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Background:MLL fusion proteins use similar strategy for leukemic transformation through DOT1L recruitment.
Results: Ten amino acids in DOT1L were identified as essential for binding and transformation by MLL-AF9.
Conclusion: Biochemical and functional results indicate that blocking DOT1L recruitment represents a promising therapeutic
strategy for mixed lineage leukemia.
Significance: Identified DOT1L peptide will lay a foundation toward discovery of chemical tools able to block DOT1L
recruitment.

TheMLL fusion proteins, AF9 and ENL, activate target genes
in part via recruitment of the histonemethyltransferase DOT1L
(disruptor of telomeric silencing 1-like). Here we report bio-
chemical, biophysical, and functional characterization of the
interaction between DOT1L and MLL fusion proteins, AF9/
ENL.TheAF9/ENL-binding site in humanDOT1Lwasmapped,
and the interaction site was identified to a 10-amino acid region
(DOT1L865–874). This region is highly conserved in DOT1L
froma variety of species. Alanine scanningmutagenesis analysis
shows that four conserved hydrophobic residues from the iden-
tified binding motif are essential for the interactions with AF9/
ENL. Binding studies demonstrate that the entire intact C-ter-
minal domain of AF9/ENL is required for optimal interaction
with DOT1L. Functional studies show that the mapped AF9/
ENL interacting site is essential for immortalization by MLL-
AF9, indicating that DOT1L interaction with MLL-AF9 and its
recruitment are required for transformation by MLL-AF9.
These results strongly suggest that disruption of interaction
betweenDOT1L and AF9/ENL is a promising therapeutic strat-
egy with potentially fewer adverse effects than enzymatic inhi-
bition of DOT1L for MLL fusion protein-associated leukemia.

Epigenetic regulation of transcription through covalent
modifications of histones is a fundamental mechanism of tran-
scriptional regulation that is important for stem cell self-re-
newal as well as lineage commitment during development. Two
broad groups of transcriptional regulators, the trithorax (Trx)
and polycomb group Pc(G) proteins are the pivotal positive

and negative regulators in this mechanism. Deregulation of
transcription by disruption of both of these families of epige-
netic regulators is emerging as a common cause of human
malignancies.
Mixed lineage leukemia (MLL)2 protein, is a Trx group pro-

tein that can be disrupted by fusion to a variety of translocation
partners in human lymphoid and myeloid acute leukemia. As a
result of chromosome translocation, the MLL N terminus
becomes fused to one ofmore than 60 partner proteins forming
chimeric oncogenes that up-regulate the expression of HOX
genes, blocking the hematopoietic differentiation, and ulti-
mately lead to acute leukemia (1–4). Leukemia mediated by
MLL rearrangements possess unique clinical and biological fea-
tures, and they are present in over 70% cases of infant leukemia
(5) and in general account for �5% of acute lymphoblastic
leukemia, 5–10% of acute myeloid leukemia, and almost all
cases of mixed lineage leukemia (6). New therapeutic strat-
egies are needed, because patients with leukemia harboring
MLL translocations have highly unfavorable prognoses with
current treatment (7).
Emerging findings from a number of groups suggest that the

common MLL fusions, including MLL-AF4, MLL-AF9, and
MLL-ENL, use a similar strategy for leukemic transformation.
This involves recruitment of the histone methyltransferase,
DOT1L (disruptor of telomeric silencing 1-like), an enzyme
that lacks the canonical SET domain (Su(var)3–9, Enhancer of
Zeste, andTrithorax) and is solely responsible for catalyzing the
methylation of histone 3 at lysine 79 (H3K79) (8–11). Several
multiprotein complexes involved in transcriptional activation/
elongation were independently identified and studied, showing
that all of them contain MLL fusion proteins together with
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which phosphorylates RNA polymerase II) (8–14). It was
reported that the MLL translocation partners AF4, AF9,
AF5q31, and ENL interact in a complex named ENL-associated
protein complex, which in addition to the core translocation
partners contains the p-TEFb together with the DOT1L (10).
These findings were modified by several following reported
studies describing similar complexes associated with DOT1L
and p-TEFb as “effector units” but importantly not both at the
same time. For example, it was demonstrated that ENL exists in
two distinct complexes: one with DOT1L and one within an
endogenous higher ordered complex (designated AEP) in
which ENL associates with AF4, AF5q31, and p-TEFb (12). In
this model, ENL has dual roles and interacts with AEP and
DOT1L recruiting them sequentially to the same target chro-
matin. This study showed that the AEP complex is required for
sustained transcription of target genes and transformation of
hematopoietic progenitors, whereas the recruitment ofDOT1L
by MLL-ENL fusion protein plays a role in the maintenance of
transcriptional memory. The C-terminal AF9 domain in MLL-
AF9 was also shown to form distinct higher order complexes
through direct associations withAF4/p-TEFb andwithDOT1L
(13). Notably, MLL-AF9-mediated target gene (HOXA 9)
expression and cell transformation depend on these protein-
protein interactions (PPI) and formation of the higher order
complexes. These findings that DOT1L associates with MLL
fusion proteins in several reported complexes suggested that
aberrant H3K79 methylation might be a shared mechanism of
oncogenic transcriptional activation in MLL rearrangement
leukemia. It is known that the recruitment of DOT1L results in
hypermethylation of H3K79 on the prominent MLL fusion
downstream target loci Hoxa9 and Meis1 (15). Genome-wide
analysis revealed a distinct pattern of H3K79 methylation in
human MLL-rearranged primary leukemia samples compared
with normal proB cells and leukemia with other abnormalities
(16). Transient knockdown or conditional knock-out mice
models have demonstrated that DOT1L is required for MLL
fusion-mediated leukemic transformation and in vivo leuke-
mia development and maintenance, indicating that there
is a strong functional interconnection between complexes
formed by MLL fusion proteins and DOT1L (9, 17–20).
These findings illustrate the central role of the DOT1L
recruitment and H3K79 methylation in leukemogenesis by
controlling transcription of hematopoietic genes and impli-
cate PPI between DOT1L and MLL oncogenic fusion pro-
teins as a potential therapeutic target.
To this end, we characterized the AF9/ENL-DOT1L interac-

tion at the biochemical, biophysical, and functional levels.
Binding studies demonstrate that only 10 amino acids in
DOT1L are essential for the interaction and recruitment of
DOT1L by MLL fusion proteins, AF9 and ENL. Importantly,
the functional studies show that this interaction is required for
transformation by MLL-AF9. These results strongly suggest
that disruption of this PPI represents a promising therapeutic
strategy for MLL fusion protein-associated leukemia.

EXPERIMENTAL PROCEDURES

Plasmids and Cloning—The full-length hDOT1L was gener-
ously provided byDr. Yi Zhang (University ofNorthCarolina at

Chapel Hill). Different DOT1L plasmids, tested in this study
(see Table 1), were constructed using full-length hDOT1L as a
template. The plasmids for AF9, ENL, and AF4 were made
using MLL-AF9, MLL-ENL, and MLL-AF4 fusion proteins as
templates. The obtained constructs for protein expressionwere
cloned by ligation-independent cloning (LIC) methods as
described before (21). Different DOT1L constructs (see Table
1) and AF4 protein (amino acids 749–775) were cloned into
pMocr-LIC vector. ENL (amino acids 489–559) was cloned
into pMSCG9-LIC vector, and AF9 (amino acids 497–568) was
cloned into pGB1-LIC vector. MSCV-based HA-tagged wild
type mouse DOT1L, methyltransferase inactive full-length
mouse DOT1L with following mutations, G163R, S164C, and
G165R, designated as mDOT1L (RCR), and neomycin vector
constructs have been reported before (18). In the MSCV-HA-
mDOT1L 10aa� construct, 10 residues identified as the AF9/
ENL interaction site (amino acids 863–872) were deleted by
using the QuikChange site-directed mutagenesis kit (Agilent
Technologies). These residues inmouse are conserved and cor-
respond to the identified human DOT1L interaction site,
amino acids 865–874 (see Fig. 2B). To construct the pCMV-
Myc CXXC-AF9 plasmid, a fragment of an MLL-AF9 fusion
protein was cut from an MLL-AF9 fusion protein expression
vector using MfeI and XhoI and inserted into the pCMV-Myc
vector (Clontech) following digestion with EcoR1 and XhoI. A
dual nuclear localization signal was inserted into the SfiI site
downstream of the Myc tag. The sequence of MLL includes
amino acids 1116–1422 and is followed by AF9 sequence
including amino acids 479–568. The positive clones for all
desired constructs were confirmed by DNA sequencing (Uni-
versity of Michigan DNA sequencing core).
Protein Expression and Purification—All recombinant pro-

teins were expressed in Escherichia coli strain BL21 (DE3)
(Invitrogen). The proteins were induced with 200 �M isopropyl
�-D-1-thiogalactopyranoside at 20 °C except GB1-AF9 (497–
568), whichwas induced at 16 °C. The cells were harvested after
20 h and resuspended in cold lysis buffer (50 mM Tris-HCl, pH
7.5, 150 mM NaCl, 0.01% �-mercaptoethanol) and purified by
affinity chromatography employing nickel-agarose (Qiagen).
Mocr-DOT1L and -AF4 proteins were further purified by ion
exchange chromatography in 25 mM Tris-HCl, pH 7.5, with
NaCl gradient ranging from 25 mM to 1 M, and 3 mM DTT,
whereas MBP-ENL (489–559) and GB1-AF9 (497–568) pro-
teins were purified with size exclusion chromatography in 50
mM Tris-HCl, pH 7.5, 150 mMNaCl, 3 mMDTT. TheMBP and
GB1 tags from ENL (489–559) and AF9 (497–568), respec-
tively, were removed by proteolysis using tobacco etch virus
protease, followedbynickel columnand size exclusion chroma-
tography using the same buffer as above to obtain purified
cleaved proteins. Purified recombinant proteins were stored at
�80 °C for further experiments.
Peptide Synthesis—Peptides were synthesized using standard

Fmoc (N-(9-fluorenyl)methoxycarbonyl) solid phase peptide
synthesis techniques on an ABI 433A automated peptide syn-
thesizer. NovaPEG Rink amide resin (EMD) was used to pre-
pare all C-terminal amide-cappedpeptides. Standard side chain
protecting groups were used for all amino acids. All the pep-
tideswere acetylated on theN terminus. Peptides containing an
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N-terminal biotin group or fluorescein are coupled to lysine
and two �-alanine residues as a spacer. All crude peptides were
purified by semipreparative reverse phase HPLC, and their
sequence and purity were verified by electrospray ionization
mass spectrometry and analytical reverse phase HPLC.
Surface Plasmon Resonance (SPR) Binding Studies—All SPR-

based experiments were performed on a BIAcore 2000 (GE
Healthcare) instrument. Different tested DOT1L recombinant
proteins were immobilized on a CM5 sensor chip by standard
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide/N-hydroxy-
succinimide coupling chemistry followed by ethanolamine
deactivation of the surfaces. For immobilization of full-length
FLAG-DOT1L protein, anti-FLAG antibody (anti-FLAG M2;
Sigma) was immobilized on the CM5 chip by the amine cou-
pling chemistry. HEK293 whole cell lysate with overexpressed
FLAG-DOT1L at 2.4 �g/�l total protein concentration
was injected over the FLAG antibody surface giving �4000
response units immobilization level. For determination of AF9
and ENL binding affinity, the proteins were tested at different
concentrations (0.01–3 �M) using HBS-P as a running buffer
(10 mM HEPES, pH 7.4, 150 mM NaCl, 0.005% (v/v) P20; GE
Healthcare) and 20 mM NaOH as the regeneration buffer. The
Fc1 surface was used as a control surface and was treated in the
samemanner as the active surfaces but in the absence of immo-
bilized protein. Binding parameters kon, koff, and KD were cal-
culated by simultaneous nonlinear regression using BIAEvalu-
ation software.
Solution competitive SPR-based assay was performed to

determine the IC50 values of DOT1L peptides. The tested
DOT1L wild type and alanine-mutated peptides were preincu-
bated with AF9 or ENL proteins (500 nM) for at least 30 min,
and then the reaction mixture was injected over the surface of
Mocr-DOT1L (826–1095) immobilized CM5 chip. Response
units were measured at 15 s in the dissociation phase, and the
specific binding was calculated by subtracting the control sur-
face (Fc1) signal from the surfaces with immobilized Mocr-
DOT1L. IC50 values were determined by nonlinear least
squares analysis using Graph Pad Prism 5.0 software.
Fluorescence Polarization (FP) Assay—FP experiments were

performed in 96-well, black, round-bottomed plates (Corning)
and read using a Biotek H1 hybrid plate reader. Fluorescein-
taggedDOT1L10-merpeptide (Flu-DOT1L)wasused as a fluo-
rescent probe in the FP-based binding assays. The KD values of
Flu-DOT1L tracer withGB1-AF9 andMBP-ENL proteins were
determined using a fixed concentration of the probe (10 nM
Flu-DOT1L) and serial dilutions of tested proteins (0.01–5�M),
in assay buffer (100mMNaH2PO4, pH 7.4, 150mMNaCl, 0.01%
Triton X-100) with 4% Me2SO to produce a total reaction vol-
ume of 125 �l. The plate was mixed on a shaker and incubated
at room temperature to reach equilibrium. The polarization
values in milli-polarization units were measured at an excita-
tion wavelength at 485 nm and an emission wavelength at 530
nm. Polarization data were analyzed using GraphPad Prism 5.0
by nonlinear fitting with a one-site binding model.
Competitive FP binding experiments were carried out in

96-well plates with serial dilutions of tested protein or peptides,
and fixed concentration of GB1-AF9 protein (500 nM) and Flu-
DOT1L (10 nM) in the same assay buffer and final volume of 125

�l. The polarization values were measured after 3 h of incuba-
tion. Negative controls containing GB1-AF9 protein and probe
(equivalent to 0% inhibition) and positive controls containing
only free Flu-DOT1L probe (equivalent to 100% inhibition)
were included on each assay plate. IC50 values were determined
by nonlinear regression fitting of the competition curves
(GraphPad Prism 5.0).
Isothermal Titration Calorimetry—Isothermal titration cal-

orimetry (ITC) was carried out using a Nano-ITCMicro Calo-
rimeter (TA Instruments) at 20 °C. MBP-ENL (489–559) was
dialyzed against 50mMNa2HPO4 (pH7.5) and 100mMNaCl. 80
�M of MBP-ENL was used for titration studies of DOT1L
16-mer and 10-mer peptides, and 110 �M was used for DOT1L
7-mer titration. DOT1L 16-mer and 10-mer peptides (400 �M)
and DOT1L 7-mer (500 �M) dissolved in the same buffer were
tested by injecting 2-�l aliquots into the protein sample, at time
intervals of 30 s, to ensure that the titration peak returned to the
base line. The ITC data were analyzed by NanoAnalyze soft-
ware package using a one-site binding model.
Circular Dichroism—DOT1L peptides were dissolved in

phosphate buffer (50mMNa2HPO4, pH 7.4, 100mMNaCl). CD
measurements were performed at room temperature using a
Jasco J-715 and a quartz flow cell with a 1-mm path length. The
spectra were averaged from 10 scans, and the base line (buffer
scan) was subtracted from each spectrum.
Homology Modeling—The solution NMR structure of the

C-terminal hydrophobic domain of AF9 in complex with the
elongation factor AF4 (Protein Data Bank code 2LM0) (22) was
employed for the homology modeling of the complex between
ENL and DOT1L. The reported NMR structure contains 10
conformers, and the fourth was randomly selected as the tem-
plate because the alignment of these conformers showed that
they are virtually identical except the very flexible loops, which
have not been employed for the building of the homology
model of ENL-DOT1L complex. For themodeling purpose, the
residues 497–568 from AF9 and 761–767 from AF4 were used,
and the remaining residues in the flexible loops were deleted.
This simplified structure was minimized using the program of
LigX of MOE 2010.10 (Chemical Computing Group Inc.). The
corresponding sequence of ENL (489–559) was aligned with
this minimized AF9-AF4 complex using the MOE-align. The
homology model was built using the homology model module
of MOE 2010.10. During this process, the AF4 peptide,
LMVKITL, was kept as environment for induced fit. In the top-
scored model produce by MOE, the LMVKITL peptide was
mutated to DOT1L 7-mer peptide, LPISIPL, and the obtained
homology model was minimized using the program of LigX of
MOE 2010.10.
Cell Culture, Transfections, and Immunoprecipitation—

HEK293 cells were plated in 100-mm culture dishes and cul-
tured in DMEM supplemented with 10% FBS and antibiotics.
Co-transfection with FLAG-DOT1L and Myc-CXXC-AF9 was
performed using Lipofectamine 2000 (Invitrogen). Forty-eight
hours post-transfection, cells were collected and lysed using
BC-300 lysis buffer (20mMTris-HCl, pH8.0, 300mMKCl, 1mM

EDTA, 10% glycerol, 0.1%Nonidet P-40, and protease inhibitor
mixture; Roche Applied Science). The lysates was precleared
for 2 h in mouse IgG-agarose (Sigma-Aldrich). The precleared
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lysates were incubatedwith different concentrations of DOT1L
10-mer peptide at 4 °C overnight. The next day, the cell lysates
were immunoprecipitated with anti-FLAGM2magnetic beads
(Sigma-Aldrich) at 4 °C for 2 h.After incubation, the beadswere
washed extensively, boiled in SDS loading buffer, and analyzed
by Western blotting using mouse monoclonal anti-FLAG M2
(Sigma-Aldrich) and goat monoclonal anti-Myc tag (Abcam)
antibody.
Pulldown Assay—HEK293 cells transfected with Myc-

CXXC-AF9were lysed in BC-300 lysis buffer in the sameway as
the immunoprecipitation experiment. The supernatant was
precleared for 2 h in streptavidin-agarose beads (Thermal Sci-
entific). The precleared lysates were incubated with different
concentrations of biotin-labeledDOT1L10-mer peptide at 4 °C
overnight. The next day, the cell lysate were incubated with
streptavidin-agarose at 4 °C for 2 h. After extensive washing the
beads with the BC-300 lysis buffer without Nonidet P-40, the
pulldown samples were applied to SDS-PAGE, and pulldown
Myc-CXXC-AF9 protein was probed with goat monoclonal
anti-Myc tag antibody (Abcam).
Retroviral Transductions and Colony-forming Unit (CFU)

Assay—Retroviral production and transduction of bone mar-
row progenitor cells were carried out as described (18). Briefly,
retroviruses were generated by transfecting MSCV-HA wild
type mouse DOT1L, methyltransferase mutant mDOT1L
(RCR),mDOT1L deletion (10aa�; deletion of the residues 863–
872 amino acids) constructs, and neomycin vector control into
Plat-E cell line with FuGENE 6 (Roche Applied Science). Fresh
viral supernatants were used for transducing MLL-AF9 trans-
formed cells described (18). 150,000 cells were used for trans-
duction per viral supernatant from a 10-cm dish. The cells were
then plated onMethocultmedium (M3234; StemCell Technol-
ogies) with 1% penicillin/streptomycin (Invitrogen), 10 ng/ml
IL3 (R&D Systems), 5 nM 4-hydroxytamoxifen (Sigma) or 100%
ethanol, and 1 mg/ml G418 (Invitrogen). Colonies were scored
5–7 days after plating for two rounds. In the final round, colo-
nies were stained with 0.1% p-iodonitrotetrazolium violet
(Sigma) for visualization.
RNA Extraction, cDNA Generation, and Protein Extraction—

RNA was extracted from cells using TRIzol reagent (Invitrogen)
and converted to cDNA using SuperScript II (Invitrogen) accord-
ing to the manufacturer’s instructions. Whole cell lysate samples
were prepared by directly resuspending cells in Tris-glycine SDS
samplebuffer (Novex) and sonicating for 15min (Bioruptor,Diag-
enode). Primers used for the quantitative PCR: 5 S rRNA, TCTA-
CGGCCATACCACCCTGA and GCCTACAGCACCCGGTA-
TTCC; and HA-Dot1l, GCCACCATGTACCCCTACGACGTG
and GATTTCCTCGCAGACCCACCGGAT.

RESULTS

Mapping the AF9/ENL-Binding Site in DOT1L—AF9 and
ENL are two of the most commonMLL fusion proteins (2) and
belong to the YEATS domain protein family (23). Both of these
two proteins consist of N-terminal YEATS domain and aC-ter-
minal hydrophobic domain (24). AF9 and ENL shared high
homology in the C-terminal domain. Previously it has been
shown that this domain of AF9/ENL is involved in the PPI that

is crucial forMLL leukemic transformation (10, 12, 25, 26). The
interaction of AF9 or ENL with DOT1L has been reported pre-
viously by co-immunoprecipitation and yeast two-hybrid stud-
ies (10, 12, 13, 24, 27). However, there is a lack of detailed bio-
chemical and biophysical characterization of this interaction.
To understand the molecular basis of DOT1L interaction with
MLL fusion proteins, we analyzed these PPI using surface plas-
mon resonance. We developed SPR assay to quantify the bind-
ing affinity between full-lengthDOT1Lprotein andMLL fusion
proteins. For that purpose, the FLAG-tagged full-length
DOT1L protein was transiently transfected in HEK293 cells,
and after 48 h of transfection, the DOT1L protein was captured
from the HEK293 whole cell lysate on an anti-FLAG antibody-
coated biosensor chip. The recombinant C-terminal domain
from human AF9 (residues 497–568) and the corresponding
segment from ENL protein (residues 489–559) were expressed
and purified for the biochemical binding studies (Fig. 1A).
Using this system,we determined that AF9 and ENLbind to the
immobilized full-length DOT1L with a dissociation constant
(KD) of 33 and 206 nM, respectively, agreeing well with a 1:1
interactionmodel (Fig. 1B). These studies confirm that DOT1L
directly interacts with AF9 and ENL and for the first time the
binding affinity of DOT1L to AF9 and ENL was quantitatively
determined.
The C-terminal unstructured region of DOT1L has been

reported to be involved in the interaction with AF9 and ENL
(10, 12). Therefore we cloned and expressed the DOT1L 826–
1095 fragment and studied the interaction of this recombinant
protein with AF9/ENL. SPR analysis showed that this segment
of the DOT1L protein has KD values of 111 and 238 nM to AF9
and ENL protein, respectively (Fig. 1C), confirming that this
region in DOT1L protein is essential for interactions with AF9/
ENL proteins.
To further map the region of DOT1L required for the AF9/

ENL interaction, a series of truncated constructs of DOT1L,
devised according to predicted stability, were tested for their
binding to AF9 and ENL (Fig. 1A and Table 1). The binding
studies show that truncations of the DOT1L protein on the
N-terminal site up to 854 residues and C-terminal deletions up
to 925 residues did not affect the interactions with AF9 and
ENL. The corresponding DOT1L fragment (amino acids 854–
925) binds to AF9 and ENL with KD values of 42 and 90 nM,
respectively, similar to the full-length DOT1L protein (Table
1). These results confirm that this segment is crucial for inter-
actions with MLL fusion proteins AF9 and ENL.
Identification of a Conserved Peptide Motif in DOT1L Essen-

tial for Binding AF9/ENL—It is known that the C-terminal
hydrophobic AF9/ENL domains inMLL fusions retain the abil-
ity to form independently higher order complexes with AF4/p-
TEFb and with DOT1L, demonstrating that the associations of
AF9/ENLwithAF4 andDOT1L aremutually exclusive (12, 13).
The AF9-binding domain of AF4 is known and is conserved
among the AF4 homologs (28). Based on these findings, we
predicted that the AF9/ENL interacting site in DOT1L might
share certain similarity to AF4 protein. By aligning the shortest
fragment of DOT1L (854–925) involved in AF9/ENL interac-
tions, with the AF9-binding domain of AF4 (761–774), a small
16-residue region in DOT1L (865–880) was identified. This
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region shares sequence homology with AF4, consisting of four
conserved and four similar residues (Fig. 2A). Importantly,
alignment of DOT1L from different species demonstrate that
this fragment is highly conserved (Fig. 2B). Two peptides,
DOT1L-10-mer (865–874) and DOT1L-16-mer (865–880),
were synthesized and tested for their binding to AF9 and ENL.

The competitive SPR assay demonstrates that both peptides
can block the PPI between DOT1L/AF9 and DOT1L/ENLwith
IC50 values of 490 and 320 nM, respectively, against AF9, and
1,340 nM and 1,560 nM, respectively, against ENL (Fig. 2C). The
fluorescent labeledDOT1L 10-mer peptide bindsAF9 and ENL
with KD values of 65 and 495 nM, respectively (Fig. 2D). The
binding affinity to ENL was further confirmed using ITC assay
(Fig. 2E). Both peptides, DOT1L 16- and 10-mer, bind to the
ENL protein with KD of 900 and 1,100 nM, respectively, in 1:1
stoichiometry, consistent with FP-based results. The
obtained binding results for DOT1L 16- and 10-mer pep-
tides provide strong evidence that the identified peptide
motif in DOT1L is both required and sufficient for interac-
tion with AF9 and ENL.
Furthermore, we expressed and purified AF4 recombinant

protein (residues 749–775), synthesized the AF4 14-mer pep-
tide (residues 761–774) (28), and tested whether AF4 and
DOT1L compete for the same conserved C-terminal domain of

FIGURE 1. Interaction between DOT1L and MLL fusion proteins, AF9 and ENL, measured by surface plasmon resonance. A, schematic presentation of
AF9/ENL and DOT1L proteins used for the binding studies. B and C, sensorgrams representing the concentration-dependent binding of the C-terminal domain
of AF9 and ENL tested in concentration range from 0.01 to 3 �M, with full-length FLAG-DOT1L (B) and Mocr-DOT1L (826 –1095) (C), both immobilized on a CM5
sensor chip. The kon, koff, and KD were calculated by simultaneous nonlinear regression using 1:1 binding model and BIAevaluation 3.1 software. The experi-
mental data are shown in black, whereas the global fit analyses are shown in red. RU, response units.

TABLE 1
Binding affinities of AF9 and ENL proteins to full-length DOT1L and
different constructs of DOT1L immobilized on a CM5 sensor chip and
determined by SPR

Recombinant immobilized
proteins (residues)

AF9 (497–568)
KD � S.D.

ENL (489–559)
KD � S.D.

nM nM
DOT1L (1–1537)a 33 � 4 206 � 80
DOT1L (826–1095) 111 � 10 238 � 72
DOT1L (826–958) 92 � 8 122 � 16
DOT1L (826–937) 78 � 15 81 � 6
DOT1L (854–1095) 135 � 4 148 � 14
DOT1L (925–1095) 1,825 � 276 6,220 � 113
DOT1L (854–925) 42 � 2 90 � 12

a FLAG-tagged full-length human DOT1L protein.
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FIGURE 2. Mapping the AF9/ENL-binding site in DOT1L protein. A, alignment of human DOT1L (865– 880) with human AF4 (761–774). The conserved
residues are marked with asterisks, and the similar amino acids are marked with dots. B, alignment of the identified AF9/ENL-binding site in DOT1L protein from
different species. C, SPR competitive binding curves of DOT1L 16-, 10-, and 7-mer and AF4 14-mer peptides against AF9 (497–568) and ENL (489 –559) proteins
running different tested concentrations over CM5 chip with immobilized DOT1L (826 –1095). D, binding affinity of fluorescent-labeled DOT1L 10-mer peptide
against AF9 and ENL. E, ITC of MBP-ENL (489 –559) (80 �M) with a solution of DOT1L 16-mer (400 �M) and 10-mer (400 �M). For DOT1L 7-mer peptide (500 �M),
110 �M MBP-ENL was used. For all titrations, the raw data are shown in the upper panels, and the integrated heat data are shown in the lower panels. No binding
was observed when the DOT1L peptides were tested against the MBP tag only. F, FP competitive binding curves of AF4 (749 –775) recombinant protein and AF4
14-mer peptide using fluorescein-labeled DOT1L 10-mer peptide. mP, milli-polarization units. RU, response units.
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AF9 and ENL. As was expected, the recombinant AF4 protein
and AF4 14-mer peptide efficiently competed away the binding
of DOT1L 10-mer fluorescein-labeled peptide to the C-termi-
nal domain of AF9 protein with IC50 values of 560 and 280 nM
(Fig. 2F). The SPR solution competitive binding assay con-
firmed these results and showed that the AF4 14-mer peptide is
inhibiting the PPI between AF9-DOT1L and ENL-DOT1L, with
similar potency asDOT1L16- and 10-mer peptides, showing IC50

values of 200 and 430 nM against AF9 and ENL, respectively (Fig.
2C). These findings clearly demonstrate that DOT1L and AF4
bind with similar binding affinity and compete for the same AF9/
ENL interaction site, the C-terminal hydrophobic domain.

Alanine-scanning Mutagenesis Studies of the Interaction
between DOT1L 10-mer Peptide and MLL Fusion Proteins—
Systematic alanine mutagenesis studies of the identified AF9/
ENL-binding site in DOT1L were performed to test the contri-
bution of each residue for the interactions with MLL fusion
proteins. DOT1L residues from Leu865 to Val874 were mutated
to alanine, thus creating 10 different DOT1L mutants, and
determined their potency to inhibit the PPI in SPR-based com-
petitive assay (Table 2 and Fig. 3A). The three conserved resi-
dues in DOT1L, Leu865, Ile869, and Leu871, as well as the similar
residue, Ile867, failed to tolerate alanine substitution, with a sig-
nificant decrease in binding affinity to both AF9 and ENL pro-
teins. These results demonstrate the importance of the hydro-
phobic interactions, which is consistent with the notion of a
conserved C-terminal hydrophobic domain in both AF9 and
ENL. The unconserved residues, Pro866, Ser868, and Pro870 had
from 10- to 40-fold reductions in their ability to inhibit the PPI.
Interestingly, mutation of the last three residues in the DOT1L
10-mer peptide, Ser872, Thr873, and Val874 was well tolerated
and showed only a 2–6-fold decrease in the binding affinity
comparedwith thewild type peptide.We then synthesizedwild
type 7-mer DOT1L peptide (865–871) and tested its binding to
AF9 and ENL. Consistent with the mutation data, this peptide
showed 8-fold reduction in the binding to AF9 and 5-fold
reduction in binding affinity to ENLprotein in comparisonwith
the 10-mer peptide (Figs. 2C and 3A). The binding affinity of
DOT1L 7-mer peptide to ENL protein was confirmed in ITC
assay showing KD of 3,400 nM, 3-fold lower in comparison with
the 16- and 10-mer DOT1L peptides (Fig. 2E). Therefore, the
alanine scanning mutagenesis studies indicate that the hepta-
peptide binding motif of DOT1L is essential for interactions

FIGURE 3. Characterizing the DOT1L 10-mer peptide and its interactions with MLL fusion proteins. A, binding affinities of alanine mutated DOT1L 10-mer
peptides to AF9 and ENL in comparison to the wild type DOT1L 10-mer peptide. B, circular dichroism spectra of DOT1L 16- and 10-mer peptides.

TABLE 2
Peptide sequence and IC50 values of wild type and alanine-mutated
DOT1L peptides against AF9 and ENL proteins obtained by competi-
tive SPR-based assay using CM5 chip with immobilized DOT1L protein

Peptide Sequence
IC50 � S.D.

AF9 ENL

�M
DOT1L 10-mer Ac-LPISIPLSTV-NH2

(amino acids 865–874)
0.49 � 0.22 1.34 � 0.34

L865A Ac-APISIPLSTV-NH2 98.5 � 15.1 27.5 � 6.8
P866A Ac-LAISIPLSTV-NH2 3.3 � 0.6 6.5 � 1.2
I867A Ac-LPASIPLSTV-NH2 57.2 � 17.3 �200
S868A Ac-LPIAIPLSTV-NH2 5.3 � 1.7 29.1 � 0.8
I869A Ac-LPISAPLSTV-NH2 �200 �200
P870A Ac-LPISIALSTV-NH2 2.8 � 0.1 11.6 � 1.7
L871A Ac-LPISIPASTV-NH2 30.7 � 10.3 146.8 � 11.5
S872A Ac-LPISIPLATV-NH2 0.55 � 0.21 2.8 � 0.6
T873A Ac-LPISIPLSAV-NH2 0.058 � 0.017 0.36 � 0.02
V874A Ac-LPISIPLSTA-NH2 0.7 � 0.02 4.2 � 0.6
DOT1L 7-mer Ac-LPISIPL-NH2 3.9 � 0.1 7.3 � 0.3
DOT1L 16-mer Ac-LPISIPLSTVQPNKLP-NH2

(amino acids 865–880)
0.32 � 0.01 1.56 � 0.09

AF4 14-mer Ac- LMVKITLDLLSRIP-NH2
(amino acids 760–773)

0.20 � 0.06 0.43 � 0.15
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with MLL fusion proteins and is the minimum required frag-
ment. In addition, the obtained results show a similar pattern in
the binding of all tested peptides against AF9 and ENLproteins,
suggesting that they share similar structural requirements for
this interaction, and a single amino acidmutation of the hydro-
phobic conserved residues is sufficient to disrupt the PPI. We
also investigated the role of the secondary structure of DOT1L
peptides to further understand the interactions between
DOT1L peptide andMLL fusion proteins. For this purpose, CD
experiments were performed, andDOT1L 16- and 10-mer pep-
tides were tested. The obtained results showed that both pep-
tides have unordered (random-coil) secondary structure (Fig.
3B). Overall, these findings provide a rationale toward future
efforts in identifying chemical probes that can disrupt the inter-
action between DOT1L and the MLL fusion proteins.
Interactions of DOT1L with the C-terminal Domain of AF9

and ENL—Solution NMR structure of AF9-AF4 complex
determined that the C-terminal hydrophobic domain in AF9
has three conserved helical segments (Fig. 4A) (22). Deleting
these helical regions completely abrogated the transforming
activity of MLL-AF9 and MLL-ENL fusion proteins (26). To
determine whether the helical regions are important for the
binding of these twoMLL fusionproteins toDOT1L,weprepared
two recombinant fragments of ENL protein, ENL (489–544) con-
sisting of helices 1 and 2, andENL (523–559), which has only helix
3. It was determined that ENL (489–544) binds to DOT1L (826–
1095) with KD of 2,800 nM and ENL (523–559) binds with KD of
14,567 nM (Fig. 4B), demonstrating 10- and 30-fold decreased
binding affinity respectively in comparison with the intact ENL
C-terminal domain (Table 1). These results clearly demonstrate
that the entire C-terminal domain from ENL is required for opti-
mal interaction withDOT1L, which is consistent with the reports
that helical segments are essential for the transformationpotential
of MLL-ENL fusion protein.

Homology Modeling of DOT1L-ENL Complex—Recently the
structure of AF9-AF4 complex was determined using NMR
spectroscopy (Protein Data Bank code 2LM0) (22). Knowing
that AF9 and ENL are highly homologous proteins and to take
advantage of the reported structure, we performed template
(AF9-AF4)-based homology modeling approach of generating
target, ENL, in complex with DOT1L 7-mer peptide.
The accuracy of the structures generated by homology mod-

eling is highly dependent on the sequence identity between the
target and the template protein. The C-terminal hydrophobic
domain of AF9 (497–568), which was used as a template for
modeling the ENL domain (489–559), shared high level of
identity with 79.2% (Fig. 4A). Thus the generated homology
model is accurate and reliable and can be used for structure-
based studies. Furthermore, the alignment of the AF4 template
peptide (761–767) and DOT1L target peptide (865–871) (Fig.
2A) shows that they also share sequence homology with three
conserved and one similar residues. These residues were deter-
mined as essential for the PPI betweenENLandDOT1L (Fig. 3).
The quality of the obtained model was further confirmed with
quantitative comparison between the template and target com-
plex structures and the estimated rootmean square deviation of
0.32 Å. The generated homology model showed that the pep-
tide docking region cleft in ENL is extensively hydrophobic
(Fig. 5A). All residues except Ser868 of the DOT1L peptide, LPI-
SIPL, have hydrophobic interactions with the protein, espe-
cially Ile867 and Ile869, which are buried in the two deep sub-
pockets of the ENL hydrophobic core. This model is consistent
and supported by our alanine mutagenesis studies, which dem-
onstrated that mutation of hydrophobic residues to alanine
abolished the binding of DOT1L peptide to ENL protein (Fig.
3A). ENL-DOT1L complex involves five hydrogen bonds: two
between ENL Phe537 and Ile867 from DOT1L peptide, two

FIGURE 4. Analyzing the C-terminal domain in ENL protein and its binding to DOT1L. A, alignment of ENL and AF9 C-terminal domain. The three
�-helices are indicated, and conserved residues are marked with asterisks. B, binding sensorgrams of immobilized Mocr-DOT1L (826 –1095) with ENL
(489 –544) and ENL (523–559), tested in concentration ranges from 1 to 16 �M and from 5 to 35 �M, respectively. The kon, koff, and KD were calculated by
simultaneous nonlinear regression using 1:1 binding model and BIAevaluation 3.1 software. The experimental data are shown in black, whereas the
global fit analyses are shown in red. RU, response units.
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between ENL Phe535 and Ile869 DOT1L, and one between ENL
His503 and Ser868 DOT1L (Fig. 5B).
This model will allow further understanding of this PPI on

the structural level, gaining knowledge about other PPI that
AF9 and ENL are involved, as well as critical insights toward
developing peptidomimetics as one of the known strategies for
targeting PPI.
DOT1L 10-mer PeptideDisrupts in Vivo Interactions between

Full-length DOT1L and MLL-AF9 Fusion Protein—To assess
whether DOT1L 10-mer peptide can bind and block the inter-
action between full-length DOT1L and MLL fusion proteins,
we have transiently co-transfected HEK293 cells with FLAG-
tagged human DOT1L protein and Myc-tagged CXXC-AF9
protein. The whole cell lysate was preincubated with different
concentrations of DOT1L 10-mer peptide, and co-immuno-
precipitation experiments were performed. The obtained
results demonstrate that theDOT1L 10-mer peptide blocks the
interaction of cellular DOT1L with CXXC-AF9 in a dose-de-
pendent manner (Fig. 6A). To further probe and confirm the
cellular target ofDOT1L 10-mer peptide, we have synthesized a
biotinylated DOT1L 10-mer peptide. Binding studies demon-
strate that this peptide has similar binding affinity as corre-
sponding unlabeled DOT1L 10-mer peptide, confirming that
biotin labeling did not affect the binding to AF9 protein.
Using this peptide as a tool, we performed streptavidin-bio-
tin pulldown experiments in the HEK293 cell lysates and
showed that the biotinylated DOT1L 10-mer peptide recog-
nizes and binds to the cellular CXXC-AF9 protein in a dose-
dependent manner (Fig. 6B). Together these experiments
demonstrate that DOT1L 10-mer peptide binds to the cellu-
lar AF9 protein and blocks its interaction with DOT1L, con-
sistent with our in vitro binding data using recombinant
MLL fusion proteins.

Identified 10 Residues Are Essential for DOT1L Recruitment
and MLL-AF9 Leukemic Transformation—To assess further
the functional importance of the recruitment of DOT1L by
MLL fusion proteins and determine whether the identified
10-residue segment of DOT1L is required for MLL-AF9 trans-
formation, we performed CFU assays. In these experiments
MSCV-based vectors were used to transducemouse bonemar-
row cells with leukemogenic MLL-AF9 fusion protein from
floxed Dot1l mice generated as described previously (18). HA-
tagged wild type mouse DOT1L, methyltransferase inactive full-
lengthmDOT1L (RCR) with GSG to RCRmutation in the S-ad-
enosylmethionine-binding domain lacking enzymatic activity
(8, 29), full-length mDOT1L 10aa� lacking 10 amino acid AF9
interacting residues (residues 863–872, which are conserved
and correspond to the human DOT1L 865–874; Fig. 2B), or
neomycin vector control was introduced into endogenous
DOT1L lackingMLL-AF9 transformed cells (Fig. 7A). Endoge-
nous Dot1l excision was confirmed by PCR, and expression of
exogenous DOT1L was confirmed by quantitative PCR of HA
tag sequences (Fig. 7, B and C). As was expected, wild type
mDOT1L andmDOT1L 10aa�with histonemethyltransferase
domain intact were able to restore H3K79 methylation when
studied after the first round of plating, whereas mDOT1L
(RCR) failed to restore H3K79 methylation (Fig. 7D). Consist-
ent with the reported findings, the colony-forming potential of
MLL-AF9-immortalized cells was completely abolished by
introducing mDOT1L (RCR) construct after Dot1l deletion,
whereas introduction of exogenous wild type DOT1L was able
to rescue the transformation capability and restore CFU forma-
tion (Fig. 7, E and F). Importantly, mDOT1L 10aa� construct,
despite being able to restore H3K79 methylation level in a sim-
ilar way as the wild type DOT1L construct, failed to restore
CFU formation (Fig. 7, E and F). These results strongly suggest

FIGURE 5. Homology modeling of the ENL-DOT1L complex. A, molecular surface representation of the ENL-DOT1L complex. ENL surface is colored according
to electrostatic potential: charged residues (dark blue), polar residues (light blue), and hydrophobic (white). The C� trace of DOT1L peptide, LPISIPL, is shown as
a green ribbon together with the side chains of the residues. B, five hydrogen bonds can be found between the complex of ENL-DOT1L shown with red dashed
lines. DOT1L peptide is presented as a ball and stick model.

FIGURE 6. DOT1L 10-mer peptide binds cellular MLL-AF9 fusion protein and disrupts its interaction with DOT1L. A, DOT1L 10-mer peptide disrupts the
interaction between DOT1L and MLL-AF9 in cells. FLAG-DOT1L and Myc-CXXC-AF9 were co-transfected in HEK293 cells, and co-immunoprecipitation (IP) was
performed. B, pulldown assay using biotin-labeled DOT1L 10-mer peptide. MW, molecular mass.
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that DOT1L interaction withMLL-AF9 and its recruitment are
required for transformation by MLL-AF9, and full-length
DOT1L lacking the AF9 interacting residues could not rescue
CFU formation.

DISCUSSION

In this work, we have identified and mapped the protein-
protein interaction site between DOT1L and MLL fusion pro-

teins, AF9 and ENL. Using SPR- and FP-based binding assays,
ITC, immunoprecipitation, and pulldown experiments, we
determined the binding affinity of these PPI and defined the
AF9/ENL interaction site to the region corresponding to
DOT1L 865LPISIPLSTV874. The importance of this binding
motif is indicated by its conservation in different species.Our in
vitro and in vivo findings demonstrated that the corresponding
synthetic DOT1L 10-mer peptide can competitively interfere

FIGURE 7. AF9 binding site in DOT1L is essential for MLL-AF9 leukemic transformation. A, schematic presentation of the CFU assay. B, genotyping of
transduced bone marrow cells. PCR showed high excision efficiency of endogenous DOT1L with 4-hydroxytamoxifen (4-OHT) treatment of all cells. C, quanti-
tative PCR of exogenous DOT1L expression. All constructs showed expression compared with Neo vector alone. D, Western blot of H3K79me2 global level.
Histone 3 blot was used as loading control. E and F, colony formation on methocult plates. Pictures of iodonitrotetrazolium chloride staining (E) and bar graph
of colony counts (F) after second round.

FIGURE 8. Schematic of proposed model for targeting DOT1L and MLL fusion protein-protein interactions. A, AF9/ENL-binding sites mapped in DOT1L
and AF4 proteins. B, small molecule inhibitor (SMI) that binds to C-terminal domain of AF9/ENL will disrupt the MLL fusion protein complexes involved in mixed
lineage leukemia, the DOT1L, and AEP complex.
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with the interaction between MLL fusion proteins, AF9 and
ENL, and DOT1L. The alanine scanning mutagenesis studies
showed the critical importance of several conserved residues,
Leu865, Ile867, Ile869, and Leu871, for binding to AF9 and ENL.
Binding studies confirmed a direct interaction between AF9/
ENL and DOT1L and showed that for optimal interaction an
intact C-terminal domain in MLL fusion proteins is critical.
These binding results, together with reported functional stud-
ies, are further demonstrating a high correlation between the
DOT1L recruitment and the transforming potential of MLL-
ENL. Several groups have demonstrated that DOT1L is
required for MLL-AF4 andMLL-AF9 fusion protein-mediated
leukemic transformation (17–20, 30), establishing the crucial
role of DOT1L in MLL-rearranged leukemia (31). Consistent
with these findings, our functional studies using colony-form-
ing unit assays provide strong evidence that the identified
DOT1L865–874 fragment is essential for the DOT1L recruit-
ment and MLL-AF9 leukemic transformation. The colony
forming potential of theMLL-AF9 immortalized cells was com-
pletely abolished by introduction of aDOT1L construct lacking
the 10-amino acid AF9 interacting residues. Taken together, in
addition to H3K79 methylation, these results highlight the
importance of the DOT1L recruitment and its interaction with
MLL-AF9 for the transforming activity of this MLL fusion
oncogene.
The recent development of a specific small molecule inhibi-

tor of DOT1L, EPZ004777, which is a competitive inhibitor of
the methyl donor S-adenosyl-methionine provide proof of
principle for the development of DOT1L inhibitors as targeted
therapeutics forMLL-rearranged leukemia (30).However, con-
stitutive and conditional knock-out studies of DOT1L, which is
the only known H3K79 methyltransferase, have shown it is
essential for embryonic development, prenatal and postnatal
hematopoiesis, and cardiac function (17, 18, 20, 32, 33). This
universal and essential function ofDOT1L inmultiple cell types
(34) suggests that directly inhibiting DOT1L histone methyl-
transferase activity might be toxic. Consequently, development
of therapeutic strategies allowing selective inhibition ofDOT1L
function is important and necessary. In this study, we validated
the PPI between DOT1L and AF9 or ENL, respectively, as a
promising therapeutic target and potential strategy for phar-
macological targeting of DOT1L. Our results indicate that dis-
ruption of AF9-DOT1L interaction abolishes MLL-AF9 leuke-
mia transformation, without affecting the global level of H3K79
methylation level. More importantly, they also suggest that
selective disruption of this PPI is a promising therapeutic strat-
egy with potentially fewer adverse effects than enzymatic inhi-
bition of DOT1L for MLL fusion protein-associated leukemia.
Furthermore, our binding studies clearly demonstrate that

DOT1L and AF4 proteins, as well as the DOT1L 10-mer and
AF4 14-mer peptides, bind to the same C-terminal hydropho-
bic domain of AF9 and ENL (Fig. 8A). These results are consist-
ent with biochemical, structural, and functional analyses of
protein complexes associated withMLL fusion proteins, which
showed that AF9 and ENL exist in twomutually exclusive com-
plexes, AF9/ENL-DOT1L and AF9/ENL-AF4-pTEFb (12, 13,
22). Based on our results, we propose that small molecules that
bind the conserved hydrophobic domain of AF9 and ENL will

abolish the AF9/ENL interactions with both AF4 and DOT1L,
disrupting the higher order complexAEP and the complexwith
DOT1L and thereby blocking the MLL fusion-mediated leuke-
mogenesis (Fig. 8B). Taken together, these results support the
hypothesis that DOT1L recruitment is a potential therapeutic
target inMLL-rearranged leukemia and forms the basis toward
future studies on targeting these PPI.
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