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Abstract

Over the past 50 years, research has uncovered the co-regulatory proteins and complexes that silence the expression of the y-globin gene in
a developmental stage-specific manner. Recent research expanded the list of these regulatory factors by showing that the eight twenty-one
protein 2 (ETO2) helps recruit the nucleosome remodeling and deacetylase (NURD) complex to the globin locus. Furthermore, ETO2 regulates
hematopoietic differentiation and is a potential therapeutic target for acute leukemia. In this work, we identify critical interactions between ETO2
and the GATA Zn finger domain containing the 2A (GATAD2A) component of NuRD. The ETO2 nervy homology region 4 (NHR4) domain interacts
with multiple polyproline-leucine motifs within GATAD2A. We demonstrate that oligomerization of the ETO2 nervy homology region 3 (NHR3)
enhances its affinity for peptides containing at least two polyproline-leucine motifs. Replacing the native motifs from GATAD2A with a higher
affinity sequence from known-binder N-CoR markedly enhances binding affinity, yielding a peptide that disrupts the interaction between ETO2
and target proteins. Enforced peptide expression elevates y-globin expression levels and induces differentiation of HUDEP-2 and K562 cells.
These findings provide insight into ETO2-mediated recruitment of co-regulatory proteins and yield a novel approach for ETO2 inhibition through
multivalent binding of the NHR4 domain.
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Introduction

The eight twenty-one protein 2 (ETO2) and homologs (ETO
and ETO3) play a key role in hematopoietic differentia-
tion [1-5] and, as such, the development of acute myeloid
leukemia. They function as co-regulatory proteins by inter-
acting with transcription factors and recruiting chromatin-
modifying complexes that predominantly silence transcrip-
tion of the associated genes. The ETO gene was first iden-
tified as a fusion partner in the most common chromoso-
mal translocation in acute myeloid leukemia between chromo-
somes 8 and 21 (t (8;21)) [6-11], while ETO2 has been iden-
tified in less common translocations associated with aggres-
sive forms of leukemia [12-14]. In addition, ETO2 contributes
broadly to the differentiation block driving acute leukemia,
such that loss of ETO2 induces differentiation of leukemic cell
lines [15]

Beyond the relevance of ETO2 in leukemia, recent work by
the Dean group identified a novel functional role for ETO2
in silencing the fetal y-globin gene [3, 16]. They showed that
ETO2 localized to the y-globin promoter and contributed to
the recruitment of the nucleosome remodeling and deacety-
lase (NuRD) complex and silencing of fetal hemoglobin ex-
pression during erythroid development. That work was the
first to demonstrate that ETO2 directly binds and recruits
NuRD for gene silencing; however, the molecular details of
this interaction have yet to be characterized. As we and others
have demonstrated, the MBD2-NuRD complex plays a criti-
cal role in silencing y-globin expression, and disrupting its for-
mation induces robust fetal hemoglobin expression [17-24].
Notably, inducing fetal hemoglobin expression in adults with
B-hemoglobinopathies (sickle cell anemia and B-thalassemia)
ameliorates disease symptoms and has been a long-standing
therapeutic goal. Hence, we sought to understand how ETO2
binds to the NuRD complex.

Members of the ETO family of proteins contain four con-
served nervy homology region domains (NHR1-4) homolo-
gous to the Drosophila Nervy protein (Fig. 1). The NHR1 and
NHR2 domains interact with transcription factors that recruit
ETO to DNA [25-27]. Important for this work, the NHR2
domain was previously shown to form a stable tetrameric an-
tiparallel «-helical bundle (Supplementary Fig. S1A) critical
for function. [26, 27] Less is known about the structure of the
NHR3 region other than it binds to a small domain from pro-
tein kinase A [28] and likely forms a tetramer [29]. Previous
research showed that the NHR4 domain (a myeloid, Nervy,
and DEAF-1; or MYND domain) binds to small polyproline-
leucine (PPPL) motifs from N-CoR and SMRT proteins [30,
31].

The Bushweller group determined the solution structure of
ETO-NHR4 bound to a PPPL motif from SMRT [32], demon-
strating that the first proline from this motif forms a prolyl-nt
interaction with a conserved tryptophan, while leucine inserts
into a nearby hydrophobic pocket (Supplementary Fig. S1B).
Other MYND domain proteins show similar modes of inter-
action with small peptide motifs [33]. Furthermore, studies
by the Miller and Vermeulen groups showed that the zinc fin-
ger MYND-type containing eight (Zmynd8) protein recruits
NuRD to sites of DNA damage through binding to multiple
PPPL motifs within the GATAD2A protein [34, 35]. These pre-
vious studies led us to hypothesize that the ETO2 NHR4 do-
main binds to the same PPPL motifs in GATAD2A and that
this interaction contributes to the recruitment of NuRD to the
v-globin locus.

Therefore, to elucidate the molecular details of ETO2-
mediated recruitment of GATAD2A-NuRD, we utilized bio-
physical techniques, cellular analyses, and molecular model-
ing to study the interaction between ETO2 and GATD2A. We
investigated the complex formed between the NHR4 domain
and individual PPPL motifs and the contribution of the NHR3
domain to oligomerization and multivalent association. Our
findings demonstrate that building a multimeric complex by
ETO?2 is essential for high-affinity association with target pep-
tides. We show that a high-affinity multivalent peptide blocks
binding between ETO2 and native targets, which activates
v-globin expression and induces differentiation of leukemia
cells, a proven approach for treating acute leukemia [15, 36].
Therefore, this peptide suggests utilizing multivalency to se-
lectively and potently target ETO proteins and possibly other
MYND domain proteins as a novel molecular probe.

Materials and methods

Expression and purification of proteins

We cloned the NHR-3-4 and NHR4 domains of human ETO2
(residues 480-597 and 551-597) into a modified pET28a vec-
tor containing N-terminal hexa-histidine (6xHis) and mal-
tose binding protein (MBP) tags with an intervening tobacco
etch virus (TEV) protease cleavage site. We transformed the
vectors into Rosetta2 (DE3) E. coli (Invitrogen), incubated
at 37°C in Lysogeny Broth (LB) media with kanamycin an-
tibiotic selection (50 pg/mL), and induced with 1 mM iso-
propyl B-D-1-thiogalactopyranoside (IPTG) at an ODggp of
~0.8. After 3 h, bacteria were harvested by centrifugation
and stored at —20°C. The bacterial pellets were resuspended
in buffer containing 20 mM Tris pH 8.0, 200 mM NaCl, 1
mM dithiothreitol (DTT), a Pierce protease inhibitor tablet
(Thermo Scientific), or 1 mM phenylmethylsulphonyl fluoride
(PMSF), and 50 uM ZnSOy4. The bacterial suspension was
lysed by sonification and centrifuged at 12 500 x g. The su-
pernatant was purified over 2 x 6 mL amylose resin (New
England Biolabs) and eluted by TEV protease digestion. The
eluted protein was purified via nickel affinity chromatogra-
phy (HisTrap Fast Flow, Cytiva) followed by size-exclusion
chromatography (Superdex-75 Increase 10/300, GE Health-
care, or HiLoad 26/600 Superdex 75 pg, GE Healthcare) in
25 mM Bis-Tris pH 7.2, 100 mM NaCl, 1 mM DTT, and 50
uM ZnSO4.

For (M)PPPL peptides containing more than one bind-
ing site, we cloned residues 177-284 ( (M)PPPLx4), 177-
235 (PPPLx2A), 205-261 ( (M)PPPLx2B), and 229-284 (
(M)PPPLx2C) of GATAD2A into a modified pET32a vec-
tor containing N-terminal thioredoxin and 6xHis tags and
a TEV protease site and a C-terminal Twin-Strep-tag® [37]
following a short linker (GGSGGSSA). For N-CoR-modified
peptides, we replaced the (M)PPPL motifs of GATD2A with
residues 1031-1041 of N-CoR. Vectors were transformed into
Rosetta2 (DE3), grown in LB + ampicillin media, and in-
duced following the same procedures as for the ETO2 do-
main proteins. The pellet was resuspended in 20 mM TRIS
pH 8.0, 1M NaCl, 1 mM DTT, and a Pierce protease in-
hibitor tablet (Thermo Scientific) or 1 mM PMSE Follow-
ing sonification and centrifugation, the sample was puri-
fied with nickel affinity chromatography and eluted in 20
mM Tris pH 8.0, 300 mM NaCl, 300 mM imidazole, and
1 mM DTT. The elution was digested overnight with TEV
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PPPL-1 (184-199) KYGGSTVTTPPPLVRGTON 136+2

PPPL-2 (214-229) KYGMPGSVIPPPLVRGGQQ 305+4

MPPL-3 (238-253) KYGASSQVVMPPLVRGAQQ 249+3

PPPL-4 (260-275) KYGQHSSTGPPPLLLAPRA 2332

peptide sequence Kp (1M)
(M)PPL-1 (184-199) KYGGSTVTTMPPLVRGTON 280+7
(P)PPL-3 (238-253) KYGASSQVVPEPLVRGAQQ 405 + 12

Figure 1. "*N-HSQC chemical shift perturbation experiments show that the individual (M) PPPL motifs weakly bind to ETO2-NHR4. (A) ETO2 contains
four conserved Nervy Homology Regions (NHR1, NHR2, NHR3, and NHR4). GATAD2A contains two highly Conserved Regions (CR1 and CR2), with an
intervening region containing four neighboring polyproline-leucine motifs ( (M)PPPL), as shown in the amino acid sequence of this region. (B) 2D
5N-HSQC spectra of ®N-ETO2-NHR4 show that titration of GATAD2A-MPPPL-3 induces chemical shift changes throughout the spectrum, which is
highlighted for W585 (inset). (C) The chemical shift perturbation data for 12 resonances were fit simultaneously to determine dissociation constants (Kp)
for PPPL:1, PPPL-2, MPPL:3, and PPPL-4. (D) Chemical shift perturbation data for (M)PPPL-1 and (P)PPPI-3 show that interchanging the first proline or
methionine of the binding motifs with methionine or proline, respectively, reduces the binding affinity for each.

and then purified over a Strep-Tactin®XT 4Flow® FPLC
column (IBA-Lifesciences) and eluted with 1x Buffer BXT
(IBA-Lifesciences).

For the purification of the ETO2-NHR3 coiled-coil region,
we cloned residues 480-537 of ETO2 into the same modified
pET32a vector containing N-terminal thioredoxin and 6-His
tags and a TEV protease restriction site. We expressed and
purified the domains with nickel affinity chromatography as
described for the (M)PPPL peptides. The sample was digested
with TEV protease and dialyzed overnight against 20 mM Tris
pH 8.0, 150 mM NaCl, 1 mM DTT, then sequentially purified
by nickel and size exclusion chromatography.

Residues 1-45 of cAMP-dependent kinase type Il-alpha
regulatory subunit (PKA (RIlx)) were cloned into the same
modified pET32a vector and purified with the same protocol
as the ETO2-NHR3 coiled-coil region.

Peptide synthesis

For NMR titration analysis and ITC, we synthesized peptides
containing a single polyproline-leucine motif via solid-phase
with a CEM Liberty Blue peptide synthesizer on Rink Amide
ProTide resin (LL) using Fmoc-protected amino acids. Pep-
tides were purified by reverse-phase HPLC and verified by ESI-
LCMS.

NMR spectroscopy

For structure determination, we cloned the MPPL-3 peptide
sequence (GATAD2A residues 238-253) as an N-terminal fu-
sion with the ETO2-NHR4 domain (residues 551-597) sepa-
rated by a short linker comprised of the amino acid sequence
“KNGRGS” into the same modified pET28a vector with an
N-terminal MBP tag described above. Following established



4 Dan-Dukor et al.

techniques, we isotopically labeled ETO2-NHR4 and ETO2-
NHR4-MPPLsc proteins by expression in M9 media and pu-
rified as described above.

We prepared all NMR samples in 25 mM BisTris, pH 6.8,
100 mM NaCl, 1 mM DTT, and 25 uM ZnSOy,, with 5-
10% 2H,0. We collected standard 2D and 3D NMR spectra
for assignments, binding analysis, and distance restraints on
a Bruker Avance III HD 850 MHz four-channel spectrome-
ter equipped with a TCI H-C/N D 5 mm cryoprobe at 25°C,
processed with NMRPipe [38], and analyzed with CCPNmr
Analysis versions 2 and 3 [39]. We collected residual dipolar
couplings for samples aligned in 5% C12ES poly (ethylene
glycol)/n-hexanol (r = 0.85) (Sigma) at 22 °C [40].

Gel filtration analysis

We loaded ETO2 at various concentrations (25,100, 500 uM)
and compared the elution position with Zmynd8 (25 uM)
on a Superdex-75 10/300 size exclusion chromatography col-
umn (Cytiva). To assess the multimeric complex formation of
ETO2 and target peptides, ETO2-NHR3-4 (60 uM) was in-
jected with ligand (N-CoRx2A, N-CoRx4) at a 2:1 or 4:1 mo-
lar ratios (30 and 15 uM). We compared the elution profile to
that of the isolated ETO2-NHR3-4 and the isolated ligands,
N-CoRx2A or N-CoRx4. We performed all gel filtration ex-
periments under identical buffer conditions (25 mM Bis-Tris
pH 7.2, 100 mM NaCl, 1 mM DTT, and 50 uM ZnSOy).

NanoBRET™ endpoint detection in HEK293T/17
cells

We cloned the different ETO2 domain and GATD2A
polyproline-leucine peptides into the EcoRI sites of the
HaloTag® (pHTC) and NanoLuc® (pNLF1-C or pNFL1-
N) vectors (Promega), respectively. For the initial experi-
ments with PPPLx4, we included the coiled-coil domain from
GATAD2A (CR1) fused to the coiled-coil domain from MBD2
as a single chain, as we have described previously [41-43]. We
cultured HEK293T/17 cells in DMEM media supplemented
with 10% FBS at 37°C and 5% CO,. We transfected cells at
~80% confluency in a six-well (or 12-well) cell-culture treated
plates with 2 pg (or 1) and 0.2 ug (or 0.1) of HaloTag® and
NanoLuc® fusion proteins using 6 uL (or 3) of Fugene HD
Transfection Reagent (Promega) following the manufacturer’s
protocol. After 18-24 h, we washed and resuspended cells in
Opti-MEM I Reduced Serum medium, no phenol red, sup-
plemented with 4% FBS, and replated onto 96-well plates.
We treated the cells with HaloTag® NanoBRET™ 618 Lig-
and (Promega) or DMSO for 4-20 h. After the addition of
NanoBRET™ NanoGlo® substrate (Promega), we measured
donor (460 nm) and acceptor (618 nm) emission on a CLAR-
10Star Plus Microplate Reader. The resulting BRET signal
was calculated as the ratio of acceptor to donor emission
(x1000) and corrected by subtracting the no-ligand (DMSO)
control. All experiments were performed in quadruplicate and
repeated 2-3 times.

Isothermal titration calorimetry (ITC)

All proteins for ITC analysis were extensively exchanged into
a buffer containing 25 mM Bis-Tris, pH 7.2, 100 mM NaCl,
1 mM DTT, and 50 uM ZnSO4. The polyproline-leucine pep-
tides, N-CoRx4 (125 uM), (M)PPPLx4 (125 uM), N-CoRx2A
(250 uM), or PPPLx2A (250 uM) were injected into the cell
containing ETO2 domains, ETO2-NHR4 or ETO2-NHR3-

4 (50 uM), for a total of 20 injections (2 puL, 180 s be-
tween each injection) at 25°C on either a MicroCal Auto-
iTC200 or Malvern PEAQ-ITC Fully-Automated Isothermal
Titration Calorimeter. For non-competitive inhibition analy-
sis, N-CoRx2A and PPPLx2A (250 uM) were injected into a
2:1 molar ratio of PKA (RII)ex (100 uM) and ETO2-NHR3-
4 (50 uM). The resulting data were fit using the PEAQ-ITC
analysis software.

AlphaFold model of the ETO2-NHR3-4 tetramer

We generated models of the ETO2-NHR3-4 tetramer with
and without peptide sequences containing multiple binding
sites with AlphaFold-multimer version 2.3.0 [44, 45]. The cal-
culation was performed on a local computer cluster utilizing
an A100 40 GB GPU (NVIDIA). All structure analyses and
figures were generated with UCSF ChimeraX 1.7.1 [46] with
the PICKLUSTER plug-in [47].

ETO2-NHR3 tetramer stabilization

The coordinates of the ETO2-NHR3 domain (residues 480-
553) were extracted from the AF2m model and evaluated
using the stabilization protocol (Stabilize Proteins: PM) on
the Rosetta Online Server that Includes Everyone (ROSIE2)
[48, 49]. We introduced symmetric mutations at each posi-
tion (residues 481-553) and ranked them according to the
predicted change in relative energy. We visualized each muta-
tion on the native structure, prioritizing those that improved
the packing of the hydrophobic core at the tetramer interface.
We repeated the analysis, starting with the coordinates of the
three top-ranked AF2m models, and based on these results,
we introduced the Ala501Leu in isolation and combined it
with Val4971le. We generated a model of the ETO2-NHR3-4
(A501L) and ETO2-NHR3-4 (V4971/A501L) tetramer with
AF2m, as described for the wild-type protein.

Circular dichroism

We exchanged the purified ETO2 coiled-coil domains into a
buffer containing 10 mM KH,PO4, pH 7.5, and 100 mM
NH,4SOy at a final concentration of 0.15 mg/mL (22 uM). We
collected circular dichroism spectra on a Chirascan™-Plus CD
Spectrometer (AppliedPhotophysics) at 20°C, scanning from
190 to 260 nm at 0.5 nm intervals and 0.4 nm/s. We normal-
ized the resulting spectra and calculated the helical content
based on molar ellipticity at 222 nm [50].

Size exclusion chromatography with multi-angle
light scattering (SEC-MALS)

We performed SEC-MALS experiments in a buffer contain-
ing 25 mM Bis-Tris pH 7.2, 100 mM NaCl, 1 mM DTT, 50
mM ZnSO4, and 200 mg/L NaNj at 25°C on instrumentation
available in the UNC Macromolecular Interactions Core Fa-
cility. Samples (100 uL) of wild-type or mutant ETO2-NHR3-
4 (120 uM) with N-CoRx2A (60 uM) were injected onto a
Superdex 200 Increase 10/300 GL (GE Healthcare) using an
AKTA Pure (GE Healthcare) in line with a DAWN HELEOS II
MALS detector (Wyatt Technology). Data were analyzed with
the ASTRA 6 software (Wyatt Technology) utilizing a Zimm
light scattering model with a dn/dc value of 0.1850 and an
albumin control.



Cell culture and differentiation

HUDEP-2 cells were maintained and expanded in StemSpan
SFEM 1I supplemented with 50 ng/mL of stem cell fac-
tor, 3 IU/mL erythropoietin (EPO), 1 uM of dexamethasone
(DEX), 1 pg/mL of doxycycline (DOX), 1% L-glutamine,
and 2% penicillin/streptomycin (expansion medium). To in-
duce erythroid differentiation, HUDEP-2 cells were cultured
for 3 days in IMDM supplemented with 3 TU/mL EPO,
1 pg/mL DOX, 10 pg/mL human recombinant insulin, 3
IU/mL heparin, 0.5 mg/mL of HTE, 5% human AB serum,
1% penicillin/streptomycin, and 1% L-glutamine (differenti-
ation medium). K562 cells were cultured in RPMI-1640 sup-
plemented with 10% fetal bovine serum (FBS), 1% sodium
pyruvate, 1% L-glutamine and 1% penicillin/streptomycin.
The cells were cultured at 37°C in 5% CO,.

Lentivirus vector preparation and infection

Around 5 x 10° 293T cells were seeded into 10 cm cul-
ture dishes with 10 mL DMEM supplemented with 10%
FBS, 1% HEPES, 1% non-essential amino acid (NEAA), 1%
penicillin/streptomycin, and 1% L-glutamine. After 24 h, the
cells were given fresh media and co-transfected with 8 pg of ei-
ther lentiviral expression plasmid containing N-CoRx2A with
a nuclear localization signal or empty vector together with
6 ng psPAX2 and 4 pug pMD2.G using polyethyleneimine
(PEI). 12-16 h post-transfection, the media was replaced by
SmL DMEM supplemented with 5% FBS, 1% HEPES, and
1% NEAA. Viral supernatants were collected 48 h post-
transfection, filtered through 0.45 pm micropore filters, and
used while still fresh to infect HUDEP-2 and K562 cells.

StrepTag immunoprecipitation and electrophoresis
Around 3 x 107 K562 cells were collected, subjected to nu-
clear protein extraction [51], and treated with MNase diges-
tion [18]. Following centrifugation, the cleared cell lysate was
immunoprecipitated with MagStrep “type3” XT beads using
the manufacturer’s protocols. Samples were then boiled in 1 x
sodium dodecyl sulphate (SDS) loading buffer for 5 min to de-
nature all proteins and separated by 10% SDS-polyacrylamide
gelelectrophoresis.

Antibodies and reagents

Flag antibody (F1804-200UG) was purchased from Sigma-
Aldrich. CHD4 antibody (12 011 s) was purchased from Cell
Signaling Technology. ETO (sc-134335), ETO2 (sc-166058),
and Vinculin (sc-73614) antibodies used in this study were
purchased from Santa Cruz Biotechnology. The Strep-Tactin
magnetic kit (MagStrep “type3” XT beads were obtained
from IBA) was used for Strep immunoprecipitation.

Results

ETO2-NHR4 weakly binds the individual (M)PPPL
motifs of GATAD2A-NuRD

Previous work showed that the Zn-finger MYND-type con-
taining 8 (Zmynd8) protein binds to three PPPL motifs within
GATAD2A [34, 35]. Given that ETO2-NHR4 functions in co-
factor recruitment [32, 52], we hypothesized it directly binds
these same motifs. In addition, we noted a fourth potential
binding site with a slightly modified motif (MPPL) in the same
region of GATAD2A (Fig. 1A). We measured binding to these
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four sites by NMR spectroscopy. We synthesized 18-residue
peptides containing each motif and followed binding with 'H-
SN heteronuclear single quantum correlation (HSQC) spec-
tra of P’ N-labeled ETO2-NHR4 (amino acids 551-597) (Fig.
1B). This analysis revealed that the ETO2-NHR4 domain
binds each of the four motifs within GATD2A with dissoci-
ation constants (Kp) ranging from 136 to 305 uM (Fig. 1C
and D). The chemical shift changes upon binding are similar
among all four peptides to that reported for the ETO-NHR4-
SMRT complex, indicating they bind analogously. Notably,
the third motif within the primary sequence of GATAD2A
(MPPL-3) has a similar affinity (Kp = 249 + 3 uM), falling in
the middle of the range, despite the presence of a methionine
instead of proline as the first residue (Fig. 1C).

The previous structural analysis of ETO-NHR4 binding to
SMRT showed that the first proline in the PPPL motif forms
a prolyl-r interaction with a conserved tryptophan in the
MYND domain (Supplementary Fig. S1B) [32]. Consequently,
we questioned whether replacing this proline with a methio-
nine was detrimental to the binding affinity. We synthesized
two modified binding sites to test this possibility by replacing
the methionine in MPPL-3 with proline and the first proline
with methionine in PPPL-1 (the highest affinity binding site in
GATAD2A). The two modified peptides showed a small reduc-
tion in binding affinity for ETO2-NHR4, underscoring the im-
portance of the surrounding residues in the native sequences
(Fig. 1D). Therefore, in the context of the MPPL-3 peptide se-
quence, methionine is the preferred residue in the first position
of the motif, whereas, in the context of the PPPL-1 sequence,
proline is preferred.

Solution structure of ETO2-NHR4:MPPL-3 complex
To further explore the role of methionine in this binding site,
we determined the structure of ETO2-NHR4 bound to MPPL-
3. Given the weak binding affinity, we followed the same ap-
proach as Liu et al. [32] by expressing MPPL-3 and the NHR4
domain as a single polypeptide separated by a short linker
(6 amino acids) (Fig. 2A). Comparing the 2D-P"N-HSQC
spectrum of the ETO2-NHR4-MPPL-3 single-chain (MPPLsc)
with the MPPL-3 peptide titration experiment confirms that
the linker stabilizes the bound state, such that the chemical
shift changes exceed that of the highest peptide-protein ratio
and does not alter the mode of interaction (Fig. 2B). The solu-
tion structure (Fig. 2C and D and Supplementary Fig. S2) was
well determined, with a backbone RMSD of 0.6 A for struc-
tured residues. As expected, the structure of the ETO2-NHR4
domain is the same as ETO-NHR4 [32], with a backbone
root mean square deviation of 1.0 A between the two MYND
domains while in complex with peptide (PDBID: 20dd). The
overall fold comprises two zinc-coordinating centers formed
by Cys 556, 559, 576, and 580 and Cys 567, 570, 592, and
His 588. These two zinc-binding sites involve both ends of
the only alpha-helix, inducing it to bend around Tyr 575 (Fig.
2D), which occupies the core of the domain. These features
are common to all MYND domain structures solved to date
[32, 33, 53-56].

As anticipated, the MPPL-3 peptide binds in the same ori-
entation as the SMRT motif, with methionine packing against
Trp585 and the leucine sidechain buried in a deep pocket be-
tween GIn581, Glu565, and Tyr575 (Fig. 2C). The two central
prolines bridge these two interaction sites, adopting a polypro-
line type II helical backbone structure that arches over a ridge


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf439#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf439#supplementary-data

6 Dan-Dukor et al.

A 238

253 551

{ MPPL K

ETO2-NHR4-MPPLsc

NHR4 b

Figure 2. Solution structure of ETO2-NHR4 bound to MPPPL-3. (A) A diagram depicts the ETO2-NHR4-MPPLsc fusion used for this structural analysis.
(B) 2D " N-HSQC spectrum of '°C,"N-ETO2-NHR4-MPPLsc with insets showing titration spectra for G569, W585, A573, and H590 resonances (dark
blue represents "®N-ETO2-NHR4-MPPLsc, and maroon, green, light blue, red, and gray represent titration of MPPL3 into "®N-ETO2-NHR4). (C) The
solution structure of ETO2-NHR4-MPPLsc shows the MPPL-3 peptide (cyan) adopts a polyproline-Il helical structure that binds in a groove on the surface
of the NHR4 domain, with the first methionine (M244) interacting with the conserved tryptophan (W585) and the leucine (L247) binding in a deep
pocket, the base of which is formed by a tyrosine (Y575). (D) An expanded view of the binding interface shows that the Ca and Cg atoms of M244 and
the C§ and Cy atoms of P245 pack against the pyrrole and benzene portions of W585, respectively.

formed by the sidechain of GIn581. This latter sidechain is
appropriately positioned to make a hydrogen bond with the
backbone carbonyl of the first proline in the MPPL motif.
Interestingly, the methionine points away from the interface
such that the Coc and Cp atoms pack against the pyrrole por-
tion of the Trp585 indole, and the subsequent proline Cé and
Cy atoms pack against the benzene portion (Fig. 2D). This
orientation indicates that the interaction is predominantly hy-
drophobic and argues against forming a sulfur—7t interaction
with Trp585 [57].

Multivalency drives higher affinity association of
the NHR4 and NHR3-4 domains of ETO2 to
GATAD2A

The NHR3 region of ETO proteins immediately precedes the
NHR4 domain and is predicted to form a coiled-coil do-
main. We hypothesized that oligomerization of NHR3 would
bring multiple NHR4s in proximity, allowing them to asso-
ciate with contiguous binding sites in GATAD2A simultane-
ously. Therefore, we predicted that constructs including both
NHR3 and NHR4 domains would show a higher apparent

binding affinity for peptides encompassing multiple (M)PPPL
motifs from GATAD2A. To investigate this possibility, we uti-
lized an intracellular bioluminescence resonance energy trans-
fer proximity-based assay, NanoBRET™, to measure bind-
ing between different ETO2 and GATAD2A domains. We de-
signed HaloTag® and NanoLuc® constructs containing vari-
ous combinations of (M)PPPL motifs and ETO2 domains, re-
spectively (Fig. 3A).

First, we tested whether the NHR2 and NHR3 contributed
to stable association. As shown in Fig. 3B, the BRET ratio
increases with the addition of NHR3 and NHR2 domains.
Importantly, we used a C-terminal HaloTag® and truncated
ETO?2 from the N-terminus to maintain the same relative po-
sition of the BRET acceptor. These results indicate that NHR2
and NHR3 domains help stabilize binding to the (M)PPPLx4
region (ETO2-NHR2-4 > ETO2-NHR3-4 > ETO2-NHR4).
Mutating Trp585 disrupts the interaction for all constructs,
confirming that binding involves the NHR4-PPPL interface.
Next, we tested whether the number of (M)PPPL motifs im-
pacted the interaction with ETO2-NHR2-4. Varying the num-
ber of (M)PPPL motifs binding to ETO2-NHR2-4 shows
increasing BRET ratios as the number of motifs increases
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Figure 3. In-cell binding analysis between ETO2 and the GATAD2A (M) PPPL region. (A) A diagram depicts the different NanoLuc (NL) and HaloTag (HT)
constructs for binding analysis by bioluminescence resonance energy transfer (NanoBRET). Six different (M)PPPL constructs were designed, including
two with the NL donor tag on the C-termini (one including the neighboring CR1 domain as a coiled-coil single chain sequence on the N-terminus, see
Materials and methods). The remaining four (M)PPPL constructs contain the NL tag on the N-terminus to allow for C-terminal truncation while
maintaining the same relative position of the NL tag. Three ETO2 C-terminal HT constructs were designed to maintain the same relative position of the
HT acceptor tag. (B) The interaction between ETO2-NHR4 and sc (M)PPPLx4 yields a strong BRET intensity, which progressively increases with the
inclusion of the NHR3 and NHR2 domains. Mutating the key tryptophan residue that interacts with the first proline of the PPPL motif (M585A) markedly
decreases the BRET signal with all ETO2-HT constructs. (C) Truncating the PPPLx4 progressively reduces the observed BRET signal. (D) Introducing
mutations to the ETO2-NHR2 tetramerization domain that disrupt tetramerization (M7) or dimerization (M5) decreases the BRET signal intensity

(P values reflect a comparison with the equivalent wild-type interaction). (E) A diagram shows the M5 and M7 mutations in the ETO2-NHR2
tetramerization domain. All measurements were performed in quadruplicate and repeated at least twice to confirm the results. P-values (<0.05=*

and <0.01=**) were determined by the Student's T-test with Welch's correction.
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(Fig. 3C). The results indicate that (M)PPPLx4 binds most sta-
bly to ETO2-NHR2-4.

The NHR2 domain of ETO proteins forms a stable antipar-
allel tetramer comprising a dimer of dimers (Supplementary
Fig. S1A). Previous work by Wichmann et al. [58] identified
mutations that selectively disrupted the tetramerization in-
terface without disrupting dimerization (MS5) and mutations
that blocked dimerization to yield monomeric species (M7)
(Fig. 3E). Hence, to elucidate the effect of either dimeriza-
tion or tetramerization of the NHR2 domain on binding, we
introduced these mutations and measured associations with
GATAD2A by NanoBRET™. Both sets of mutations reduced
the BRET ratios similarly (Fig. 3D), reducing the interaction
with each of the (M)PPPLx1-4 constructs.

In addition to intracellular assays, we measured in vitro
binding affinities by isothermal titration calorimetry (ITC).
Different ETO2 domains (NHR4 or NHR3-4) and pep-
tides containing either four (M)PPPL motifs ( (M)PPPLx4)
or three pairwise combinations of two consecutive motifs
( (M)PPPLx2A/B/C) were expressed in bacteria and puri-
fied (Fig. 4A and B). The results revealed that the ETO2-
NHR4 binds (M)PPPLx4 with a Kp of 30 + 5 uM, such
that including all four motifs increases the binding affinity
up to 10-fold (Fig. 4C and Supplementary Fig. S3A) com-
pared to the individual binding sites. Including the NHR3
domain (ETO2-NHR3-4) increases the binding affinity an
additional 10-fold (Kp = 3 &£ 1 uM) compared to the
NHR4 domain alone (Fig. 4C and Supplementary Fig. S3B).
Based on this observation, we tested whether stable interac-
tion required all four binding sites. Peptides containing the
first, middle, and last two motifs (PPPLx2A, (M)PPPLx2B,
and (M)PPPLx2C) were purified, and binding affinities with
ETO2-NHR3-4 were measured. The results show that the first
two motifs (PPPLx2A) were sufficient to increase the bind-
ing affinity to a similar level as all four (Kp = 6 + 5 uM),
while the second and third pairs did not bind as tightly (Fig.
4D and Supplementary Fig. S4). These results suggest that
the first two motifs have the appropriate spacing and linker
amino acid sequence for optimal multivalent association with
ETO2-NHR3-4.

Structural analysis of ETO2-NHR3 oligomerization

The zinc finger MYND domain-containing (Zmynd) protein
family members frequently contain coiled-coil regions imme-
diately preceding the MYND domain. For example, previous
structural analysis of Zmynd11 (BS69) showed that its coiled-
coil domain forms a stable parallel dimer that contributes to
binding a multivalent ligand [33]. In addition, a crystal struc-
ture of Zmynd8 (Supplementary Fig. S1C, PDBID: 5mq4)
shows its coiled-coil domain forms a parallel tetramer. There-
fore, we hypothesized that the ETO2-NHR3 domain would
form a tetramer that promotes multivalent association with
GATAD2A. We first performed gel filtration analyses to test
this possibility. As Fig. 5A shows, the purified ETO2-NHR3-4
protein elutes at progressively earlier positions as the injected
concentration ranges from 25 to 500 uM. For comparison,
Zmynd8 (25 uM) elutes as a single narrow peak at a position
comparable to the highest concentration of ETO2-NHR3-4.
These results indicate that ETO2-NHR3-4 weakly oligomer-
izes, likely forming a homo-tetramer.

To gain insight into the formation of tetrameric ETO2-
NHR3-4, we used AlphaFold2-multimer (AF2m) to predict

its structure. AF2m consistently generates models with an an-
tiparallel arrangement for ETO2-NHR3-4 (Fig. 5B). The pre-
dicted local distance difference test (pLDTT) scores of the top
models are in the high confidence range (70-90). Likewise, the
position alignment error (PAE) plot highlights the well-defined
interface between the coiled-coil domains.

In the best-ranked models, ETO2-NHR3 forms two
antiparallel coiled-coil dimers, with hydrophobic residues
packed at the interface (Fig. 5B), yielding a dimer of dimers.
The tetrameric helical bundle involves the first ~45 residues
of the NHR3 domain (residues 481-526), while the remain-
ing ~27 residues (527-554) form a parallel coiled-coil dimer.
The antiparallel dimer involves an extensive and well-defined
interface (Fig. 5B, highlighted in red) with an average pLDDT
score of 75 and an average PAE score of 5.1 A. The two an-
tiparallel dimers interact through a second extensive antipar-
allel interface (highlighted in blue) with an average pLDDT
score of 74 and an average PAE of 3.7 A. The helices that ex-
tend beyond the end of the tetramer then loosely interact as
parallel dimers (highlighted in orange) that are not as well de-
fined with an average pLDDT score of 64 and average PAE of
8.9 A.

The antiparallel tetrameric structure results in two NHR4
domains on opposite ends of the helical bundle, such that each
pair can interact with two (M)PPPL motifs in GATAD2A.
Therefore, we generated a model of a complex between the
ETO2-NHR3-4 tetramer with one copy of each of the PP-
PLx2A and (M)PPPLx2C peptides. As expected, the two
peptides bind on opposite ends of the tetramer, with each
(M)PPPL binding site interacting with a single ETO2-NHR4
domain (Fig. 5C). The ETO2-NHR3 region retains the same
antiparallel structure with similar confidence scores. In the
complex, the ETO2-NHR4 domains consistently adopt a
more extended structure, which allows them to interact with
the bivalent peptides. However, the confidence scores for the
peptides are much lower (pLDTT 50-70) than for the ETO2
domains. In addition, the separation between NHR4 domains
differs among models, reflecting a lack of direct interaction
between them (Supplementary Fig. S5).

The AF2m model provides insight into the multivalent
association with GATAD2A. First, the antiparallel tetramer
presents a pair of ETO2-NHR4 domains on each end of a long
helical bundle. This arrangement helps explain why PPPLx2A
binds with nearly identical affinity as (M)PPPLx4, suggesting
that the separation between the ends prevents simultaneous
interaction with all four binding sites in a single polypeptide.
Furthermore, the relative binding affinities between PPPLx2A,
B, and C suggest that either the length or composition of the
linker separating the two sites contributes to the multivalent
binding. To test these ideas, we replaced the four different
binding motifs with the same amino acid sequence to directly
compare the impact of the linkers and the number of binding
sites on binding affinity.

The binding motif from N-CoR stabilizes tetramer

formation and promotes higher affinity association
In the seminal work identifying the MYND domain bind-
ing motif, Liu et al. showed that a peptide from the N-CoR
protein bound to ETO-NHR4 with a Kp of 31 uM [32],
which is 5-10 fold tighter than any of the GATAD2A bind-
ing sites. Therefore, we tested whether substituting the N-
CoR peptide sequence for each would increase multivalent
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Figure 4. /n vitro binding affinity analysis of the multivalent interaction between ETO2 and GATAD2A. (A) A diagram depicts the various (M)PPPL
peptides and ETO2 protein constructs for binding analysis. (B) The peptide amino acid sequences are shown for PPPLx4, PPPLx2A, (M)PPPLx2B, and
(M)PPPLx2C. (C)The ITC binding isotherms and associated fit to a one-site binding model are shown for (M)PPPLx4 (125 uM) titrated into ETO2-NHR4
or ETO2-NHR3-4 (50 uM) and (D) PPPLx2A, (M)PPPx2B, and (M)PPPLx2C peptides (250 uM) titrated into ETO2-NHR3-4 (50 pM). The reported
dissociation constants (Kp) are the average and standard deviation for 2-3 repeated measurements (see Supplemental Figs S3 and S4).

binding affinity. We replaced 11 residues at each binding
site, comprising the (M)PPPL motifs and surrounding amino
acids, with 11 residues comprising the higher-affinity peptide
from N-CoR, generating N-CoRx4 (Fig. 6A). This modified
peptide increased binding affinity for ETO2-NHR3-4 nearly
30-fold (Kp = 110 £+ 2 nM, Fig. 6B and Supplementary
Fig. S6) compared to (M)PPPLx4 (Kp = 3 + 1 uM). As
with the native sequence, comparing the three pairwise biva-
lent constructs shows that N-CoRx2A binds with an affin-
ity (Kp = 118 &+ 2 nM) similar to that of N-CoRx4 and
more tightly than N-CoRx2B (Kp = 2900 £+ 300 nM) and
N-CoRx2C (Kp = 4000 + 500 nM).

Having established a high-affinity multivalent ligand with
identical binding sites, we compared the N-CoRx4 and N-
CoRx2A complexes by gel filtration analysis. As shown in
Fig. 6C, the N-CoRx2A:ETO2-NHR3-4 complex (1:2 mo-
lar ratio) elutes much earlier than ETO2-NHR3-4 alone,
consistent with stable complex formation. Adding excess N-

CoRx2A (1:1 molar ratio) does not shift the position of
the complex but yields an additional peak consistent with
free N-CoRx2A. These results support the expected 1:2
stoichiometry between ETO2-NHR3-4 and N-CoRx2A. In
contrast, the N-CoRx4:ETO2-NHR3-4 complex (1:4 mo-
lar ratio) elutes even earlier than N-CoRx2A:ETO2-NHR3-
4 (Fig. 6D). Notably, adding excess N-CoRx4 (1:2 molar
ratio) delays the major peak to a position similar to N-
CoRx2:ETO2-NHR3-4 without evidence of excess free pep-
tide. These results indicate that when N-CoRx4 is limit-
ing, the multivalent ligand crosslinks multiple ETO2-NHR3-4
tetramers such that the complex elutes earlier. When in ex-
cess, though, ETO2-NHR3-4 preferentially associates with
the first two binding sites (equivalent to N-CoRx2A), such
that two peptides bind to each tetramer without crosslink-
ing and the complex elutes at a later position, comparable
to the complex formed with the bivalent peptide, N-CoRx2A
(see Supplementary Fig. S7).
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predicted local distance difference test (pLDTT) scores in the 70-90 range. The two dimers interact through a well-defined interface (pLDDT = 74 and
75, PAE = 3.7 and 5.1) to form an anti-parallel tetramer (highlighted in red and blue). Extending from the tetrameric interface is a less defined region
(pLDTT = 64, PAE = 3.9 A) where the helices interact as parallel dimers (highlighted in orange). (C) The AlphaFold2-multimer model of the complex
between ETO2-NHR3-4 and PPPLx2A and (M)PPPLx2C shows that the bivalent peptides bind to opposite ends of the tetramer, although with much

lower confidence scores.

Stabilizing the NHR3 coiled-coil interface promotes
the formation of a tetramer

To test the AF2m model of the ETO2-NHR3 domain, we
sought to introduce mutations that promote the formation of
the antiparallel tetramer. Our goal was to stabilize the com-
plex for functional and biophysical characterization. We sub-
jected the best-ranked AF2m model structures to the point-
mutation stabilization protocol (Stabilize Proteins: PM) de-
veloped for the Rosetta molecular modeling software [49] as
implemented on the ROSIE 2 server [48]. We focused on muta-
tions involving hydrophobic residues at the coiled-coil inter-
face instead of solvent-exposed polar interactions. We mod-
eled potentially stabilizing mutations with AF2m and chose
those that generated high-confidence structures for further
testing.

To assess the effects of these mutations on tetramer for-
mation, we collected 2D N-HSQC spectra of the isolated
tetrameric coiled-coil region (amino acids 480-536) for the
native and mutant peptides. As shown in Fig. 7A, the spec-
trum of the native peptide is poorly resolved with broad
overlapping peaks, consistent with dynamic exchange be-
tween oligomeric states on an intermediate timescale. The
Ala501Leu mutation, which improves packing at the coiled-
coil interface, significantly improves spectral dispersion and
resolution. Introducing a second mutation, Val497lIle, fur-
ther improves the spectrum. We then measured the cir-
cular dichroism spectrum of these peptides to assess he-
lical content. As shown in Fig. 7B, the mutations pro-
gressively increase helicity from 29% to 84%, consistent
with stabilizing the coiled-coil complex formation. Includ-
ing these mutations in the AF2m model of the tetramer
(Fig. 7C) improves the confidence scores without chang-
ing the relative orientation of the domains (compare with
Fig. 5B).

We introduced the V497I/A501L mutation into the ETO2-
NHR3-4 construct to test the impact of stabilizing the
tetrameric coiled-coil on complex formation. We measured
binding to PPPLx2A and N-CoRx2A by ITC (Fig. 7C and
Supplementary Fig. S8), which shows a similar affinity to
the wild-type sequence. Then, we assessed the size of the
complex by size exclusion chromatography with multi-angle
light scattering (SEC-MALS) (Fig. 7D). The wild-type ETO2-
NHR3-4:N-CoRx2A (2:1 molar ratio) complex elutes as a
broad peak with variable molecular weight that ranges from
that of a dimeric complex (36.5 kDa) to a tetrameric com-
plex (73 kDa) and larger. In contrast, SEC-MALS analysis of
the complex with the stabilizing mutations ETO2-NHR3-4
(V4971/A501L):N-CoRx2A (2:1 molar ratio) reveals a single
narrow peak with a constant molecular mass of 70 kDa, which
is compatible with the tetrameric complex. The results indi-
cate that the wild-type complex is unstable and exists in dy-
namic exchange between oligomeric states, whereas the dou-
ble mutation stabilizes the tetrameric complex.

PKA (Rllx) binds to ETO2-NHR3, disrupts
oligomerization, and reduces binding to
multivalent ligands

In addition to stabilizing the oligomerization of NHR3, we
aimed to determine the impact of disrupting the oligomer-
ization domain on the binding of the NHR4 domain to tar-
get peptides and y-globin expression. Previous studies have
shown that the cAMP-dependent protein kinase type II-alpha
regulatory subunit (PKA (RIlx)) binds directly to the NHR3
domain of ETO with high affinity (Kp = 128 nM) [28]. The
structure of this complex shows that PKA (RIl) binds the
predicted tetramerization interface (Fig. 8A and B). Hence,
PKA (RIlx) should disrupt ETO2-NHR3 tetramerization and
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Figure 6. Developing a high-affinity multivalent peptide ligand. (A) A diagram depicts the N-CoRx4, N-CoRx2A, N-CoRx2B, and N-CoRx2C peptides and
their respective sequences. (B) The ITC binding isotherms and associated fit to a one-site binding model are shown for the N-CoRx2A peptides (250
M) titrated into ETO2-NHR3-4 (50 puM). The reported dissociation constants (Kp) are the average and standard deviation for 2-3 repeated
measurements (see Supplementary Fig. S6). (C) N-CoRx2A and ETO2-NHR3-4 were combined at 1:2 and 1:1 molar ratios and analyzed by size exclusion
chromatography (Superdex-75 Increase 10/300, Cytiva). The mixture of N-CoRx2A and ETO2-NHR3-4 (1:2 molar ratio) elutes earlier than the individual
components, consistent with complex formation. With excess N-CoRx2A (1:1 molar ratio), an additional peak elutes at elutes at a position corresponding
to unbound N-CoRx2A. (D) N-CoRx4 was combined with ETO2-NHR3-4 at a 1:4 and 1:2 ratio and analyzed by size exclusion chromatography
(Superdex-75 Increase 10/300, Cytiva). The complex formed between N-CoRx4 and ETO2-NHR3-4 (1:2 molar ratio) elutes at a similar position as
N-CoRx2A and ETO2-NHR3-4 (1:2 molar ratio). However, the complex formed between N-CoRx4 and ETO2-NHR3-4 (1:4 molar ratio) elutes at an earlier
position (cyan), indicating the formation of a larger oligomeric species.
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480-536) show that the ABO1L and V4971/AB01L mutations markedly improve peak resolution and spectral dispersion. (B) Circular dichroism spectra of
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molecular weights for a dimer (35 kDa), tetramer (75 kDa), and octamer (150 kDa). The sloping molar mass for the wild-type protein indicates a dynamic
equilibrium among states. In contrast, the relatively flat molar mass for ETO2-NHR3-4 (V4971/A501L) + N-CoRx2A indicates a more stable complex.
Hence, the V4971/A501L mutation stabilizes the formation of the complex, eluting as a single peak with a molecular weight appropriate for a tetramer.
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reduce binding to multivalent ligands. To test this hypothe-
sis, we measured the binding affinity between ETO2-NHR3-4
and N-CoRx2A in the presence of PKA (RIlx) (Fig. 8C and
Supplementary Fig. S9). The results show that PKA (RIlx) dis-
rupts the binding of ETO2-NHR3-4 to N-CoRX2A, reducing
the affinity approximately 30-fold (Kp = 3 + 2 uM). Like-
wise, it reduced the binding affinity for the PPPLx2A peptide
approximately 10-fold (Kp = 50 &+ 20 uM).

Targeted disruption of ETO2-NHR3-4 increases y-globin
gene expression and induces differentiation of HUDEP-2
adult phenotype human erythroid cells as well as K562
leukemia cells. Having established a method to disrupt ETO2
interactions with multivalent peptides, we sought to test the
impact of this disruption on globin gene regulation. As we
have previously demonstrated the critical role of NuRD in
silencing the y-globin in adult erythroid cells [18, 22, 42,
59-61], we tested the enforced expression of N-CoRx2A in
the human-derived erythroid progenitor cell line 2 (HUDEP-
2) that faithfully recapitulates human hemoglobin regulation.
For these experiments, an N-CoRx2A construct containing

a nuclear localization signal was cloned into a lentiviral ex-
pression vector under the control of the strong SFFV pro-
moter. The results show that enforced expression of this pep-
tide induces fetal y—globin gene expression (Fig. 9). In ad-
dition, we tested the enforced expression of N-CoRX2A in
K562 cells to directly compare our results with the previ-
ous studies, which showed that depletion of ETO2 in K562
leukemia cells induces y-globin expression. [3] As shown
in Supplementary Fig. S10, the enforced expression of N-
CoRx2A in K562 cells induced the expression of y-globin
RNA to a level ~ 50% as great as was previously reported
after complete knockout of ETO2 in this cell line [3].

Recent work showed that the knockout of ETO2 pro-
tein in leukemia cell lines induces differentiation, which has
proven to be a potent therapeutic strategy for treating acute
myeloid leukemia, as demonstrated by the effectiveness of
all-trans retinoic acid for the treatment of acute promyelo-
cytic leukemia [15] and the more recently developed menin in-
hibitors [62]. Therefore, we tested whether disrupting ETO2-
NHR3-4 would induce differentiation in HUDEP-2 erythroid
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Figure 9. Enforced expression of N-CoRx2A induces g-globin gene expression and differentiation in HUDEP-2 cells. (A) Q-PCR results show the v/ (y +
3) ratio of MRNA in HUDEP-2 cells expressing N-CoRx2A peptide. (B) and (C) Q-PCR results of y-globin and (3-globin mRNA, respectively. (D) Q-PCR
results of CD235 mMRNA in N-CoRx2A peptide expressing HUDEP-2 cells. The results are shown as the mean + SD, n = 3. P value was calculated by
one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (E) Co-immunoprecipitation shows the interaction of expressed Flag-tagged

N-CoRx2A with endogenous ETO2 in HUDEP-2 cells.

progenitor cells and K562 leukemia cells. By measuring
CD235 and B-globin gene expression in HUDEP-2 cells (Fig.
9), we found that enforced expression of N-CoRx2A resulted
in erythroid differentiation. Similarly, N-CoRx2A induced dif-
ferentiation of K562 cells as measured by qPCR assay of ex-
pression of CD235 (Supplementary Fig. S10). Further, im-
munoprecipitation of Flag-tagged N-CoRx2A in nuclear ex-
tracts followed by western blotting confirmed that the peptide
binds strongly to both ETO2 and ETO in both cell lines (Fig.
9 and Supplementary Fig. S10). These studies show that tar-
geted disruption ETO protein complexes with a high-affinity
multivalent ligand augments fetal hemoglobin expression and
induces differentiation. Hence, further development of more
potent multivalent inhibitors could provide novel molecular
probes that selectively disrupt the biological function of ETO
proteins, which may be beneficial therapeutically.

Discussion

The ETO proteins function as structural components that
bridge between transcription factors and co-regulatory com-
plexes, typically silencing transcription of the associated gene.
In hematopoietic cells, the ETO proteins are found in a

large complex that includes the T-cell acute lymphoblastic
leukemia transcription factor (TAL1), GATA binding protein
1 (GATA1), LIM-only protein 2 (LMO2), and LIM domain
binding protein 1 (LDB1) [1, 4, 16, 63]. This complex has
multiple dimerization domains that contribute to the forma-
tion of chromatin loops between enhancers and promoters.
The relative stoichiometry of ETO proteins at a particular lo-
cus correlates with gene silencing [57]. Hence, the ability to
oligomerize appears to play a critical role in their function
within the larger complex.

This work investigates how NHR3, a relatively under-
studied coiled-coil domain in ETO2, might contribute to the
multivalent recruitment of the NuRD complex. This domain
immediately precedes the NHR4, which directly binds to co-
regulatory proteins. Our results support a model in which the
NHR3 region forms an antiparallel tetramer that increases
binding affinity for bivalent ligands with the appropriate spac-
ing and linker composition between binding sites. Notably,
though, the NHR3 only very weakly oligomerizes in isolation.

In the context of the whole protein, the stable antiparal-
lel tetrameric NHR2 domain [26, 27] promotes tetrameriza-
tion of the NHR 3 domain, such that both domains contribute
to the high-affinity binding of bivalent ligands. This cooper-
ativity reflects an effective increase in the local concentration
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silencing complex

Figure 10. Model of ETO2 oligomerization in transcription regulation. (A) ETO2 forms a stable tetramer through its NHR2 domain (light blue). Binding to a
multivalent ligand (PPPLx2) stabilizes antiparallel tetramer formation of the NHR3-4 domains (purple). At high density, the combination of stable (NHR2)

and dynamic (NHR3) tetrameric domains leads to the formation of large arrays of the ETO2 tetramer. (B) When ETO2 (purple) is recruited by transcription
factor complexes to a genetic locus at sufficient density, it can start forming these arrays that recruit more co-regulatory protein complexes (e.g. NuRD,

N-CoR, and SMRT), ultimately leading to a large silencing complex and compacted chromatin.

of NHR3 domains through tethering to the stably tetrameric
NHR2 domain. We estimate the average end-to-end distance
of the 38 amino acid linker separating the two domains as ap-
proximately 62 A, calculated from (C,nl?)'/2, where C, is the
characteristic ratio (~7.5 for 36 amino acids), n is the num-
ber of amino acids, and 1 is 3.8 A [64]. Therefore, the effec-
tive local concentration (one NHR3 domain in a sphere of
radius 62 A) is approximately 1.6 mM, well above that neces-
sary to drive NHR3 tetramerization. Consequently, the weak
NHR3 self-association creates a dynamic interaction that can
be modulated as a regulatory mechanism to control ETO2
function.

Structural model of the ETO2-NHR3 domain
self-association

The very weak self-association of NHR3 makes traditional
structural studies very challenging. Hence, to better under-
stand the function of NHR3, we used a combination of bio-
physical studies, NMR structural analysis, structure predic-
tion with AF2m, molecular modeling with Rosetta, and in-
cell analyses. This combined approach allowed us to generate
and test a structural model of the ETO2-NHR3-4 domains.
The results show that the domain likely forms an antiparallel
tetramer such that a pair of NHR4 domains at either end in-
teract with bivalent ligands. This arrangement explains why
ETO2-NHR3-4 binds with equivalent affinity to a peptide
containing two or four binding sites. In addition, this arrange-
ment indicates that the spacing and linker connecting binding
motifs contribute to target selectivity.

Polyproline binding domains characterize large families
of protein domains (SH3, GYF, EVH1, and WW) involved
in gene regulation and signaling [65-68]. These domains
typically recognize the polyproline type II helical structure
adopted by the individual polyproline motifs with relatively
weak affinity. Hence, the potential binding sites share signif-
icant overlap between the domain families. This degeneracy
raises a question of how the domains target specific proteins
for function. Multivalency helps to both improve target bind-

ing affinity and provide a mechanism for increased selectivity.
As we found here, the spacing and linker sequence can sig-
nificantly impact the binding affinity. ETO2-NHR3-4 prefer-
entially binds to the first two binding sites in GATAD2A even
when the individual motifs are identical. This observation sug-
gests that a longer linker between sites is necessary, correlating
with the physical separation of NHR4 domains in the AF2m
model.

Having established that ETO2-NHR3 tetramerization sta-
bilizes binding to multivalent ligands, we used this informa-
tion to disrupt ETO2 function in cells. We developed the N-
CoRx2A peptide that binds to ETO2 much more tightly than
the native GATAD2A or any other polyproline binding site re-
ported. As predicted, this peptide disrupted fetal hemoglobin
gene silencing and induced differentiation of leukemia cells.
These studies confirm the functional importance of multiva-
lent interactions for the ETO proteins and open the door to
the future development of molecules that inhibit normal and
aberrant gene silencing for therapeutic benefit.

Model for ETO2 recruitment of coregulatory
proteins

Based on this work, we propose a model in which co-
regulatory complex recruitment by ETO proteins depends on
multivalent association and NHR3-tetramerization. Factors
that modulate this self-association influence which co-factors
are stably recruited, which then dictates activation or silenc-
ing of the transcription of the associated gene. This model
helps explain prior domain mapping experiments, which of-
ten implicate the NHR2 domain as directly binding to co-
regulatory complexes. In our model, deleting NHR2 indi-
rectly disrupts binding by preventing stable tetramerization.
Selectively deleting NHR4 does not prevent stable tetramer-
ization with native proteins through NHR2. Therefore, the
heteromeric complexes comprising native and NHR4-deleted
proteins can interact with co-regulatory complexes through
the native NHR4. The NHR3 domain, in isolation, however,
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does not form a sufficiently stable tetramer to drive multiva-
lent association with target proteins.

Furthermore, this model helps explain why the apparent
stoichiometry of ETO proteins at a particular locus correlates
with gene activation or silencing. For example, the relative ra-
tio of NLI/ETO2 complexes at the y-globin locus, not sim-
ply the presence and absence of ETO2, correlates with fetal
hemoglobin expression in K562 cells [16]. Effective recruit-
ment of silencing co-regulatory complexes, such as NuRD, re-
quires multiple copies of ETO proteins to interact with mul-
tivalent binding motifs. Therefore, gene silencing correlates
with numerous copies of ETO proteins at a given locus. As
we found, the (M)PPPLx4 binding region in GATAD2A can
crosslink multiple ETO2 tetramers, ultimately forming very
large and dynamic complexes that compact and silence chro-
matin (Fig. 10).

In summary, we have shown that ETO2 binds to the
GATAD2A component of NuRD through multivalent inter-
action between the NHR4 domain and polyproline-leucine
motifs in GATAD2A. Multivalent binding is critical for gene
silencing and depends on the weak self-association of the
ETO2-NHR3 coiled-coil domain. Together, these interactions
provide a mechanism for selective target engagement and dy-
namic regulation of gene silencing and hematopoietic cell dif-
ferentiation, and they offer the opportunity to develop novel
multivalent inhibitory molecules that selectively disrupt ETO2
function.
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