- 
tant FLI1 (dimeric) structures. In the structure with the mu- 
tant FLI1, where the i -th FLI1 is in the dimeric state, its C- 
terminal helix α4 (residues 362–369) is engaged in swapped–
helix interactions with the interacting protomer, as we previ- 
ously reported [ 7 ]. In that structure, the side chains of Gln370 i 

at the C-terminal end of the last helix of the i -th FLI1 and 

Asn329 i + 1 in loop L23 are engaged in two reciprocal weak 

hydrogen bonds with one another. The region C-terminal to 

this helix (residues 371–399) is disordered. In the structure 
with the wild-type FLI1, where the i -th FLI1 is in a functional 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf205#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf205#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf205#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf205#supplementary-data
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onomeric state, the C-terminal helix of the i -th FLI1 is tilted
y 20 

◦ away from its DBD and shifted along the helical axis
oward the ( i + 1)-th FLI1 by ∼4 Å. Notably, a similar confor-
ation of the C-terminal helix α4 was also observed in our

ecent crystal structures of the FLI1 DBD in complexes with
unx2 and DNA, and Runx2–Cbf β and DNA [ 17 ], where
LI1 was also monomeric. This conformation of the helix
ould not be accommodated in the dimeric state. Residues
ln367 i and Ala368 i of the helix interact with Asn329 i + 1 in

oop L23 of the ( i + 1)-th FLI1. Specifically, the C α of Ala368 i

nd the side chain of Gln367 i interact sterically with the side
hain of Asn329 i + 1 , and the backbone carbonyl oxygen of
ln367 i is within a weak hydrogen bonding distance from the
mino group of the carboxamide of Asn329 i + 1 . Furthermore,
esidues 371–373 C-terminal to this helix are ordered, and the
ackbone of this region forms a ∼90 

◦ angle with the helical
xis, so that Pro371 i and Pro373 i interact sterically and via
onpolar interactions with the side chains of Asn329 i + 1 and
ro328 i + 1 of the ( i + 1)-th FLI1, respectively. We will call this
egion (residues 371–373) the C-terminal tail (even though
here are other, disordered residues after residue 373), and this
onformation of the tail the bracket conformation. All of the
esidues involved in the FLI1 i –FLI1 i + 1 interactions are con-
erved in FLI1, ERG, and FEV ( Supplementary Fig. S1 ), whose
usions are found in all but a few recently documented cases
f Ewing sarcoma (containing ETV1 and ETV4). A few minor
xceptions are noted in ETV1 and ETV4, which, for example,
lso contain a Pro analogous to Pro373, and an Ala in place of
ro371. The FLI1 i –FLI1 i + 1 interactions on DNA bury 523 Å2 

f solvent accessible surface area (60% nonpolar and 40% po-
ar) augmenting the solvent accessible area buried in the FLI1
onomer–DNA interface (1906 Å2 ; 45% nonpolar, 55% po-

ar) by 27%. The 60:40 nonpolar:polar buried solvent acces-
ible area ratio is typical of protein–protein interactions. The
ncrease in buried surface area from 1906 Å2 by 523 Å2 is con-
istent with a ∼30-fold increase in binding affinity, as shown
y the analysis of a large number of protein–protein interfaces
ith known affinities [ 37 ]. The nearest-neighbor interactions
etween the FLI1 proteins bound to adjacent GGAA sites are
trongly suggestive of DNA-binding cooperativity. 

rystal structures of the FLI1 DBD in complex with 

hree and four contiguous GGAA sites 

ecause functional GGAA microsatellites contain at least four
GAA sites [ 21 ], we sought to obtain structures of the FLI1
BD on DNA oligomers containing more than two sites.

n these experiments, we used the monomeric FLI1 mutant
362A, to ensure homogeneity of the complexes and to min-

mize dimer formation, which is not essential (and may not
ven be relevant) for the oncogenic transcriptional function of
WS–FLI1 in vivo . We crystallized and determined the crys-

al structures of the complexes of the FLI1 DBD with 19-mer
nd 25-mer DNA oligomers containing three and four con-
iguous GGAA sites, respectively (Fig. 2 ). It was increasingly
hallenging to obtain crystals of these FLI–DNA complexes as
he number of GGAA sites increased, and to this end we had to
est multiple DNA ligands with varying lengths and sequences
f flanking DNA as well as various FLI1 DBD constructs. In
oth structures FLI1 occupied all available GGAA sites with-
ut gaps, forming nucleoprotein filaments. In describing these
omplexes, following the above nomenclature, we will denote
y i , i + 1, i + 2, and i + 3 FLI1 proteins bound to consecutive
sites counting from the 5 

′ - to the 3 

′ -end of the GGAA DNA
strand. 

Both structures contain one multi-protein–DNA complex
per asymmetric unit, where the DNA molecules are not bent,
consistent with previous EMSA studies [ 38 ]. In the structure
of the 3:1 FLI1–DNA complex (FLI1, residues 259–275; Fig.
2 A and B), each of the FLI1 proteins packs against another
protein in a different asymmetric unit. The interactions of
each protein with its GGAA site are similar to those observed
in the 1:1 FLI1–DNA and in the 2:1 FLI1–DNA complexes.
None of the three FLI1–FLI1 crystal packing arrangements
resemble the previously observed and validated dimeric in-
terface, indicating that all three FLI1 proteins are bound to
DNA in the monomeric state. FLI1 i , FLI1 i + 1 , and FLI1 i + 2

are all bound to DNA in the same conformation as that ob-
served for FLI1 i in the 2:1 wild-type FLI1–DNA structure de-
scribed above, with the same tilt and shift of the C-terminal
helix, and the C-terminal tail in the bracket conformation.
Consequently, nearest-neighbor FLI1 i –FLI1 i + 1 , and FLI1 i + 1 –
FLI1 i + 2 interactions are similar to those described in detail
above for the 2:1 wild-type FLI1–DNA structure (Fig. 1 B). Ad-
ditionally, steric interactions between FLI1 i and FLI1 i + 2 are
also observed, with interatomic distances of 4.3–4.5 Å: side
chains of Gln280 i and Ser326 i in loop L23 contact the side
chain of His352 i + 2 (Fig. 2 C), which is additionally involved
in electrostatic interactions with the DNA backbone. 

The highest-order crystal structure that we obtained was
the 4:1 FLI1–DNA complex (Fig. 2 D). In this structure, DNA
is packed in the crystal end to end, as in the previous struc-
tures, while FLI1 i + 1 and FLI1 i + 3 make crystal packing con-
tacts with FLI1 proteins from another asymmetric unit that
are also different from those in a FLI1 dimer. The other two
FLI1s, FLI1 i , and FLI1 i + 2 , do not make crystal packing con-
tacts. Therefore, all four FLI1 proteins are bound to the DNA
in the monomeric state. Interestingly, despite this, FLI1 i adopts
a similar conformation of the C-terminal helix to that in
dimeric FLI1 and does not contact FLI1 i + 1 . The tail region of
FLI1 i is disordered, apparently as a coupled conformational
feature. Other interactions between FLI1 i and FLI1 i + 1 that
are described above for nearest neighbors in other complexes
are present. Even though no other significant conformational
changes are present in either DNA or FLI1 i + 1 , a salient differ-
ence between the 4:1 and the 3:1 FLI1–DNA structures is the
presence of FLI1 i + 3 in the 4:1 FLI1–DNA complex. FLI1 i + 3

interacts with FLI1 i + 1 in this complex in the same manner as
FLI1 i interacts with FLI1 i + 2 in the 3:1 complex, as described
above. This interaction engages loop L23 of FLI1 i + 1 of the
4:1 complex. The same loop would engage in interactions with
the C-terminal helix and the tail of the adjacent upstream FLI1
neighbor in the 3:1 and 1:1 FLI1–DNA structures. Apparently,
the FLI1 i + 1 –FLI1 i + 3 interactions in the 4:1 complex replace
the interactions between the C-terminal regions of FLI1 i and
FLI1 i + 1 that are observed in the 3:1 complex. In FLI i + 1 of
the 4:1 complex, the C-terminal helix and the ordered tail in
the bracket conformation interact with FLI1 i + 2 as observed
for the 3:1 complex. In FLI1 i + 2 , the C-terminal helix is in
the conformation observed for the FLI1 dimer with the dis-
ordered tail; these regions do not interact with FLI1 i + 3 , while
all other nearest-neighbor interactions are maintained. In this
case, the observed conformation of the C-terminal region
likely occurs due to steric hindrance by another complex in
the crystal occupying the space needed for the interaction with
FLI1 i + 3 . 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf205#supplementary-data
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Figure 2. The crystal str uct ures of the 3:1 and the 4:1 FLI1–DNA complexes on three and four contiguous GGAA sites, respectively. ( A ) The overall view 

of the 3:1 FLI1–DNA complex. The C-terminal helix and the tail are shown in yellow and black. ( B ) An orthogonal view of the 3:1 complex. ( C ) A 

magnified view of the interactions between FLI1 i and FLI1 i + 2 . The interacting residues are shown as sticks and labeled. Loop23 (L23) is also labeled. ( D ) 
T he o v erall vie w of the 4:1 FLI1–DNA comple x. L oop L23 of FLI1 i + 1 engaged in the interaction with FLI1 i + 3 is labeled. 
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Figure 3. EMSA gel images of the titration of six FLI1 DBD constructs into two DNA oligomers, one containing contiguous strong (CCGGAA) and weak 
(AAGGAA) sites and one containing two contiguous weak sites (a microsatellite fragment). Panels ( A–F ) correspond to the six FLI1 constructs; the first 
four lanes in each panel contain the former DNA, the last four lanes contain the latter DNA. The DNA sequences and the FLI1 constructs endpoints are 
sho wn abo v e the gel pictures. 
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ooperative assembly of 2:1 FLI1–DNA complexes 

n contiguous GGAA sites observed by solutions 

tudies 

he structures of FLI1 on contiguous GGAA sites demon-
trate that FLI1 proteins occupy all GGAA sites without gaps,
nd that in these complexes FLI1 interacts directly with its
earest neighbors and with second-nearest neighbors. These
nteractions are highly suggestive of DNA-binding cooperativ-
ty for FLI1 proteins in this assembly. To investigate if binding
f multiple FLI1s to contiguous GGAA sites is cooperative
nd, if so, to determine the regions of FLI1 responsible for
he cooperativity, we performed a series of EMSA experiments
ith fluorescently (6-FAM) labeled DNA oligomers bearing

wo contiguous GGAA sites (Fig. 3 ). We used two DNA
ligomers: one, where the first site (on the 5 

′ -end of the GGAA
tretch) is a relatively low-affinity (weak; “w”) binding site
AGGAA as is the other GGAA site, and the other, where

he first site is a high-affinity (strong; “s”) CCGGAA site. The
econd site is always weak (AAGGAA), since the 5 

′ -AA is a
art of the first GGAA site. We generated and used six con-
tructs of the monomeric FLI1 

F362A DBD, in which different
- and C-terminal flanking regions were deleted in different

ombinations (Fig. 3 ). Constructs starting at residues 259 and
76 were used to probe the effect of the N-terminal extension.
or each of these N-termini, three constructs were generated,
ending on residue 399, 375, and 371, to probe the effect of
the truncation of the C-terminal extension to keep only the
tail (up to residue 375) and to probe the effect of truncat-
ing the tail (ending on 371). These six FLI1 DBD constructs
were tested with the two DNA sequences (w-w and s-w). A
salient observation from this assay was that for the DNA with
both weak sites (w-w) 1:1 FLI1–DNA complexes were not
observed as FLI1 was titrated at constant DNA concentra-
tion (the right-hand side of the gel images). The 2:1 complex
formed at [FLI1]:[DNA] ratios of 0.5 and higher for the con-
structs with the longest C-terminal flanking region (Fig. 3 A
and D) and at [FLI1]:[DNA] ratios of 1 and higher for the
other constructs, which were truncated at the C-terminus, re-
gardless of the presence of the N-terminal flanking sequence.
This all-or-nothing behavior is direct evidence of coopera-
tivity of binding of the FLI1 DBD to two individually weak
contiguous GGAA sites. These observations also indicate that
the DNA-binding cooperativity is compromised for the con-
structs truncated at the C-terminus. We could not discern the
effect of a truncation of the tail (deleting residues 372–375)
in this assay. The EMSA data with the DNA containing a
high-affinity (strong) site (denoted as s-w; the left-hand side
of the gel images) strongly corroborated these observations
by showing the 1:1 complex that formed on the strong site for
both constructs with the longest C-terminal flanking sequence
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Figure 4. Equilibrium binding titrations of FLI1 into one-site and two-contiguous weak site DNA measured by monitoring fluorescence anisotropy of the 
probe on the DNA. ( A ) Titrations of the longest FLI1 DBD construct into one-site DNA (at 20 nM) containing a strong (filled circles) or a weak (open 
circles) site. ( B ) Titrations of the six FLI1 DBD constructs into DNA (at 20 nM) containing two contiguous weak sites. The curves correspond to the best 
fit to the 1:1 binding model (A) or the 2:1 cooperative binding model (B) with the parameter values given in the text and Table 1 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. The DNA-binding affinity of the FLI1 DBD to a single weak GGAA 

site and the cooperativity f actor f or binding to two contiguous weak GGAA 

sites 

FLI1 construct K d , single weak site 
Cooperativity 

factor, w

259–399 320 ± 86 41 ± 21 
259–375 544 ± 288 103 ± 26 
259–371 1009 ± 421 22 ± 7 
276–399 146 ± 37 16 ± 10 
276–375 137 ± 34 33 ± 20 
276–371 402 ± 172 11 ± 5 
276–375 N329E 275 ± 39 6 ± 6 
276–375 D333G 35 ± 4 ∼1 
276–375 N329E / D333G 126 ± 14 ∼1 

 

(ending on residue 399; Fig. 3 A and D), and the 2:1 complex
that dominated at the highest protein concentration, as ex-
pected. These data also revealed that the N-terminal flank-
ing sequence (residues 259–275) was autoinhibitory, because
truncating the C-terminal region weakened DNA binding of
the constructs containing the N-terminal flanking sequence to
the strong site (and likely to the weak site), so that the 1:1
complex was no longer observed (Fig. 3 B and C), and the
cooperative effect seen with the DNA containing two weak
sites was exposed. In contrast, for the constructs with the
truncated N-terminal region the 1:1 complex still formed,
even when the C-terminal region was shortened (panels E
and F). 

To analyze quantitatively the cooperativity of FLI1 bind-
ing to DNA containing two contiguous weak GGAA sites, we
measured fluorescence anisotropy using the same DNA with
two weak sites as that used in the EMSA (defined as w–w in
Fig. 3 ) upon titrating the six monomeric FLI1 DBD constructs
(Fig. 4 B). In order to interpret these data, we measured bind-
ing affinities ( K d ) of the six monomeric FLI1 DBD constructs
to a 6-FAM-labeled DNA oligomer containing a single weak
(AAGGAA) site (Fig. 4 A, Supplementary Fig. S4 and Table
1 ). As a control, we measured K d for binding of the longest
FLI1 DBD construct (residues 259–399) to DNA containing
a single strong site (CCGGAA) site (Fig. 4 A). The equilib-
rium binding constants for FLI1 (259–399) for a single strong
(CCGGAA) and a single weak site obtained from these data
were K d = 7.5 ± 2.7 nM and 320 ± 86 nM, respectively. The
values of K d for a single weak site displayed a 7-fold variation
(137–1009 nM) among the FLI1 constructs. The N-terminal
extension (259–275) was autoinhibitory, as also inferred from
the EMSA analysis, with the constructs starting with residue
276 binding a single weak site with 2- to 3-fold increased affin-
ity compared to their counterparts starting with residue 259.
In contrast, truncating the C-terminal extension led to the loss
of binding affinity; the majority of the affinity loss (2- to 3-
fold) occurred upon truncating four residues (372–375) con-
taining the C-terminal tail. 

The titrations using the DNA with two weak sites (Fig. 4 B)
generally yielded apparent DNA-binding affinities that were
∼10 times as strong as those to a single weak site for respective
FLI1 constructs, indicative of strongly cooperative binding to 

the two DNA sites, in agreement with the EMSA data. Non- 
linear regression analysis of these data using a 2:1 FLI1:DNA- 
binding model and the single-site affinities obtained above 
yielded the values of cooperativity factor ( w ; the fold increase 
in intrinsic DNA-binding affinity of FLI1 for a GGAA site 
when an adjacent site is occupied; Table 1 ) ranging from 10 to 

103. These results indicate that the DBD lacking the N- and 

the C-terminal extensions (residues 276–371) is sufficient for 
cooperative binding. Two effects of the extensions could be 
seen from this analysis. First, the cooperativity was higher for 
constructs with the N-terminal extension than for those with- 
out one. Second, the C-terminal tail region (residues 372–375) 
contributed to the cooperativity regardless of the nature of the 
N-terminus. The latter effect is consistent with the nearest- 
neighbor interactions of the tail region observed in the crystal 
structures. 

Probing the cooperative assembly of 2:1 FLI1–DNA 

complexes by point mutagenesis 

To test the specific FLI1–FLI1 interfaces predicted by the struc- 
tural studies to be involved in the DNA-binding cooperativity,
we carried out point mutagenesis of these regions and mea- 
sured DNA binding of the mutant FLI1 proteins by EMSA and 

fluorescence anisotropy measurements analogously to the as- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf205#supplementary-data
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ays described in the previous section, using the same two- and
ne-site DNA. We made two single (N329E and D333G) and
ne double (N329E / D333G) mutation in the FLI1 (276–375)
onstruct. This construct exhibited both robust cooperativity
nd sufficiently high DNA-binding affinity to DNA contain-
ng a single weak GGAA site (Table 1 ), to allow for potential
etuning of both properties by the mutations. We avoided mu-
ating residues that made extensive interactions with DNA,
o maintain DNA binding, which left us with Asn329 and
sp333. The N329E mutation in loop L23 enlarged this side
hain. We predicted that the larger Glu on loop L23 would
ush the C-terminal helix α4 and the tail of the nearest neigh-
or on the DNA away (Fig. 1 B), disrupting nearest-neighbor
nteractions between these structural elements. In addition,
lu329 would no longer provide a hydrogen bond donor

or the main chain carbonyl of Gln367. The other muta-
ion, D333G, was meant to perturb nearest-neighbor interac-
ions between the DBD cores. Because the entire side chain of
sp333, including its C β , is engaged in anion–π stacking onto

he phenolic ring of the Tyr341 of the nearest neighbor (Fig.
 B), Asp333 had to be mutated to a Gly, removing these non-
olar interactions. Unavoidably, this mutation also removed a
egative charge and eliminated a hydrogen bond with a DNA
ase, described previously in the text. All three mutant FLI1
onstructs behaved similarly to the parent construct on the
ize-exclusion column during the last purification step, eluting
t approximately the same time as a symmetrical peak at the
xpected volume for a monomer [ 7 ], with no significant aggre-
ation and no self-association ( Supplementary Fig. S5 ). This
esult indicated that the DBD fold was not disrupted by the
utations. 
The EMSA demonstrated that the N329E mutation some-

hat weakened the DNA-binding affinity to both strong
nd weak sites, while the DNA–binding cooperativity has
ersisted, as no 1:1 FLI1–DNA complex was observed for
he DNA containing two weak sites (Fig. 5 A). Fluorescence
nisotropy measurements (Table 1 and Supplementary Figs S6
nd S7 ) yielded a 5-fold smaller value of the cooperativity
actor w ( w = 6 ± 6) for this mutant than for the respec-
ive wild-type construct ( w = 33 ± 20). This decreased co-
perativity was similar to the cooperativity of the C-terminal
ail truncation ( w = 11 ± 5), in agreement with predicted
ffect of this mutation in disrupting nearest-neighbor inter-
ctions involving the tail. The D333G mutation completely
bolished the cooperativity, indicated by the appearance of
he 1:1 FLI1–DNA complex with the w–w DNA (Fig. 5 B).
he fluorescence anisotropy measurements also indicated the

oss of cooperativity, as w was indistinguishable from unity,
hile the binding affinity of this mutant to the DNA with
 single site measured by this assay was ∼4-fold higher. The
oss of cooperativity for the D33G mutant must have resulted
rom the disruption of core–core nearest-neighbor interac-
ions, as predicted. This result, together with the data for the
runcation mutants, indicate that the nearest-neighbor inter-
ctions between the FLI1 DBD cores are the dominant con-
ributor to the DNA-binding cooperativity. In agreement with
he single mutant data, the EMSA (Fig. 5 C) and the fluo-
escence anisotropy data indicated that the double mutation
bolished the DNA-binding cooperativity. The binding of the
LI1 double mutant to DNA containing a single weak site
as similar to the respective wild-type FLI1 construct (Ta-
le 1 ), consistent with the opposite effects of the two single

utations.  
The structural basis for autoinhibition by the 

N-terminal extension of the FLI1 DBD 

The unbound FLI1 DBD that we structurally characterized
previously [ 7 ] did not contain the N-terminal extension.
Therefore, to establish the structural basis for the autoinhi-
bition of DNA binding by the N-terminal extension, we de-
termined a crystal structure of wild-type FLI1 (residues 259–
371) containing this extension, at a resolution of 1.66 Å (Fig.
6 A and Supplementary Table S5 ). Not surprisingly, this high-
resolution crystal structure of this construct was very simi-
lar to the 2.1 Å resolution crystal structure of the autoinhib-
ited DBD of ERG, nearly identical in sequence to the FLI1
DBD (PDB ID: 4IRH) [ 8 ]. Residues 272–280 were ordered,
whereas residues 259–271 were disordered. The ordered re-
gion of the N-terminal extension of the FLI1 DBD was in an
extended conformation interacting with the C-terminal helix
of the DBD; a very similar conformation was observed for the
ERG DBD. The superimposition of this FLI1 DBD structure
and that of the i -th FLI1 DBD in the 2:1 wild-type FLI1–DNA
complex (Fig. 6 B) indicated that this conformation of the or-
dered portion of the extension directed the disordered part of
the extension to clash sterically with bound DNA, explain-
ing the autoinhibitory effect of the extension. Furthermore,
the disordered part of N-terminal extension would also clash
with loop L23 of the i + 1-th FLI1 DBD bound to the ad-
jacent downstream GGAA site. To avoid these collisions in
the above 2:1 FLI1–DNA complex, the N-terminal extension
was rerouted away from the DNA and formed a short helix,
whereas in the 2:1 FLI1 

F362A DBD–DNA complex, the region
that would clash was directed away from the DNA and disor-
dered ( Supplementary Fig. S2 ). 

Discussion 

EWS–FLI1 is an abnormal DNA-binding factor that functions
by several mechanisms, including gene repression and acti-
vation, each of which is necessary for the oncogenesis [ 39 ].
While the Ewing sarcoma tumorigenesis requires the FLI1
DBD, there are mechanisms involving the EWS region that
do not directly involve the FLI1 DBD [ 40 ]. EWS–FLI1 assem-
bly on GGAA microsatellites has been established as a mech-
anism essential for transcriptional reprogramming of several
genes and for oncogenesis in Ewing sarcoma, but the molecu-
lar details of this assembly have remained elusive. The struc-
tures of 2:1, 3:1, and 4:1 complexes of the FLI1 DBD on
contiguous GGAA sites and accompanying biochemical data
presented here reveal the structural elements of this assembly
and its stability . Specifically , these structure-function studies
show that the FLI1 DBD proteins bind all GGAA sites with-
out gaps, and this assembly is favored by the strong nearest-
neighbor cooperativity of FLI1 binding observed for two con-
tiguous GGAA sites. The biochemical data with the truncation
mutants and point mutants of the FLI1 DBD in the nearest-
neighbor FLI1–FLI1 interface corroborate the structural data
in directly demonstrating the cooperativity and yield the quan-
titative contributions to the DNA-binding cooperativity of the
individual protein regions: the DBD core, its N-terminal ex-
tension, the C-terminal helix, the C-terminal extension and
the short C-terminal tail adjoining the core. Notably, the de-
crease in the DNA-binding cooperativity as a result of the
N329E mutation, designed to disrupt the interaction of this
residue with the C-terminal helix of the nearest neighbor, is

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf205#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf205#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf205#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf205#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf205#supplementary-data
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Figure 5. EMSA gel images of the titration of the mutant FLI1 (276–375) constructs into the two DNA oligomers described in Fig. 3 . ( A ) The titration of 
FLI1 N329E . ( B ) The titration of FLI1 D333G . ( C ) The titration of FLI1 N329E / D333G . 

Figure 6. The str uct ural basis for autoinhibition of DNA binding of the FLI1 DBD by its N-terminal e xtension. ( A ) T he cry stal str uct ure of the dimer of the 
autoinhibited FLI1 DBD (residues 259–371). The C- and N-termini are denoted as C and N au (“au” for autoinhibited), respectively. The N-terminal 
extension is in red. ( B ) The superimposition of the autoinhibited FLI1 DBD (as in panel A) onto the i -th FLI1 DBD (light blue) in the 2:1 FLI1–DNA crystal 
str uct ure. The N-terminal extension of the i -th FLI1 DBD is partly helical (in red), with the N-terminus labeled as “N.”

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

in agreement with recently reported transcriptional and DNA
remodeling defects of EWS–FLI1 lacking this helix on GGAA
microsatellites in Ewing sarcoma cells [ 41 ]. These effects of
the C-terminal helix truncation were interpreted as a loss of
cooperativity of EWS–FLI1 binding to GGAA microsatellites.
Our structures may represent the intermediates in nucleation
of the FLI1–DNA filament and its minimal growth. Because
the FLI1 DBD shares high sequence and structural homol-
ogy with the DBDs of the other ETS family transcription fac-
tors found in Ewing sarcoma fusions (ERG, FEV, ETV1, and
ETV4; Supplementary Fig. S1 ), the structures and the mecha-
nisms described in this study are likely common for this group
of proteins. 

It has been previously demonstrated that most of the GGAA
repeat sequences contained four or more repeats; four being
a minimum number required for the transcriptional activity
of EWS–FLI1 [ 21 ]. Furthermore, the FLI1 DBD recapitulated
the DNA binding and chromatin accessibility properties of
the full-length EWS–FLI1 [ 12 ]. Therefore, our 4:1 FLI1–DNA 

structure serves as a mimic of a core of a minimally transcrip- 
tionally competent filament. Whether FLI1 occupies adjacent 
GGAA sites has been unclear prior to this study. Previous in 

vitro studies aimed to establish the protein:DNA-binding sto- 
ichiometry on GGAA repeats used a tagged EWS–FLI1 con- 
struct ( �22), where all but the first six residues of the EWS 
portion were deleted, yielding conflicting results. DNaseI foot- 
printing showed that with each GGAA added to a (GGAA) n 
sequence, the length of the protected region on the DNA in- 
creased by four bases, strongly indicative of occupancy at ev- 
ery site [ 38 ]. The same study showed that this construct did 

not bind two- and three-site DNA and bound with a 2:1 [pro- 
tein]:[GGAA] stoichiometry DNA containing a larger number 
of sites, whereas a later study by the same group demonstrated 

binding to (GGAA) 2 and (GGAA) 3 DNA and yielded differ- 
ent (2:3, 1:2) [protein]:[GGAA] stoichiometries without co- 
operative binding, suggesting the presence of gaps [ 24 ]. It is 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf205#supplementary-data


Structure of the FLI1 filament on GGAA repeats 11 

p  

t  

c  

b  

t
 

o  

t  

c  

i  

t  

t  

b  

4  

d  

s  

m  

D  

c  

D  

r  

u  

d  

w  

t  

b  

i  

t  

G  

s
 

a  

d  

t  

o  

(  

s  

i  

2  

u  

o  

3  

c  

F  

t  

o  

n  

w  

t  

w  

t  

p  

t  

p  

 

t  

E  

t  

o  

a  

m  

F  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tables S4 and S5 . 
ossible that the presence of the tag, the artificial sequence N-
erminal to the FLI1 portion or the variable aggregation of this
onstruct at the high concentrations used to determine DNA-
inding stoichiometry have perturbed its assembly on DNA in
hese studies. 

In agreement with the previous study of the ERG DBD [ 8 ],
ur DNA-binding assays reveal that the region N-terminal
o the FLI1 DBD (residues 259–275) is autoinhibitory. The
rystal structure of an unbound FLI1 DBD construct contain-
ng this region shows that this region is directed by its in-
eractions with the C-terminal helix to clash with the DNA
hat would bind to the DBD core and with the FLI1 DNA
ound to an adjacent downstream site. In the 2:1, 3:1 and
:1 FLI1–DNA structures presented here, this region is disor-
ered or folded into a short helix, away from the DNA. These
tructures suggest that the binding of the neighboring FLI1
ay aid in rerouting the N-terminal extension away from the
NA. Then the seemingly surprising observation that the FLI1

onstructs containing this N-terminal region display greater
NA-binding cooperativity than the constructs lacking this

egion could be explained by the relief of the autoinhibition
pon binding DNA already occupied by other FLI1 molecules,
ue to some favorable, but dynamic interactions of this region
ith the neighboring FLI1. For ETS1, an ETS family transcrip-

ion factor not implicated in Ewing sarcoma, strong autoinhi-
ition by N- and C-terminal flanking regions is relieved by
ts interactions with itself, when two ETS1 DBDs are bound
o a palindromic sequence containing two inversely oriented
GAA sites [ 42 , 43 ], or by its interactions with other tran-

cription factors bound to adjacent sites [ 19 , 44–46 ]. 
The structures of 2:1, 3:1, and 4:1 FLI1–DNA complexes

nd the DNA binding data suggest the molecular logic and the
irectionality of FLI1–DNA filament assembly. These struc-
ures show that the interactions of the C-terminal tail of
ne FLI1 DBD ( i -th) with loop L23 of the core DBD of the
 i + 1)-th FLI1 bound immediately downstream (on the 3 

′ -
ide) contribute to the strong FLI1–DNA-binding cooperativ-
ty, as shown by DNA-binding experiments for formation of
:1 FLI1–DNA complexes. We propose that these intermolec-
lar tail i –core i + 1 interactions are significant for the nucleation
f an EWS–FLI1–DNA filament, represented by the 2:1 and
:1 FLI1–DNA complexes. As observed in the 4:1 FLI1–DNA
omplex, tail i –core i + 1 interactions are absent if the ( i + 1)-th
LI1 has the ( i + 3)-th partner, because in this case loop L23 of
he ( i + 1)-th FLI1 is involved in the interactions with the core
f the ( i + 3)-th FLI1. These observations suggest a mecha-
ism where FLI1–DNA filament grows on the 5 

′ -end: starting
ith the 4-th FLI1, each newly bound FLI1 establishes interac-

ions with its nearest neighbor and its second nearest neighbor
ithout involving interactions of its tail or destabilizing other

ail–core interactions. In this model, the tail–core interactions
ersist in the filament near its stationary 3 

′ -end, stabilizing the
hree terminal FLI1 proteins. A mechanism where the filament
ropagates in both directions cannot be ruled out at this time.
What are the implications of this study for the assembly of

he full-length EWS–FLI1 on microsatellites? Experiments in
wing sarcoma cells published to date, strongly suggest that

he binding of EWS–FLI1 to the GGAA microsatellites is co-
perative [ 21 , 41 , 47 ], and that this cooperativity is medi-
ted, at least in part, by the C-terminal helix [ 41 ], in agree-
ent with our crystal structures and biochemical data. The
LI1 DBD is a feature present in both germline FLI1 and the
EWS–FLI1 fusions, and it is necessary (as a part of the fu-
sions), but not sufficient for the oncogenesis. The N-terminal
EWS region in the fusions is also required for the oncogenic
functions of EWS–FLI1 [ 48 , 49 ]. This region contains low-
complexity Gln- and Tyr-rich sequences that form intermolec-
ular hydrogels or condensates [ 50 ]. These hydrogels were pro-
posed to serve as a platform for binding of chromatin remod-
eling BRG1 / BRM-associated factor (BAF) complexes [ 22 ].
Our structures of FLI1–DNA complexes, where the N-termini
of FLI1 molecules point outward from the DNA, suggest that
the low complexity EWS regions of at least four neighbor-
ing FLI1 DBDs could also assemble together by undergoing
a coupled folding process to form a defined structure, rather
than a completely disordered matrix. The EWS region may
perturb the FLI1–DBD assembly or may simply augment it,
allowing for regulation and dynamic interactions with bind-
ing partners and enabling the oncogenic functions [ 23 ]. The
structural details of this larger assembly and its role in the
transcriptional reprogramming are yet to be elucidated. We
believe that this study will serve as a springboard to access-
ing high-order nucleoprotein complexes involving EWS–FLI1
and similar fusions. 
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