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Chromosomal translocations of MLL1 (Mixed Lineage Leukemia 1)
yield oncogenic chimeric proteins containing the N-terminal portion
of MLL1 fused with distinct partners. The MLL1–AF10 fusion causes
leukemia through recruiting the H3K79 histone methyltransferase
DOT1L via AF10’s octapeptide and leucine zipper (OM-LZ) motifs.
Yet, the precise interaction sites in DOT1L, detailed interaction
modes between AF10 and DOT1L, and the functional configuration
of MLL1–AF10 in leukeomogenesis remain unknown. Through a
combined approach of structural and functional analyses, we found
that the LZ domain of AF10 interacts with the coiled-coil domains of
DOT1L through a conserved binding mode and discovered that the
C-terminal end of the LZ domain and the OM domain of AF10 me-
diate the formation of a DOT1L–AF10 octamer via tetramerization of
the binary complex. We reveal that the oligomerization ability of the
DOT1L–AF10 complex is essential for MLL1–AF10’s leukemogenic
function. These findings provide insights into the molecular basis
of pathogenesis by MLL1 rearrangements.
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Chromosomal rearrangement of MLL1 (Mixed Lineage Leu-
kemia 1), which is a trithorex group gene located on chro-

mosome 11q23, results in a number of acute leukemias including
ALL (acute lymphoid leukemia) and AML (acute myeloid leu-
kemia) (1, 2). The gene product, MLL1, is a member of the
multidomain KMT2 family of histone lysine methyltransferases
(HKMTs). MLL1 contains an N-terminal DNA-targeting domain
and a C-terminal SET domain, which is not catalytically active on
its own but becomes competent for trimethylation of histone H3
lysine-4 (H3K4) upon formation of a complex with WDR5,
RbBP5, and Ash2L (3–5). Chromosomal translocations of MLL1
generate oncogenic chimeric proteins containing the noncatalytic
N-terminal portion of MLL1 (amino acids 1 to 1,395) fused
with many other partners such as AF10, AF9, AF4, ENL, and ELL
(6–8). These fusion proteins retain the DNA-binding domain of
MLL1 and gain the functions of the fusion partner’s activities.
Several of these fusion partners, including AF9, AF10, and ENL,
interact with and recruit a distinct HKMT, DOT1L, to the MLL1-
regulated genes. DOT1L is a non-SET domain HKMT catalyzing
monomethylation, dimethylation, and trimethylation of nucleoso-
mal H3K79 (9–11). The recruitment of DOT1L by MLL1 fusion
proteins result in the hypermethylation of H3K79, leading to up-
regulation of a number of leukemia-relevant genes, such as the
HOXA cluster and MEIS1. For example, overexpressing HOXA9
in mice induces the transformation of primary bone marrow cells
that leads to AML through specific cooperation between HOXA9
and MEIS1a genes (12, 13), reduced expression of HOXA7 and
HOXA10 induces apoptosis in a human leukemia cell line (14),
and transcriptional activation of HOXA10 and HOXA11 causes a
subset of T cell ALL (15). Although the exact mechanism by which
DOT1L leads to transcription activation remains to be precisely

characterized, it is clear that the catalytic activity of DOT1L is
required. There are also evidences that the transcriptional regu-
lation activity of DOT1L involves the participation in several
transcription elongation complexes like SEC (Super Elongation
Complex) and EAP (ENL associated proteins) (16, 17).
AF10 (ALL1-Fused gene from chromosome 10 protein) is

one of the MLL1-fusion partners that function in ALL (18).
The N-terminal PZP domain of AF10 recognizes unmethylated
H3K27 and regulates DOT1L-mediated H3K79 methylation (19).
As a consequence of chromosomal rearrangement, the C-terminal
portion of human AF10 (amino acids 683 to 1,068) is fused to the
N-terminal 1,395-residue segment of MLL1 (Fig. 1A). AF10 has
been shown to regulate HOX gene expression through H3K79
methylation in diverse AML subtypes (20) by recruiting DOT1L
through direct interaction via its OM-LZ (Octapeptide Motif and
Leucine Zipper) region located at the C-terminal part of AF10
(21). The AF10-interacting region in DOT1L is less well defined.
Human DOT1L is also a multidomain-containing protein, with its
H3K79 HKMT activity residing in the N-terminal region. A 416-
residue fragment of DOT1L possesses full HKMT activity in vitro,
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but only the first 351 residues form the ordered but inactive cat-
alytic core—the remaining C-terminal segment contains patches of
positively charged residues required for nucleosome binding and
H3K79 HKMT activity (22, 23). The human DOT1L region
spanning residues 419–670 is predicted to contain 4 tandem coiled-
coil (CC) domains, including a shorter CC0 followed by 3 (CC1 to
CC3) longer domains (Fig. 1A). A recent work demonstrated that
the CC1–CC3 domains of human DOT1L are involved in AF10
binding (24). This AF10 binding region in DOT1L is distinct from
that of another MLL1 fusion partner, AF9, which bears no simi-
larity in binding mode despite also showing a weak interaction with
the CC3 domain of DOT1L (25). Among CC1 to CC3 of DOT1L,
it was found that CC1 has the highest affinity toward AF10OM-LZ,
∼6- and 270-fold higher than that of CC2 and CC3, respectively
(24). Finally, a crystal structure of a chimeric complex of human
AF10OM-LZ and zebrafish DOT1LCC2 was solved, providing an un-
derstanding of the intermolecular interaction between AF10 and
DOT1L, but leaving a number of questions, such as whether CC1
and CC3 interact with AF10 in a similar way and what is the role
of CC0 in AF10 binding, unanswered.
In this study, we report the crystal structure of the OM-LZ

domain of human AF10 in complex with the CC0 and CC1 do-
mains of human DOT1L. The structure shows that although CC1
interacts with the LZ domain of AF10 in a manner similar to that
of zebrafish CC2, the CC0 domain of DOT1L together with the
OM domain of AF10 play an important role in the formation of
an octameric structure of the human DOT1LCC0-CC1 and
AF10OM-LZ complex. Through a combined structural and func-
tional analysis, we found that both the direct interaction be-
tween DOT1L and AF10 and the octameric configuration of

the DOT1L–AF10 complex are important for the leukemogenic
activity of the MLL1–AF10 chimera. These results provide a more
complete picture of the interaction between DOT1L and AF10, as
well as deeper insights for the development of therapeutic strategies
against leukemia targeting the DOT1L–AF10 complex.

Results
AF10-Interacting Domains of DOT1L. A previous study showed that
the leukemogenic OM-LZ domain of AF10 (amino acids 683 to
782) is necessary and sufficient for AF10–DOT1L interaction by
a mammalian 2-hybrid assay, and the AF10-interacting region in
DOT1L is mapped to its N-terminal 670 residues (21). We then
started to map precise interaction regions of DOT1L with
AF10OM-LZ by in vitro copurification. Gel-filtration and SDS/
PAGE results show that human DOT1L (amino acids 419 to
670) forms a stable complex with the OM-LZ domain of AF10,
judged by coelution from a Superdex 200 16/60 XK size exclusion
column (SI Appendix, Fig. S1). However, the Escherichia coli-
expressed protein fragments appear to be not very stable, as
evidenced by the presence of degradation bands in the elusion
fractions (SI Appendix, Fig. S1). For the purpose of structural
and biochemical analyses, we tested several shorter truncations
of the 2 proteins based on secondary structure predictions and
found that 3 shorter constructs of DOT1L, DOT1LCC0-CC3

(amino acids 470 to 670), DOT1LCC0-CC1 (amino acids 470 to
550), and DOT1LCC2-CC3 (amino acids 551 to 670), can interact
with a shortened AF10OM-LZ (amino acids 699 to 782), which will be
referred to as AF10OM-LZ hereafter when no confusion is expected,
under the same condition as in the previous copurification pro-
cedure, albeit with a Superdex 200 increase 10/300 GL gel-filtration

Fig. 1. Functional domains and structures of the human AF10–DOT1L complex. (A) Schematic diagram of domain structures of MLL1–AF10 and DOT1L. MLL1–
AF10 is composed of MLL1-N (amino acids 1 to 1,395) fused by AF10-C (amino acids 683 to 1,068). DOT1L contains an N-terminal histone methyltransferase (HMT)
domain (yellow) followed by a CC domain (salmon), and a large C-terminal region of unknown functions. (B) SDS/PAGE detection of copurification of AF10OM-LZ

with different CC domains of DOT1L through gel-filtration analysis. (C) Structure of one DOT1LCC0-CC1–AF10OM-LZ heterodimer in one crystallographic asymmetric
unit. DOT1L is shown in salmon and AF10 in green. Interacting residues are displayed in a stick model, and the 3 key hydrophobic residues of AF10 are labeled in
red. (D) DOT1LCC0-CC1–AF10OM-LZ forms a bow tie-shaped octameric structure across the crystal lattice. The DOT1L protomer and a symmetry mate (SYM1) are
shown in salmon, and the SYM2 and SYM3 symmetry mates are shown in slate, while their interacting AF10 molecules are shown in green and yellow, respectively.
Two protein interaction interfaces are highlighted with red dashed boxes. (E) Formation of higher-order oligomers upon binding of different CC domains of
DOT1L with AF10OM-LZ. Elution profile of 5 protein standards (gray dashed curve) with indicated molecular mass is superimposed.
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column (Fig. 1B). Our findings are consistent with the newly
reported results that CC1, CC2, and CC3 can individually
interact with the OM-LZ domain of AF10, and they bind with
the dissociate constants of 0.1 μM, 0.6 μM, and 27.1 μM,
respectively (24).

Overall Structure of the Human DOT1L–AF10 Complex. We crystal-
lized the human DOT1LCC0-CC1

–AF10OM-LZ complex and solved
a 3.6-Å structure. Although the structure only has a medium res-
olution, the anomalous difference maps of mutant selenomethionyl
proteins reassured correct assignment of the protein sidechains (SI
Appendix, Fig. S2). The structure shows that both the DOT1L and
AF10 fragments comprise 2 α-helices, a shorter CC0 helix (amino
acids 483 to 502) and a longer CC1 helix (amino acids 510 to 549)
for DOT1L, and a shorter OM helix (amino acids 715 to 735) and a
longer LZ helix (amino acids 740 to 781) for AF10 (Fig. 1C). The
DOT1LCC1 and AF10LZ helices are parallelly aligned and interact
intimately with each other to form a heterodimer that closely re-
sembles the leucine zipper structural motif, which is a common
dimerization motif originally found in DNA binding transcription
factors. The 2 helices interact with each other mainly via hydro-
phobic interactions involving leucine residues and several other
residues such as isoleucine and alanine (Fig. 1C). The centrally
located L757, I761, and L764 residues of AF10 appear to be the
major contact area between the 2 helices, as they directly contact
L525, A529, and L532 of DOT1L, respectively. Polar interactions
can also be detected. Both the sidechain amino group of AF10N754 and
the hydroxyl group of DOT1LN522, and the mainchain amide group of
AF10Q772 and the sidechain hydroxyl group of DOT1LQ539, form hy-
drogen bonds (Fig. 1C). In contrast, there is little contact between
the OM and CC0 domains of the 2 proteins.
Although there is only one DOT1L–AF10 heterodimer in

one crystallographic asymmetric unit, a tetramer of heterodimer is
observed by symmetry operation (Fig. 1D). In the bowtie-shaped
octameric structure, 4 AF10 molecules interact with each other to
form the inner frame of the tetra-heterodimer, and 4 DOT1L
molecules surround outside. To verify the hetero-octameric
complex in solution, we examined the oligomeric state of the
CC0-CC1 and CC2-CC3 domains of DOT1L when forming
complex with AF10OM-LZ. The elution volumes of DOT1LCC0-CC1

–

AF10OM-LZ and DOT1LCC2-CC3
–AF10OM-LZ complexes from a

Superdex 200 increase 10/300 GL column are 12.99 mL and 14.15 mL,
corresponding to estimated molecular masses of ∼84 and 59 kDa,
respectively (Fig. 1E). These data indicate that the CC0-CC1 fragment
of DOT1L forms a hetero-octamer with AF10OM-LZ, while the CC2-
CC3 fragment forms a hetero-tetramer with AF10OM-LZ in so-
lution, in agreement with our structural result and the recent
published crystal structure of the CC2–AF10OM-LZ complex,
which was found to form a heterotetramer in solution due to the
dimerization of AF10 (24). Furthermore, we find that the complex
of the CC0-CC3 fragment of DOT1L, DOT1LCC0-CC3, with
AF10OM-LZ eluded from the column at 11.57 mL, which cor-
responds to an estimated molecular mass of about 131 kDa, a
value ∼4 times of the calculated molecular mass of the DOT1L–
AF10 heterodimer (Fig. 1E), indicating the formation of a hetero-
octamer in solution with longer fragments of DOT1L.

Protein Interaction Interfaces. Interactions responsible for tetra-
merization of the heterodimers occur at 2 interfaces, as indicated
by the boxed regions in Fig. 1D. One interface is located at the
very C-terminal region of the LZ-helix of AF10 (CC1 interface),
and another involves the OM helix of AF10 and a symmetry-
related CC0 helix of DOT1L (CC0 interface). In the CC1 in-
terface, the very C-terminal end of AF10LZ (amino acids L773 to
V780) plays a crucial role for homotetramerization of AF10 (Fig.
2A). Specifically, L774 and L778 from 1 AF10 protomer engage
L778 and L774 from a symmetry-related AF10, AF10–SYM1, via
hydrophobic interactions, while L773 and V780 from the same

AF10 protomer interact with V780 and L773 from a second
symmetry-related AF10, AF10–SYM2. A third symmetry-related
AF10, which is related to the AF10 protomer by a 2-fold sym-
metry around an axis perpendicular to the plane, does not con-
tact the AF10 protomer directly but it interacts with AF10–
SYM1 and AF10–SYM2 in a manner identical to the one above
(Fig. 2A). In addition, L778 of all 4 AF10 molecules at the in-
terface interact with L546 of the adjacent DOT1L molecule lined
the outside rim of the bowtie-shaped DOT1L–AF10 hetero-
octamer. At the CC0 interface, it is interesting to find that al-
though the OM helix of AF10 does not interact with the CC0 helix
of DOT1L in the same heterodimer, it interacts with the CC0 helix
of a symmetry-related DOT1L (DOT1L–SYM3) mainly through
hydrophobic interactions. Specifically, L719 and F730 of AF10
interact with F498 and L487 of DOT1L–SYM3, respectively. The
OM helix of AF10 also interacts with the OM helix of AF10–
SYM3 by hydrophobic interactions through 2 pairs of L720 and
L731 residues (Fig. 2B). These hydrophobic interactions constitute
the major octamerization force of the DOT1L–AF10 complex
besides the interactions within the heterodimer.
To confirm the role of the 2 hydrophobic interfaces in octamer

formation, we designed several AF10 mutants to test their effects
in octamer formation with DOT1LCC0-CC3. The L773R/L774R/
L778R/V780R quadruple mutant of AF10 is located at the CC1
interface, and the L719R/F730R and L720R/L731R double mu-
tants are located at the CC0 interface. Velocity sedimentation
analytical ultracentrifugation experiments show that the mutant
complexes all appeared significantly smaller than theWT complex,
indicating that the mutations impacted the formation of the
DOT1L–AF10 hetero-octamer (Fig. 2C). These results support
the structural findings that key hydrophobic interactions at the
CC1 and CC0 interfaces are important for the formation of the
higher-order AF10–DOT1L complex.

Determinants for Human DOT1L–AF10 Interaction. To definitively
test the roles of amino acid residues involved in intermolecular
interactions, it would be ideal to carry out in vitro pull-down ex-
periments with purified proteins. However, DOT1L fragments
containing the CC0 domain cannot be expressed individually in
soluble forms, although expression of DOT1L can be detected
when it forms a complex with AF10 or its derivatives. Alterna-
tively, we tested their binding by an intracellular fluorescence
colocalization approach, which offers the advantage of being close
to a physiological environment. Consistent with the structural findings,
the CC0-CC1 domain of DOT1L colocalizes with AF10OM-LZ and
AF10ΔOM, but does not interact with AF10OM alone, indicating
that the LZ domain of AF10 is responsible for interaction with
DOT1L (Fig. 3A, first 3 rows). A previous work showed that L757,
I761, and L764 of the AF10 LZ domain interact with the CC2
domain of DOT1L (24), and the same set of amino acids are
found to be important for interaction with the CC1 domain of
DOT1L in our study here (Fig. 1C).
Our earlier results showed that mutating AF10 residues at the

tetramerization interfaces of the DOT1L–AF10 heterodimers dis-
rupt the octamer formation (Fig. 2C). However, they should not
affect the binary interaction in the heterodimer. Indeed, when the
L773R/L774R/L778R/V780Rmutant of AF10 at the CC1 interface
and the L719R/F730R mutant at the CC0 interface were used in
the colocalization experiments, they retain the ability to bind
DOT1L (Fig. 3A, fourth and fifth rows). Similar results were
obtained using a longer DOT1L fragment containing all of the
4 CC domains (CC0 to CC3), and these interactions can also be
detected in in vitro copurification experiments (Fig. 3B and SI
Appendix, Fig. S3). Statistics of cells showing colocalization of AF10
or its mutants with DOT1L are shown in SI Appendix, Fig. S4.
Altogether, the fluorescence colocalization data fully corroborate
the structural and biochemical results, namely, formation of the
DOT1L–AF10 heterodimer is principally mediated by hydrophobic
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interaction between the DOT1L CC1 and the AF10 LZmotifs, and
the heterodimer formation is independent of the formation of
higher oligomers. These findings reveal an assembly pathway of the
observed DOT1L–AF10 octamer through tetramerization of their
heterodimers.

Role of the Higher-Order DOT1L–AF10 Complex in Leukemogenesis.
Previous studies have linked the interaction between DOT1L and
MLL1–AF10 to leukemogenesis (21, 24), but given our finding
that DOT1L and AF10 form a hetero-octamer, it is natural to ask
whether oligomerzation of the DOT1L–AF10 heterodimers has
any pathogeneic implications. To test this, serial colony formation
assays were used to evaluate the importance of interactions re-
sponsible for heterodimer and octamer formations in leukemo-
genesis. Hematopoietic progenitor cells isolated frommurine bone
marrow were transduced with retrovirus carrying MLL1-N, MLL1-
AF10, or MLL1–AF10 mutants. Cells were serially plated over 3
rounds, and colony numbers were counted. Consistent with the
previous reports, cells expressing the MLL1–AF10 fusion pro-
tein showed increasing numbers of colonies through 3 rounds of
plating, indicating the association with leukemic transformation

(Fig. 4A). Cells expressing MLL1–AF10L757R/I761R/L764R, which is
a mutant disrupting the binary interaction between DOT1L
and AF10, exhibited remarkably reduced transformation activi-
ties, a result consistent with that of the previously reported
AF10L757D/I761D/L764D mutant (24). The functional importance of
L757, I761, and L764 again proves that the LZ domain of AF10 is
crucial for the recruitment of DOT1L in the leukemogenesis
function of the MLL1–AF10 fusion protein.
Next, we examined the role of tetramerization of the AF10–

DOT1L heterodimer in leukemogenesis. As depicted in Fig. 1D,
2 interfaces are involved in the formation of AF10–DOT1L
hetero-octamer. One is the CC1 interface involving L773, L774,
L778, and V780 residues located at the very C-terminal region of
the LZ helix of AF10 (Fig. 2A). Cells expressing the MLL1–
AF10L773R/L774R/L778R/V780R mutant significantly lost its trans-
formation ability, as exhibited by the low number of colonies after
3 rounds of plating (Fig. 4A). The other is the CC0 interface
involving L719 and F730 of the OM helix of AF10 that interact
with the CC0 helix of DOT1L–SYM3, and L720 and L731 with
the symmetry-related OM helix of AF10–SYM3 (Fig. 2B). Cells

Fig. 2. Detailed interactions at the 2 oligomeric interfaces of human DOT1L–AF10 complex. (A) Hydrophobic interactions between 4 AF10 molecules at the CC1
interface located at the C-terminal end of the LZ helix of AF10. (B) Detailed interactions at the CC0 interface. The OM helix of AF10 interacts with the CC0 helix of
DOT1L–SYM3 and the OM helix of AF10–SYM3. Key residues are highlighted in a stick model. (C) AUC results showing distinct sedimentation properties, expressed
in estimated molecular mass, of complexes between DOT1LCC0-CC3 and AF10OM-LZ or its mutants.

Fig. 3. Fluorescence colocalization of AF10OM-LZ or its mutants with different CC domains of DOT1L. Cell nuclei are stained blue with DAPI, AF10 and its mutants
are fused with Cherry and colored red, DOT1L fragments with GFP tag are colored green. Overlap of red and green (yellow) spots indicates colocalization. (A) The
CC0-CC1 domain of DOT1L colocalize with the OM-LZ domain of AF10 or its mutants disrupted of octamer formation, but not with the OM domain alone or OM-LZ
mutants that affect formation of the heterodimer. (B) Similar results obtained when all 4 CC domains of DOT1L are present. Statistics of cells showing colocalization
are shown in SI Appendix, Fig. S4.
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expressing MLL1–AF10L719R/F730R or MLL1–AF10L720R/L731R

mutants both lost the colony formation activities, to a similar de-
gree as that of deletion of the OM helix in the MLL1–AF10ΔOM

mutant (Fig. 4A). Wright staining of the third-round cells showed
that the cells carrying the MLL1–AF10 mutants had diffuse col-
onies and exhibited the characteristics of differentiated diffused
nuclei, while cells expressing WT MLL1–AF10 showed compact
colonies and blast-like undifferentiated cell nuclei as previously
reported (Fig. 4 A and B) (21).
Leukemogenic activities of MLL1–AF10 are associated with

aberrant up-regulation of a number of genes. We next tested
whether the MLL1–AF10 fusion protein carrying the afore-
mentioned mutations in AF10 differ in their abilities from the
WT fusion protein in activating the relevant genes. qRT-PCR
was employed to detect the expression levels of MEIS1, HOXA7,
HOXA9, and HOXA11 genes using total RNA extracted from the
second-round plating cells. Consistent with the results of the

colony formation assay, cells expressing the MLL1–AF10 mu-
tants showed a dramatically down-regulated expression level of
all 4 selected genes (Fig. 4C). Furthermore, chromatin immu-
noprecipitation (ChIP) was carried out to explore the role of the
higher-order DOT1L–AF10 complex in directing DOT1L
methylase activity to MLL1–AF10-targeted genomic loci. Anti-
body against H3K79me2 was used to precipitate DNA fragments
associated with DOT1L activity, which is followed by qPCR
amplification to examine enrichment of DOT1L on the afore-
mentioned leukemia-associated genes, including MEIS1, HOXA7,
HOXA9, andHOXA11. As expected, much lower levels of DOT1L
activity could be detected at the 4 examined genes in cells
expressing the MLL1–AF10L757R/I761R/L764R mutant, which is de-
fective for interaction with DOT1L. Interestingly, we also find
remarkable reduction of H3K79 methylation at the 4 se-
lected genomic loci in cells expressing MLL1–AF10 mutants,
including L773R/L774R/L778R/V780R, ΔOM, L719R/F730R,

Fig. 4. Function of the higher-order DOT1L–AF10 complex in leukemogenesis. (A) Colony formation assays through 3 rounds of plating bone marrow cells
expressing MLL1–AF10 or its mutants. MLL1-N was used as a negative control. Colony numbers from each round were counted as shown (Upper). Pictures
of colonies from the third round are shown by 10-fold magnification (Lower). (B) Wright staining of the nuclei of third-round plated cells expressing MLL1–AF10 or
mutants (100-fold). (C) qRT-PCR results of the expression levels ofMEIS1, HOXA7, HOXA9, and HOXA11 genes in the second-round plated cells expressing MLL1-N,
MLL1–AF10, or its mutants. (D) ChIP-qPCR results show the different level of enrichment of DOT1L at MEIS1, HOXA7, HOXA9, and HOXA11 gene regions in the
second-round plated cells expressing MLL1-N, MLL1–AF10, or its mutants.
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and L720R/L731R, that still maintain interaction with DOT1L but
incapable of forming a DOT1L–AF10 octamer (Fig. 4D).
Taken together, we conclude that the leukemogenic activity of

the MLL1–AF10 fusion protein not only requires the binary in-
teraction between AF10 and DOT1L, but also formation of a
higher-order complex through tetramerization of the heterodimer.

Discussion
Previous studies have shown that MLL1–AF10’s leukemogenic
function involves the recruitment of H3K79 histone methyl-
transferase DOT1L through the OM-LZ domain of AF10, and
the CC domains of DOT1L have been implicated in the inter-
action. Nevertheless, their detailed interaction modes remained
unclear, as DOT1L contains 4 tandem CC domains. We found
that AF10 can interact with both the N- and C-terminal halves of
the CC domains of DOT1L, encompassing CC0-CC1 and CC2-
CC3 regions, respectively. This result is consistent with the re-
cent finding that AF10 could bind to CC1, CC2, and CC3 motifs
of AF10 independently, albeit with descending binding affinities.
The binding of AF10 to CC0 was not checked due to the diffi-
culty of making a soluble and well-behaved protein. The struc-
ture of human AF10OM-LZ in complex with the CC2 domain of
zebrafish DOT1L has been recently solved, showing the LZ helix
of AF10 interact with the CC2 helix of DOT1L via a classical
knobs-into-holes packing. However, interesting questions re-
main, including whether AF10 binds different CC motifs in a
similar manner, and whether CC0 of DOT1L plays any role in
interaction with AF10.
Our structure of AF10OM-LZ in complex with the CC0-CC1

fragment of DOT1L provides an opportunity to directly compare
the differences between binding to CC1 and CC2. Aligning the LZ
helix of AF10 from the 2 structures shows that it interacts with
CC1 (salmon) and CC2 (cyan) of DOT1L in a similar manner (SI
Appendix, Fig. S5A). The 3 key residues of AF10, L757, I761, and
L764, respectively, interact with L525, A529, and L532 from CC1,
while L757 and L764, respectively, interact with L578 and L585 of
CC2 via hydrophobic interactions (SI Appendix, Fig. S5A). Please
note that we number AF10 residues using the convention by
Okada et al. (21), which differs from the one used in the structure
of 6CKO by 16 residues due to references to different AF10 iso-
forms. In the CC1 complex, A529 uses its small hydrophobic
sidechain to interact with I761, while in the CC2 complex, T582 of
zebrafish DOT1L (S582 in human DOT1L) takes the place of
A529. This residue is not strictly conserved among CC1 to CC3,
and the difference may account for their different binding affinities
when tested in isolation (SI Appendix, Fig. S5B).
Direct binding of an isolated CC0 of DOT1L to AF10OM-LZ is

not tested due to difficulty of obtaining a soluble sample. In the
absence of CC0, the structure of the CC2 complex shows that
the OM helix of AF10 folds back and packs against the LZ helix
(SI Appendix, Fig. S5A). This self-interaction of AF10 is not
observed in our DOT1L–AF10 complex in the presence of CC0,
as the OM helix interacts with the CC0 helix from an adjacent
heterodimer to form an octameric complex. Given that the LZ
domain of AF10 can interact with CC1 to CC3 independently, it
is interesting to wonder which CC motif of DOT1L does the LZ
domain bind under a physiological setting? We think CC1 is the
most probable binding site of the LZ domain of AF10 for the
following reasons: First, CC1 is reported to have the highest
binding affinity compared to CC2 and CC3 (24); second, the
presence of CC0 and its engagement with the OM domain of
AF10 from an adjacent heterodimer in our structure with a
longer fragment of DOT1L places a spatial constraint that
better suited the CC1 domain to interact with the LZ helix of
AF10. In fact, our in vitro experiments with the CC1 or CC2
mutant of the CC0-CC3 fragment of DOT1L individually de-
fective in AF10 binding show that they respectively form tet-
rameric and octameric complexes with AF10, assayed by velocity

sedimentation analytical ultracentrifugation (AUC) experiments
(SI Appendix, Fig. S6). This result is consistent with the binding
of AF10 to the CC1 domain in an in vitro setting. Obviously, we
cannot rule out the possibility that the LZ helix of AF10 may
directly bind CC2 or CC3 in vivo, such as conformational rear-
rangement in the presence of other proteins.
The most striking finding from our study is that 4 AF10–

DOT1L heterodimers tetramerize to form a hetero-octamer,
which was first observed in the crystal lattice, and subsequently
we confirmed its existence in solution through biochemical and
functional analyses. This finding provides a clue of the patho-
genesis function of the MLL1–AF10 fusion protein through the
formation of a higher order-oligomeric state. Interestingly, a
similar finding concerning the oligomeric AML1-ETO fusion
protein in leukemogenesis has been reported (26). Since we used
shorter fragments of AF10 and DOT1L in our biochemical
analysis, one may ask whether there is evidence of octamer
formation for full-length or large fragments of AF10 and DOT1L.
Several lines of evidence suggest so. First, size-exclusion column
chromatography and low-resolution electron microscopy (EM)
studies revealed that full-length AF10 forms a homo-tetramer in
solution, which is consistent with our structural result that the
OM-LZ domains of AF10 forms a tetramer and each AF10 is
bound by one DOT1L in the hetero-octamer (27). Second, al-
though we were not able to express full-length DOT1L for bio-
chemical characterization, we did succeed in using a large
fragment of DOT1L (amino acids 419 to 670) encompassing the
entire 4 CC motifs, from CC0 to CC3, for complex formation with
AF10. The measured molecular mass of this complex is approxi-
mately 4 times of the calculated mass of one heterodimer (SI
Appendix, Fig. S1). Furthermore, our in vivo leukemogenic studies
of the full-length MLL1–AF10 and its mutants fully corroborate
with the structural results. Obviously, it would be ideal to obtain a
complex structure of full-length MLL1–AF10 and DOT1L, such
as using the powerful cryo-EM reconstruction, to definitively vi-
sualize the functional architecture of the protein complex. Nev-
ertheless, our results presented here do generate deeper questions
concerning the mechanisms underlying the pathogenic function of
MLL1–AF10, such as how the multimeric complex serves to re-
cruit DOT1L more effectively, to increase the dosage of DOT1L
at the relevant genomic loci, or to provide a specific configuration
needed for a yet-unknown process during leukemogenesis? An
understanding to these questions will undoubtedly increase our
knowledge about the disease process and help developing more
effective intervention strategies.

Experimental Procedures
cDNA fragments encoding various truncations of human AF10 and DOT1L
or their mutants were expressed in E. coli and purified by affinity, ion-exchange,
and gel-filtration column chromatography. The human AF10699-782–DOT1L470-550

complex was crystallized by hanging drop vapor diffusion and the crystal
structure was solved by the single-wavelength anomalous dispersion method.
Detailed statistics for data collection and refinement are shown in SI Appendix,
Table S1. Florescence colocalization experiments were carried out using a LacI-
LacO targeting system. Colony formation, qPCR, and ChIP assays were per-
formed as described previously (20, 21, 24). Detailed methods and associated
references are available in SI Appendix.
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