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ABSTRACT: MLL-fusion proteins, AF9 and ENL, play an essential role in the recruitment of DOTIL and H3K79 hypermethyla-
tion of MLL target genes, which is pivotal for leukemogenesis. Blocking these interactions may represent a novel therapeutic ap-
proach for MLL-rearranged leukemia. Based on the 7 mer DOT1L peptide, a class of peptidomimetics was designed. Compound 21
with modified middle residues, achieved significantly improved binding affinities to AF9 and ENL, with KD values of 15 nM and
57 nM, respectively. Importantly, 21 recognizes and binds to the cellular AF9 protein, and effectively inhibits the AF9-DOTI1L
interactions in cells. Modifications of the N- and C-termini of 21 resulted in 28 with 2-fold improved binding affinity to AF9, and
much decreased peptidic characteristics. Our study provides a proof-of-concept for development of nonpeptidic compounds to in-
hibit DOTIL activity by targeting its recruitment and the interactions between DOT1L and MLL-oncofusion proteins, AF9 and

ENL.

Introduction

Translocation of the mixed lineage leukemia gene (MLLI)
is one of the most common chromosome rearrangements
found in leukemia patients'. To date more than 70 genes have
been reported to fuse with MLLI*. Among MLL fusion pro-
teins, MLL-AF4, MLL-AF9, MLL-AF10, and MLL-ENL
account for more than 80% of MLL leukemias’. AF9 and ENL
are closely related members of YEATS domain protein family
and have been identified as part of several reported complexes
known as Super Elongation Complex (SEC), AEP (AF4, ENL,
P-TEFb) and DotCom Complex“. They share high homology
in their C-terminal hydrophobic domain known as ANCI1 Ho-
mology Domain (AHD) that is responsible for the recruitment
of several multiprotein complexes’. Through these protein-
protein interactions (PPIs) AF9 and ENL recruits both gene
repressive complexes through CXB8 and BCoR as well as
gene activating complexes through AF4 and DOTIL". Both
AF4 and DOTIL share a conserved AF9/ENL binding domain
that interact with the same AHD domain of AF9 and ENL in a
mutually exclusive manner” '*"". One of the molecular mech-
anisms of leukemogenesis is mediated by the recruitment of
the histone methyltransferase DOT1L, Disruptor of Telomeric
silencing 1-like, by MLL-AF9/ENL, to MLL1 target genes,
such as HOXA9 and MEISI. The recruitment of DOTIL re-
sults in hypermethylation of H3K79 at the HOXA9 and MEIS]
loci and sustained expression of these genes, which is pivotal
for leukemogenesis induced by these MLL oncogenic fusion
proteins'*'*. DOTIL is a validated therapeutic target for MLL-
rearranged leukemia and a small molecule, SAM competitive
DOTIL inhibitor, EPZ-5676, has entered phase I clinical tri-
als". However, several groups, using conditional DOT1L-

knockout mouse models, have demonstrated that DOTIL
plays an important role in maintaining normal adult hemato-
poiesis'®"”, which raise the possibility of side effects by direct
targeting of the catalytic domain. Therefore, investigating and
developing alternative strategies for inhibiting DOT1L activity
is important and necessary.

Our group characterized for the first time the protein-protein
interactions between DOTI1L and MLL fusion oncogenic pro-
teins, AF9 and ENL, on biochemical, biophysical and func-
tional level'”. This study mapped a 10 amino-acid region in
DOTIL (aa 865-874) as the AF9/ENL binding site (peptide 1,
Table 1). Peptide 1 binds to AF9/ENL and blocks the interac-
tion between DOTIL and AF9/ENL in cell lysate'’. Important-
ly, functional studies show that the mapped 10-amino acid
interacting site is essential for immortalization by MLL-AF9,
indicating that DOT1L interaction and recruitment with MLL-
AF9 are required for hematopoietic transformation'’. In an
independent study using NMR spectroscopy, Kuntimaddi et al.
confirmed the interaction site through the 10 mer peptide 1,
labeled as site 2, and identified two additional DOT1L motifs:
site 1 (aa 628-653), and site 3 (aa 878-900) which can bind to
the same region in AF9 (aa 499-568) as site 2'*. The sequence
between site 2 and site 3 is highly conserved and they repre-
sent high-affinity binding motifs (Figure 1A). We synthesized
two corresponding fluorescent labeled 10 mer peptides based
on the sequence extracted from site 2 and site 3, respectively.
Using a fluorescent polarization (FP) based assay, their bind-
ing affinities to AF9 and ENL were determined. Both peptides
potently bound to AF9 and ENL, with the peptide derived
from site 3 showing about 2 times more potent binding in
comparison with the peptide derived from site 2 (Figure 1A).
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We and others have shown that DOT1L and AF4 bind with
similar binding affinity and compete for the same, AHD do-
main in AF9 and ENL protein'®'""°. Consistently, NMR stud-
ies indicate that the AF4 protein'' as well as DOTIL binding
motifs at sites 2 and 3,'® have similar binding modes to AF9.
The NMR solution structure of the DOTIL-AF9 complex
showed that DOTIL residues 879 to 884 from site 3 form a
strand (Figure 1B). The protein-protein interface is mainly
hydrophobic and the side chains of L879, V881, 1883, L885
and V888 have critical hydrophobic interactions with AF9
(Figure 1B). Furthermore, the amino and carbonyl groups of
Val881 and I1e883 form two pairs of hydrogen bonds with
Phe545 and Phe543 in AF9, respectively. These studies pro-
vide a concrete basis for using DOTIL conserved binding
motif (site 2 and site 3) as a promising lead structure towards
the design of potent peptidomimetics and nonpeptidic com-
pounds that target the interactions between MLL-AF9/ENL

A)
Binding Sequence AF9 ENL
Site Kp[nM] | Kp [nM]
2 K(FAM)-BAla-BAla- 45+17 | 551+144
LPISIPLSTV (865-874)
3 K(FITC)-BAla-BAla- 1945 19822
LPVSIPLASV (879-888)
B)

and DOTIL. In this letter for the first time, we report the de-
sign and synthesis of DOT1L peptidomimetics that bind to the
AF9 and ENL oncogenic fusion proteins and block their inter-
actions with DOT1L.

Figure 1. A) Binding affinity of 10 mer peptides derived from
binding sites 2 and 3, respectively, against AF9 and ENL pro-
teins; B) NMR solution structure of the DOT1L-AF9 complex
(PDB ID: 2MV7).

Results

In our previous study'’, we performed alanine-scanning mu-
tagenesis of DOTIL peptide 1 (Table 1) and mutating four
critical hydrophobic residues, L865, 1867, 1869, and L871,
significantly decreased their binding affinity to both AF9 and
ENL proteins. Interestingly, mutation of the last three residues
in the DOT1L 10 mer peptide was well tolerated and showed
only a 2-6-fold decrease in the binding affinity in comparison
with the wild type peptide'’. As expected, 7 mer peptide 2
showed reasonable binding affinity to AF9 with a K; value of
0.16 uM, 8-fold less than 10 mer peptide 1 (Table 1). Im-
portantly, the 7 mer peptide derived from site 3, peptide 3,
showed identical binding affinity as 2 (Table 1), consistent
with the binding affinities of the 10 mer peptides obtained
from these two binding sites (Figure 1A). Therefore, in our

follow up chemical modifications, 7 mer peptide 2 was select-
ed as a promising lead structure for further optimization.
Based on the structural information and essential key binding
elements in DOTIL, we separated peptide 2 into three parts:
the N-terminal two residues, the middle three residues and the
C-terminal two residues (Figure 2). We demonstrated that the
1867 and 1869 are critical hydrophobic residues that are buried
within the DOTIL-AF9 interface'’. Therefore, the peptide
scaffold of the middle three residues was preserved to main-
tain the hydrogen bonds with the protein, and focused on the
modification of the 1867 and 1869 side chains. In the N-
terminal and C-terminal dipeptide moieties, the side chains of
L865 and L871 respectively, have hydrophobic interactions
with AF9. Thus, these two parts were replaced with non-
peptidic scaffolds and hydrophobic groups to mimic the side
chains of these leucine residues.

To improve the synthetic efficiency, we used a convergent
method for the synthesis of the designed compounds by link-
ing different fragments. Therefore, homogeneous reactions
instead of solid phase synthesis were used. For the conven-
ience of synthesis, we designed compound 4 by replacing the
primary amide in 2 with a dimethylated tertiary amide. In our
FP competitive binding assay, 4 binds to AF9 with a K; value
0f 0.30 uM and is only slightly less potent than 2 and 3, indi-
cating that this modification is not detrimental to the binding.
To probe the hydrophobic interactions of 1867, we designed
compounds 5-9 where the isoleucine was replaced with a se-
ries of natural or unnatural amino acids. The binding results
showed that this pocket is very sensitive to the modifications,
and only when the isoleucine residue is replaced with valine,
the binding affinity can be slightly improved (5, K; 0.17 uM).
Introducing other amino acids at this position, such as leucine,
cyclopropyl alanine and cyclobutyl alanine, resulted in re-
duced binding affinity by 3-5-fold (compounds 6-8). Replac-
ing isoleucine with a larger phenylalanine in 9, significantly
decreased the binding by about 20-fold (K; 5.62 pM), indicat-
ing that this pocket can accommodate a small hydrophobic

group.

Replacing with non-
peptidic scaffold

Replacing with non-
peptidic scaffold

Hydrophobic group
exploration

Figure 2. Modification strategy for 7 mer DOTIL peptide 2.

We then explored the hydrophobic interactions of I869. The
NMR structure indicated that this pocket could accommodate
a larger hydrophobic group and therefore we tried a series of
amino acids with a larger hydrophobic side chain. Replace-
ment of the isoleucine residue with a cyclopentyl glycine
doesn’t influence the binding affinity (10, K; 0.25 uM). How-
ever, enlarging the five-membered ring to a six-membered
ring decreases the binding affinity by two-fold (11 vs 10). This
might suggest that the pocket is not deep enough to accommo-
date a larger cyclohexyl group. Replacement of the isoleucine
with leucine (12, K; 0.83 uM) decreases the binding by 3 fold,
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but using an unnatural cyclopentyl alanine at this position can
slightly improve the binding affinity. The resulted compound
13 shows a K; of 0.13 pM in our FP binding assay and is 2
times more potent than 4. Replacing the cyclopentyl ring in 13
with a cyclohexyl in 14 (K; 0.18 uM) or a phenyl ring in 15
(K; 0.28 uM) only slightly decreases the binding affinity. Re-
placing the cyclopentyl ring in 13 with a larger hydrophobic
group, such as an indole (16) or a naphthyl group (17, 18), led
to decrease binding in comparison with 13. 16 with a K; 0.41
uM is about three-fold less potent than 13, while B-naphthyl
group containing compound 17, is five-fold less potent (K;
0.73 uM). The a-naphthyl ring containing compound 18 shows
a K; value of 2.6 pM, being 15 times less potent than 13 and
the least potent peptide in this series. Overall, among all the
amino acids we have tried at this position, cyclopentyl alanine
is the most optimal substitution for R; (compound 13).

Table 1: Optimization of the middle three residues

@Y HL 2 ° \y”\/&
AcHN
Pen. AF9 ENL
tidgs R, R, R ICs, uM ICs, uM
(K, uM) (K, uM)
1 10 mer site 2 (865-874) | 0.14+0.03 | 0.63£0.19
Ac-LPISIPLSTV-NH, 0.02+0.005 0.15+0.05
) 7 mer site 2 (865-871) 1.04+0.10 | 10.3+0.55
Ac-LPISIPL-NH, 0.16+0.03 3.37+0.19
3 7 mer site 3 (879-885) 1.02+0.13 | 4.79+0.89
Ac-LPVSIPL-NH, 0.16+0.02 1.43+0.32
N N 1.78 £0.13 | 6.83+0.51
4 S| OH S 5300002 | 215018
N N 1.10£0.29 | 3.60+0.50
S S OH S 075000 | 1012018
. N 6.40£0.23 | 43.9+2.48
6 T OH | X 1.16£0.04 | 15.2+0.87
n N 429+0.71 | 14.6+2.73
T v OH | 0781015 | 4.8940.96
‘ N 7.23+038 | 23.6+2.53
8 77| OH |20 1515007 | 8.0440.89
. \ 30.52+1.75 | 177+10.2
T -
? O OH | X 5.62+0.3 62.0+3.39
N | 1.49+050 | 4.54+0.81
10 S OH Qg 0.25+0.09 | 1.34+0.29
N | 3.49£041 | 10.5+2.63
1 S OH | 0.62+0.08 | 3.44+0.93
N s | 4.66£0.13 | 18.6+1.67
12 S OH | T 0.83+0.02 | 6.29+0.59
N 0.85£0.12 | 2.17+0.71
13 S OH | Drx 0.13+0.02 | 0.51+0.25
N 1.14+0.02 | 6.06+1.54
14 S OH | O 0.18+0.01 1.88+0.54
. (1 1.66£0.47 | 22.7+4.67
15 |} x| OH 0.28£0.09 | 7.73+1.65

N + 237+0.82 | 7.4240.39

16 ~X | OH %@ 0.41£0.15 | 2.35+0.14
o ‘| 4.11£043 | 42.243.03
17|~ | OH 0.73£0.08 | 14.6£0.07
B v | 14.19+0.38 | 57.8+4.37

18 ~ | OH 2.6£0.07 20.1£1.54
19 b e |k | 242842.03 | 1724158
4.25+0.1 60.245.57

N N 1.2040.33 | 4.25+1.15

20 S| N2 S 00040.06 | 1242041
N 0.12+0.02 | 0.39£0.10

21 N NH, | O 0.02+£0.001 | 0.09+0.02

The AF9-DOTIL NMR complex structure showed that the
side chain of serine residue, S882, is exposed to the solvent
and has no interaction with the protein'®. Therefore, this resi-
due was used to modify the physicochemical properties and
solubility of the peptides, since the other residues are largely
hydrophobic. Replacing serine with lysine, dramatically de-
creases the binding affinity by 15-fold (19 vs 4), indicating
that a larger group at this site is detrimental to the binding.
Replacement of the hydroxyl group in the serine residue of 4
with an amino group led to the compound 20 with slightly
improved K; value of 0.19 puM. Combining the SAR infor-
mation obtained from studying the middle three residues we
designed compound 21. Interestingly, this compound binds to
AF9 with a K; of 0.02 pM, being 10 times more potent than 4
and as potent as the 10 mer peptide 1. All of these compounds
have been tested for their binding to the highly homologous
ENL protein (Table 1). The results indicated that these com-
pounds bind to ENL with 5-10 times less potent binding affini-
ties in comparison to AF9, consistent with the binding profile
of 10 mer DOT1L peptide 1.

To further confirm the binding affinity of the most potent
compound 21, and to determine whether 21 recognizes and
binds cellular oncofusion proteins, a biotin-labeled analog 22
was synthesized. As was expected, biochemical assays show
that 22 has similar low nanomolar binding affinities as 21 to
AF9 and ENL recombinant proteins. In FP binding assay, 22
shows K; values of 10 nM and 63 nM to AF9 and ENL, re-
spectively. Using biolayer interferometry assay (BLI), it was
determined that this compound binds to AF9 and ENL with Kp
values of 15 nM and 57 nM, respectively (Figure 3A), con-
sistent with the K; values obtained by the competitive FP as-
say. The recombinant proteins used for the binding studies are
tagged with maltose binding protein (MBP) to preserve the
stability and solubility of the intrinsically disordered AHD
domain of AF9 and ENL proteins. The specific interactions of
the compound 22 with fusion proteins was confirmed by test-
ing it for its binding to the MBP tag protein only and didn’t
show any binding (Supplement Figure S1). To assess wheth-
er peptide 22 can bind to the cellular AF9 oncofusion protein,
we have transfected HEK 293t cells with Myc-tagged CxxC-
AF9 protein. In streptavidin-biotin pull-down experiments,
compound 22 efficiently pulls down cellular Myc-CxxC-AF9
protein in a dose dependent manner using HEK 293t cell ly-
sates (Figure 3B). Moreover, in a competitive pull-down as-
say, compound 21 dose dependently inhibits the binding of
biotinylated compound 22 to the cellular Myc-CxxC-AF9
protein, with approximately 60% inhibition at 100 nM (Figure
3C). To test if the most potent compound 21 can disrupt the

3
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MLL-AF9-DOTIL interaction in cells, we performed co-
immunoprecipitation (co-IP) experiment in HEK 293t cells co-
transfected with Flag-DOTIL and Myc-CxxC-AF9 (Figure
3E). DOTIL was equally pulled down and in the absence of
21, the AF9 was efficiently co-IPed showing intact DOT1L-
AF9 complex. Incubation of the cell lysates with 21 disrupted
the DOT1L-AF9 complex in a dose-dependent manner. To-
gether these experiments demonstrate that both, compounds 21
and biotinylated 22, recognize and bind to the cellular AF9
protein, and 21 effectively inhibits the DOT1L-AF9 interac-
tion in cells.

\,
H N7
A) NH, 00\\’N\/§
H H :
NN N, i i ©
[o] N N ‘ NQ
S /W\TN 0% AN ° \7/
H; H H !
HNYNH
22
o

B)

KD =57+ 14nM

20 40 60 6 100 200 300 400 500
MBP-AFS [nM] MBP-ENL [nM]
g 22

20%input 0 3 1 03 0.1 (uM)

Gh:\li\é)k - ' r .- Myc-CxxC-AF9

22 [1uM]

D) + - + + + +
1%

; - - 01 03 1 3 21[uM
v nput i . i uM]
64 kD ., - g

Bew LA eema Lk

57% 98% 84% 100% Percentinhibition

Myc-CxxC-AF9

E)
5%
Input IgG 0 03 1 3 10 21 [uM]

W S B s S Flag-DOTIL 180 kD

- W S e e o Myc-cxxc-AF9 64kD
9.8% 1.3% 33% 62% Percentinhibition

Figure 3. Biotinylated compound 22. A) Chemical structure
and K; values obtained by FP based binding assay; B) Binding
affinity determined by BLI against two oncofusion proteins,
AF9 and ENL; C) Pull down assay using HEK 293t cells tran-
siently transfected with Myc-CxxC-AF9. D) Compound 21 in
a competitive manner inhibits binding of biotinylated 22 to
cellular Myc-CxxC-AF9. E) Co-IP experiment in HEK 293t
cells co-transfected with Flag-DOT1L and Myc-CxxC-AF9.

Towards the development of DOT1L peptidomimetics, pre-
liminary studies were performed for the modifications of both
the C- and N-termini. In the following design, the middle three
residues were kept as in the most potent compound 21. Both
the C- and N-terminal dipeptide motifs contain a proline resi-
due and a leucine residue. Among all-natural amino acids,
proline is unique in that it can strongly influence the confor-
mation of the peptide; therefore, in our initial studies the pyr-
rolidine ring was kept on the both termini. In peptide modifi-
cations, replacing the amide bond with a hetero-aromatic ring

is a frequently used method to mimic the planar structure of
the amide and to improve the metabolic stability. Thus, for the
C-terminal modifications we designed compounds 23-26 by
replacing the amide bond between proline and leucine with an
imidazole ring and by introducing substitute groups to mimic
the side chain of leucine involved in interaction with AF9. In
these compounds, a phenyl ring was introduced to the C, posi-
tion of the imidazole and various hydrophobic groups were
introduced to the Nj, respectively. These compounds have
been tested in the FP competitive binding assay and the results
indicated that compounds with a small hydrophobic group on
N (23-25) have decreased binding affinity comparing with 21.
However, compound 26 which has a cyclohexyl group on N,
shows a K; value of 13 nM to AF9 and is slightly more potent
than 21. These results suggest that a larger hydrophobic group
at N, could bind to a bigger hydrophobic pocket and improve
the binding affinity.

Table 2. Modification of the C-terminal and N-terminal dipep-
tidic motifs

Ph

(j\f“ i /QN(HE 7 NE/N\RW
N “"ON "N
RZ/&O 0o /G\H 0 %\3
MBP-AF9 | MBP-ENL
Peptides Rl R2 ICSO? nM IC507 nM (Kia
(K, nM) nM)
372+ 141 | 1,773 % 194
23 Me | T | s7in 417+ 46
34175 | 1.570+438
24 B | T | s0sis 369+ 103
. 369+ 113 | 1,220 130
25 = O g O (g 28731
82+ 17 427+ 74
26| O | T | 33 101+ 18
149+37 | 237£30 56
27 OW T 23+ 6 +7
5717 504 = 39
8 | (| Ph 9+3 11949

The acetylamido group at the N-terminus is exposed to the
solvent and doesn’t interact with the protein. Therefore, we
designed compound 27 by removing this group. Compound 27
has a K; value of 23 nM for AF9 protein and is about two
times weaker than 26, indicating that the acetylamido group
could play a role in controlling the orientation of the hydro-
phobic side chain of the leucine residue. We then designed
compound 28 by replacing the 2-methyl-butyl group in 27
with a phenyl ring. This compound binds to AF9 with a Ki
value of 9 nM, about 3 times more potent than 27 and 2 times
more potent than 21, indicating that non-peptidic modifica-
tions of the two terminal residues not only can reduce the pep-
tidic characteristic of the compounds, but can also improve the
binding affinity.

These compounds have also been evaluated for their bind-
ing affinities to ENL. Similar to the 7 mer analogs, the C-
terminal modified compounds 23-26 bind to ENL 5-10-fold
less potent than to AF9. However, the N-terminal modified
compounds 27 and 28 show a different trend. 27 binds to ENL
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with a K; value of 56 nM and is only 2-3 times less potent to
AF9, but 28 binds to AF-9 13-fold more potently than to ENL,
suggesting that N-terminal modifications could alter the selec-
tivity in binding to the two fusion proteins.

In summary, based on the 7 mer DOT1L peptide, a series of
peptidomimetics was designed and synthesized to improve the
binding affinity to AF9 and decrease the peptidic characteris-
tics. By optimizing the middle three residues we identified
peptide 21 which has a significantly improved binding affinity
compared to the original peptide 2. Based on 21, we have per-
formed preliminary modifications to both the C- and N-termini
of 21. For C-terminal dipeptide motif we found that the amide
bond in the dipeptide can be replaced with an imidazole ring
and hydrophobic groups can be introduced to the imidazole
ring to mimic the hydrophobic interaction of the DOTIL leu-
cine residue L871. For the N-terminal dipeptide motif, re-
placement of the leucine residue L865 with a suitable hydro-
phobic group can improve the binding affinity. Detailed modi-
fications to the C- and N-terminal residues and the mechanistic
studies for the designed compounds are proceeding and the
results will be reported subsequently.

ASSOCIATED CONTENT

Supporting Information

The experimental details for the synthesis of the designed com-
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