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Summary

Here we report a comprehensive characterization of our newly developed inhibitor MM-401 that
targets the MLL1 H3 lysine (K) 4 methyltransferase activity. MM-401 is able to specifically
inhibit MLL1 activity by blocking MLL1-WDRS5 interaction and thus the complex assembly. This
novel targeting strategy does not affect other MLL family HMTs, revealing a unique regulatory
feature for the MLL1 complex. Using MM-401 and its enantiomer control MM-NC-401, we show
that inhibiting MLL1 methyltransferase activity specifically blocks proliferation of MLL leukemia
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cells by inducing cell cycle arrest, apoptosis and myeloid differentiation without general toxicity
to normal bone marrow cells or non-MLL leukemia cells. More importantly, transcriptome
analyses show that MM-401 induces similar changes in gene expression as MLL1 deletion,
supporting a predominant role of MLL1 activity in regulating MLL1-dependent leukemia
transcription program. We envision broad applications for MM-401 in basic and translational

Introduction

MLL1 (also called MLL, KMT2A, HRX, HTRX and ALL1) is one of the six MLL family
histone methyltransferases (HMT) in mammals (Dou et al., 2005; Milne et al., 2002;
Nakamura et al., 2002). It catalyzes mono-, di- and tri-methylation of histone H3 on K4
through the evolutionarily conserved SET domain. Both MLL1 and H3 K4 methylation
(H3K4me) localize across gene promoters, transcription start sites (TSS) and 5 transcribed
regions of target genes and facilitate transcription initiation (Guenther et al., 2005; Lauberth
et al., 2013). Deregulation of MLL1 accounts for 5-10% of acute myeloid leukemia (AML)
in adults and almost 70% of acute lymphoblastic leukemia (ALL) in infants (Ayton and
Cleary, 2001). The most common MLL1 rearrangements are balanced MLL1 translocations,
in which one MLL1 allele is truncated and fused in frame with over 70 partners to produce
oncogenic MLL1 fusion proteins (e.g. MLL-AF9, MLL-ENL) (Ayton and Cleary, 2001;
Bernt and Armstrong, 2011; Dou and Hess, 2008) Mechanistic studies showed that at least
some MLL1 fusion proteins, especially those forming the EAP complex (Mueller et al.,
2007), are recruited to Hoxa9 and directly stimulate transcription elongation by recruiting
cofactor complexes such as PAFc (Milne et al., 2010; Muntean et al., 2010), DOT1L (Jo et
al., 2011; Krivtsov et al., 2007; Okada et al., 2005) as well as pTEFb/BRD4 (Lin et al.,
2010; Yokoyama et al., 2010). In addition to MLL1 rearrangement, MLL1 tandem
duplication and amplification are also reported in subpopulations of MLL leukemia. With
rare exception (Ohyashiki et al., 1986), one common feature of the MLL1 abnormality in
leukemia is the preservation of at least one wild type MLL1 allele with the intact SET
domain.

Mouse genetic studies have shown that MLL1 is essential for fetal and adult hematopoiesis
by regulating expression of Hox genes (e.g. Hoxa9) and other transcription cofactors
promoting hematopoietic stem cell expansion (Artinger et al., 2013a; Jude et al., 2007;
McMahon et al., 2007; Yu et al., 1995). In addition to regulating normal hematopoiesis, wild
type MLL1 is also required for MLL1 fusion protein mediated leukemogenesis in vivo
(Thiel et al., 2010). It has been shown that knocking out wild type MLL1 allele leads to loss
of leukemic transformation capability of MLL-AF9 cells even in the presence of the onco-
driving MLL1 fusion protein (Thiel et al., 2010). These genetic studies, however, have not
specifically examined the role of MLL1 mediated H3K4me. Indeed, deleting MLL1 SET
domain in mice does not lead to gross defects in hematopoietic development (Terranova et
al., 2006), raising the questions on whether H3K4me by MLL1 plays an important role in
normal hematopoiesis. The importance of H3K4me by MLL1 has not been directly tested in
MLL leukemia.

Regulation of MLL1 activity is unique since the MLL1 SET domain has extremely low
HMT activity, which is dramatically enhanced upon assembly into a core complex with
three other proteins WDR5, ASH2L and RbBP5 (WAR) (Dou et al., 2006). All three
proteins contribute to the optimal activity of the MLL1 complex, albeit through different
mechanisms (Cao et al., 2010). Depleting any of these three proteins leads to drastic
reduction of overall activity of the MLL1 complex. Importantly, it is shown that the
interaction between MLL1 and WDRS is critical for the integrity of the MLL1 complex and
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therefore, its methyltransferase activity (Dou et al., 2006; Patel et al., 2008; Song and
Kingston, 2008). We, and others, further exploit this feature to develop inhibitors of the
MLL1 methyltransferase activity. Blocking MLL1-WDRS5 interaction by small molecule
inhibitors leads to potent inhibition of the MLL1 methyltransferase activity in vitro (Karatas
et al., 2013; Senisterra et al., 2013). However, these inhibitors are not characterized for their
inhibition of other MLL family HMTSs and their effects on H3K4me and MLL1-dependent
transcriptome in cells.

Here we report a comprehensive characterization of our newly developed inhibitor,
MM-401, for MLL1 methyltransferase activity. MM-401 is able to inhibit MLL1 activity by
blocking MLL1-WDRS interaction. Importantly, our targeting strategy does not affect other
MLL family HMTSs, revealing a unique regulatory feature of the MLL1 complex.
Furthermore, MM-401, but not its enantiomer control MM-NC-401, specifically inhibits
growth of MLL leukemia cells by inducing cell cycle arrest, apoptosis and myeloid
differentiation without general toxicity to normal bone marrow cells or inhibition of non-
MLL leukemia cells. At the molecular level, RNA-sequencing analyses show that MM-401
induces similar changes in gene expression as MLL1 deletion, supporting a major role of
H3K4me by MLL1 in MLL leukemia.

Development of MM-401 for inhibiting MLL1 methyltransferase activity

Here we report the development of a cyclic compound MM401 that targets MLL1-WDR5
interaction interface required for the integrity of the MLL1 core complex (Figure 1A). The
design of MM-401 is based on the linear peptidomimetic MM-101 we previously reported
(Karatas et al., 2013). Compare to MM-101, MM-401 maintained high binding affinity to
WDR5 (K< 1 nM) as detected by the label-free BioLayer Interferometry (BLI1/OctetRED)
assay (Supplemental Figure 1A). Binding equilibrium fitting of MM-401 as well as binding
kinetics for MM-401 were summarized in Supplemental Figure 1B-1D. The high binding
affinity of MM-401 was further confirmed by the competitive fluorescence polarization (FP)
experiment, which showed that MM-401 had a half-maximum inhibitory concentration
(ICsp) of 0.9 nM in disrupting WDR5-MLL1 interaction (Supplemental Figure 1E and 1F).
This represents over 3 and 700 folds more potency relative to MM-101 (IC5q = 2.9 nM) and
the WDR5-interacting motif in MLL1 (WIN, ICgg = 750 nM) (Supplemental Figure 1F). We
also synthesized MM-NC-401, the enantiomer of MM-401, which had identical
physiochemical properties and chemical structure with the exception of stereochemistry for
four chiral centers (Figure 1A). MM-NC-401 had no detectable binding to WDR5 (ICsg >
100 pM, K;> 10 uM) (Supplemental Figure 1C, 1D and 1F) and was used as the negative
control for assays described herein. The synthesis of both compounds is described
elsewhere.

We first determined the co-crystal structure of MM-401 in complex with WDR5 at a
resolution of 2.1 A to confirm our specific targeting strategy (Figure 1B—1D). Data
collection and refinement statics were provided in Table 1. Analysis of the WDR5/MM-401
complex structure confirmed that the interaction network between WDR5 and MM-401 was
well conserved compared to that of WDR5-MLL1 interaction (Figure 1C). The interactions
were mediated by a series of hydrogen bond and van der Waals interactions (Figure 1D).
The Arg guanidinium moiety of MM-401 was sandwiched between two aromatic rings from
F133 and F263 by cation-m stacking interactions (Figure 1E). Further arginine-specific
recognition is achieved by extensive inter-molecular hydrogen bonding, either directly or
indirectly to the nitrogen atoms in Arg guanidinium group (Figure 1D). The indirect
hydrogen bonds were mediated by two conserved water molecules, which were also
observed in the WDR5-MLL1 structure. Besides the guanidinium group, all the backbone
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amide and carbonyl of MM-401 formed either intra- or inter-molecular hydrogen bonds
(Figure 1D), which assures specific recognition of MM-401 by WDR5. Compared to the
MLL1 peptide, MM-401 made more extensive hydrophobic contacts with WDR5. One
unique interaction was the phenyl group of MM-401 stacking with the phenyl group of
WDR5 Y260 (Figure 1E). Similarly, the aliphatic four-carbon linker and 39 residue side
chain (an ethyl group) also made additional contacts with Y131, F149 and S49 of WDR5,
which were absent from the MLL1-WDRS5 interaction (Figure 1E). These additional
hydrophobic interactions and restricted conformation underlie the enhanced binding of
MM-401 to WDR5.

MM-401 specifically inhibits MLL1 activity but does not affect other MLL family HMTs

After establishing MM-401 as a potent inhibitor for the MLL1-WDRS5 interaction, we next
tested MM-401 for its inhibition of MLL1 activity in the in vitro histone methyltransferase
(HMT) assay. As shown in Figure 2A, MM-401 was able to inhibit MLL1 (0.5 uM) activity
with 1Csq of 0.32uM. In contrast, no inhibition was detected with control MM-NC-401 at
concentrations of up to 250uM. Of note, IC5q of MM-401 in the in vitro HMT assay is
higher than that of protein binding described above. This is mostly due to higher MLL1
complex concentration in the assay that is required for robust detection of H3K4me. In fact,
since 0.5 uM of the MLL1 complex was used in the HMT assay, 1Csq of 0.32uM by
MM-401 was close to the theoretical limit (0.25uM), supporting that MM-401 is a highly
effective inhibitor for MLL1 in vitro. Mechanistic studies for MM-401 inhibition showed
that it is a non-competitive inhibitor (Supplemental Figure 2A and 2B), consistent with its
targeting of MLL1-WDRS5 interaction interface instead of the catalytic SET domain.

We next tested MM-401 specificity against other histone lysine methyltransferases
(HKMTSs). As shown in Figure 2B, MM-401 did not inhibit SET7/9, a non-MLL family
H3K4 mono-methyltransferase, or the H3 K27 methyltransferase EZH2 complex at
concentration of up to 500 pM. It also had no inhibition for an expanded panel of HKMTs
including H3K9 HMTs G9a and Suv39h1, H3K36 HMT MMSET as well as H3K79 HMT
DOTLL (Supplemental Figure 2C). To our surprise, MM-401 had no inhibition for other
MLL family HMTs as well (Figure 2B and Supplemental Figure 2D), despite the
conservation of the core components (Dou et al., 2006) as well as the WIN motif in different
MLLs (Cosgrove and Patel, 2010).

Since WIN motifs from different MLL1 interact with WDRS with similar affinities
(Supplemental Figure 3A), we decided to examine whether WDRS5 was required for
activities of all MLL family HMTSs. To this end, we reconstituted all MLL complexes with
or without WDR5 and tested their methyltransferase activities. We found that only MLL1
need WDRS5 for its full HMT activity (Figure 2C). In contrast, WDR5 was dispensable for
MLL2-4 and hSET1 complexes (Figure 2C). Furthermore, WDRS did not affect the
methylation state specificity of other MLLs (Supplemental Figure 2E and data not shown).
The essential role of WDR5 in regulating MLL1 complex activity was probably due to the
unique requirement of WDRS5 in maintaining integrity of the MLL1 complex. As shown in
Figure 2D, the MLL1 SET domain was not able to interact with RbBP5 in the absence of
WDRS5 (lane 1 vs. 2). In contrast, SET domains of both MLL3 and MLL4 (WBP7, the
closest homologue of MLL1) were able to directly interact with RbBP5 in the absence of
WDRS5 (Figure 2D and Supplemental Figure 3B). WDR5 was also dispensable for assembly
of other MLL family HMTSs (data not shown). These results suggest that despite
conservation of core components, the MLL1 complex has distinct biochemical features that
allow for specific targeting. To further confirm the mechanism of action by MM-401, we
incubated 10 UM GST-MLL1, GST-MLL3 or His-MLL4 (WBP7) protein with HeLa
nuclear extract in the presence of increasing concentration of MM-401 and examined pull
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down efficiency of RbBP5 and WDRS after GST or Ni-NTA purification. As shown in
Figure 2E, increasing concentration of MM-401 (0.04 to 25 uM) was able to gradually
disrupt MLL1 bindings to both WDR5 and RbBP5. In contrast, although MM-401
effectively dissociated WDRS5, it did not affect MLL3 or MLL4 binding to RbBP5 even at
highest concentration (Figure 2F and Supplemental Figure 3C). In all cases, 25uM MM-
NC-401 had no effect on the integrity of the complexes (Figure 2E, 2F and Supplemental
Figure 3C). Since RbBP5 and ASH2L are essential for all MLL family HMTs
(Supplemental Figure 3D and data not shown), specific dissociation of RbBP5 from the
MLL1 complex after MM-401 treatment underlies its inhibition specificity for MLL1.

MM-401 specifically inhibits MLL1-dependent H3K4 methylation in cells

After characterization of MM-401 in vitro, we examined its cellular activities in transduced
murine MLL-AF9 cells. In order to compare the effects of MM-401 to MLL1 loss of
function mutation, we also established the MLL-AF9; MII17f: ERT-Cre cell line by
transducing MLL-AF9 into bone marrow progenitor cells (BMPCs) isolated from MII17;
ERT-Cre mice (Figure 3A) (McMahon et al., 2007). In this cell line, wild type MLL1 gene
can be effectively deleted after 4-OHT treatments (Supplemental Figure 3E). Consistent
with the observed specificity of MM-401 in vitro, there was no change in global H3K4me in
murine MLL-AF9 leukemia cells treated with a range of concentrations of MM-401 for four
days (Figure 3B). Furthermore, MM-401 had no effects on other histone modifications such
as H3K27me3, H3K36me3 or H3K79me3 (Figure 3A). MM-401 also had no effects on
H4K16ac, catalyzed in part by a WDR5-containing MOF complex (Dou et al., 2005). In
contrast, MM-401 (20uM) was able to reduce MLL1-dependent H3K4me2 and H3K4me3
across 5’ Hox A loci (i.e. Hoxa9 to Hoxal3 loci) in MLL-AF9 cells after 48hrs of MM-401
treatment (Figure 3C). As controls for ChIP assays, no differences in H3K36me2 and total
H3 were detected at these Hox A loci (Figure 3C, bottom two panels). Similar reduction
(~30-50%) of H3K4me2 was also observed in the MLL-AF9; MII7: ERT-Cre cells after
MLL1 deletion, supporting its biological relevance (Figure 3D). Reduction of H3K4me in
these cells was not due to changes in MLL1, RbBP5 or WDRS5 protein levels (Supplemental
Figure 3F), or the binding of WDRS5 and RbBP5 at Hox A loci (Supplemental Figure 3G) or
the nuclear distribution of MLL1 (Supplemental Figure 3H). Thus, it is likely that MM-401
only perturbed the interface that was causally linked to MLL1 methyltransferase activity.
Corresponding to changes in H3K4me, expression of 5° Hox A genes, especially Hoxa9 and
Hoxal0, was significantly decreased after cells were treated with MM-401 (Figure 3E). The
levels of reduction were similar to those after MLL1 gene deletion, supporting the functional
relevance. As control, the enantiomer MM-NC-401 had no effects on Hox gene expression.
Of note, reduction of Hox gene expression was detected as early as 2 days after MM-401
treatment. This is in contrast to the DOTLL inhibitor, which requires 7-10 day treatments
before detecting change in Hoxa9 expression (Daigle et al., 2011b).

To establish specificity of MM-401 for MLL1-dependent H3K4me in cells, we decided to
examine H3K4me at MLL1 independent gene loci in MLL-AF9 cells after MM-401
treatment. Since specific distribution of MLL family HMTs in the genome was not defined
in MLL-AF9 cells, we selected 10 MLL1-independent genes based on three criteria: 1)
highly expressed in MLL-AF9 cells; 2) no MLL1 binding was detected (Supplemental
Figure 4A); and 3) no expression change after MLL1 deletion (Supplemental Figure 4B). As
shown in Supplemental Figure 4C, neither H3K4me2 nor H3K4me3 were affected at these
gene promoters. H3K4me2 at 3’ Hox A loci (Hoxal-a6), which were not MLL1 direct
targets (Supplemental Figure 4A), was also not changed upon MM-401 treatment
(Supplemental Figure 4E). Relative expression of Hox A genes were shown in Supplemental
Figure 4D. These results support that MM-401 specifically targets H3K4me at MLL1
regulated genes in cells.
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MM-401 induces similar changes in MLL-AF9 transcriptome as the MLL1 deletion

To examine the regulation of MM-401 on MLL1 dependent transcriptome, we compared
global gene expression profiles in MLL-AF9 cells after MM-401 treatment or MLL1
deletion. Specifically, the MLL-AF9; MII17"; ERT-Cre cells were treated with either 4-OHT
for MLL1 deletion or with MM-401 for inhibiting H3K4me. Vehicle (ethanol for 4-OHT) or
MM-NC-401 treated cells were used as respective controls. RNA isolated from these cells
was subject to Illumina sequencing (RNA-seq). Sequencing reads from RNA-seq were
mapped to ~8000 genes in each comparison group (MLL1 deletion vs. mock and MM-401
vs MM-NC-401). Remarkably, genome-wide transcription profiles of these two comparison
groups were highly correlated (Figure 4A, Pearson correlation coefficient = 0.73, p< 10716),
Gene set enrichment analysis (GSEA) also documented significant overlap between these
two transcriptome (Figure 4B). Among 8000 genes sequenced in each comparison group,
only a small subset of genes showed differential expression in either MLL1 deletion or
MM-401 treated cells relative to their respective controls. 777 genes (p< 0.05, Log, (fold
change)>1) were differentially expressed in MLL-AF9 cells after MLL1 deletion
(Supplemental Table 1) and 564 genes (p< 0.05, Log, (fold change)>1) altered expression
upon MM-401 treatment (Supplemental Table 2). In both cases, ~60% genes were down
regulated, consistent with the role of MLL1 activity in transcriptional activation. Among the
differentially expressed genes above, 340 genes were commonly found in both MLL1
deletion and MM-401 treatment as illustrated in the VVenn diagram (Figure 4C, Supplemental
Table 3 and 4), which is highly significant (p< 10710). Furthermore, heat map of top 100
genes that changed expression upon MM-401 treatment showed comparable changes in
MLL1 knockout cells, whereas little correlation was found with enantiomer MM-NC-401
treated samples (Figure 4D). The corresponding changes in MLL-AF9 transcriptome upon
MLL1 deletion or MM-401 treatment strongly argue that MM-401 is able to modulate
MLL1-dependent gene transcription and that the methyltransferase activity plays a
predominant role in MLL1 function in MLL-AF9 leukemia.

Wild type MLL1 is required for expression of Myc and Bcl2 in MLL leukemia

Recently, it is demonstrated that MLL1 is required to regulate gene expression beyond Hox
clusters in normal hematopoiesis (Artinger et al., 2013b). We decided to further analyze
genes that changed expression upon MLL1 deletion or MM-401 treatment in MLL-AF9
leukemia cells. GO term analyses showed that gene pathways that were commonly down
regulated included embryo- and multi-organ developments as well as multi-lineage cell
differentiation while gene pathways that were commonly up regulated included development
and activation of mature myeloid cells such as macrophages and neutrophils (Supplemental
Figure 5 and Supplemental Table 5). These transcriptome changes suggest a shift towards
more differentiated phenotypes (see below). Two genes, Bcl2 and Myc, were identified by
RNA-seq among the commonly down-regulated genes. Both genes were proposed to be key
targets of the BRD3/4 inhibitor in MLL leukemia (Dawson et al., 2011a; Delmore et al.,
2011; Zuber et al., 2011), which disrupts the downstream gene pathway of pTEFb that
interacts with MLL1 fusion proteins. We also identified other novel MLL1 targets such as
Deptor (Figure 4D), an antagonist for mTOR, which was recently shown to be critical in
hematopoiesis and leukemogenesis evoked by loss of Pten (Kentsis and Look, 2012). Down
regulation of these genes were confirmed by real-time PCR in both MLL1 knockout cells
and MM-401 treated cells (Figure 4D). As shown in Figure 4F, Myc, Bcl2 and Deptor were
MLL1 direct targets. Knockout MLL1 led to lower levels of H3K4me2 at these gene
promoters, which were phenocopied by MM-401 treatment (Figure 4E). We also found that
up-regulation of a tumor suppressor KIf6 (Narla et al., 2001) (Figure 4D), which was likely
due to indirect effects of MLL1 deletion/inhibition (data not shown). The lists of genes that
changed expression (> 2 fold) upon MLL1 deletion and MM-401 treatment were included in
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Supplemental Table 3 and 4. It will be interesting to examine the functional implications of
novel MLL1 targets in normal and malignant hematopoiesis in future.

Targeting MLL1 methyltransferase activity by MM-401 selectively inhibits MLL leukemia

Earlier mouse genetic studies have shown that wild type MLL1 is essential for development
of MLL-AF9 leukemia in vivo (Thiel et al., 2010). However, whether MLL1
methyltransferase activity is required for MLL leukemia remains unclear. The fact that
MM-401 blocks Hoxa9, Myc and Bcl2 expression implies that MLL1 activity probably plays
an important role in MLL leukemia. Consistent with this, knock down WDR5 by shRNA in
MLL-AF9 cells led to significantly reduced transformation capability of the MLL-AF9 cells
similar to MLL1 gene deletion (Supplemental Figure 6B and 6C).

To directly test whether targeting MLL1 activity by MM-401 inhibits proliferation of MLL-
AF9 leukemia cells, we treated primary BMPCs with or without MLL-AF9 with MM-401.
MM-401 had profound effects on proliferation of MLL-AF9 cells in liquid culture, with half
maximum growth inhibition (Glsp) value of ~10uM (Figure 5A). In contrast, negative
control MM-NC-401 had minimal effects on MLL-AF9 cells. Consistent with MM-401
functioning through MLLZ1, it did not cause further growth inhibition to MLL-AF9; MIIf;
ER'-Crecells after MLL1 deletion (data not shown). Interestingly, despite the importance of
MLL1 in normal hematopoiesis (Hess et al., 1997; Jude et al., 2007; McMahon et al., 2007;
Yu et al., 1995), MM-401 did not affect proliferation of primary BMPCs in liquid culture at
concentrations of up to 160uM (Figure 5A, see discussion). Colony formation of normal
BMPCs also remained unchanged after MM-401 treatment (Supplemental Figure 5). These
results suggested that MM-401 specifically inhibited MLL-AF9 leukemia without affecting
normal BMPCs. To further assess the selectivity of MM-401 for MLL leukemia, we tested
several murine cell lines transformed with different oncogenic drivers. As shown in Figure
5B, MM-401 effectively inhibited growth of MLL-ENL and MLL-AF1 leukemia cells while
had no effects on leukemia cells overexpressing exogenous Hoxa9 and Meisl.

MM-401 induces cell cycle arrest, apoptosis and differentiation of MLL leukemic blasts

To investigate the action of MM-401 in cells, we analyzed cell cycle progression, apoptosis
and differentiation of murine MLL-AF9 and Hoxa9/Meisl cells with or without MM-401
treatment. We found that MM-401 was able to induce prominent G1/S arrest in MLL-AF9
cells in a concentration dependent manner (Figure 5C, top panel), consistent with the cell
cycle defects incurred by acute loss of MLL1 (Liu et al., 2008). In contrast, cell cycle index
of Hoxa9/Meisl cells remained largely unchanged by MM-401 treatment (Figure 5C,
bottom panel). MM-401 also specifically induced apoptosis of MLL-AF9 cells (top) as early
as 48-hour post treatment whereas it had minimal effects on Hoxa9/Meisl cells (bottom)
(Figure 5D).

In addition to growth inhibition and apoptosis, MM-401 specifically induced differentiation
of MLL-AF9 and MLL-ENL leukemic blasts towards more mature lineages (e.g.
macrophage). Upon 20 UM MM-401 treatment for 7 days, significant number of cells
underwent differentiation with characteristic small nuclei and large foamy cytoplasm as
shown by Wright-Giemsa staining (Figure 6A, right panels). No differentiation was
observed for MLL-AF9 and MLL-ENL leukemic blasts treated with the control MM-NC-401
(Figure 6A, middle panels). Consistent with the selectivity of MM-401, Hoxa9/Meisl
leukemic blasts remain undifferentiated under the same condition. Hematopoietic
differentiation towards more mature myeloid lineage was further confirmed by fluorescence-
activated cell sorting (FACS) analyses. MM-401 treatment led to a marked reduction of the
progenitor cell surface marker c-Kit and an attendant increase of the myeloid marker CD11b
in MLL-AF9 cells (Figure 6B, top panels). As a control, no change in c-Kit and CD11b
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surface markers was observed after MM-NC-401 treatment or in MM-401 treated Hoxa9/
Meisl cells (Figure 6B, bottom panels). Concomitant with morphological and
immunophenotypical changes, several genes expressed in mature myeloid cells such as
Csflr, IL1rn and IL17ra were up regulated in MM-401 treated MLL-AF9 cells (Figure 6C).
Up regulation of these genes were also found after MLL1 deletion (Supplemental Table 2).

MM-401 shows efficacy in human MLL leukemia

In addition to murine cell lines, MM-401 showed efficacy against human MLL leukemia
cell lines as well. We tested three leukemia cell lines with single allele MLL1 translocation
including MV4:11 (MLL-AF4, AML), MOLM13 (MLL-AF9, AML), and KOPN8 (MLL-
ENL, ALL) as well as three control cell lines that carry no MLL1 related genetic lesions (i.e.
K562, HL60 and U937) for cell growth. As shown in Figure 7A, MM-401 inhibited growth
of MV4:11, MOLM13 and KOPNB8 leukemia cells whereas it had no effects on leukemia
driven by other oncogenic mutations. The Glsg of MM-401 for MLL leukemia cells was
summarized in Figure 7A. Despite small differences in Glgg for different MLL leukemia
cells, a phenomenon also described for other epigenetic inhibitors (Daigle et al., 2011a;
Dawson et al., 2011b), MM-401 demonstrates high specificity for MLL leukemia,
supporting the mechanism based on-target effects.

Increased apoptosis, cell cycle arrest as well as cell differentiation upon MM-401 treatment
were also observed in human leukemia cells MV4:11 (MLL-AF4). We found that MM-401
induced apoptosis as well as dose-dependent G1/S arrest after 48-hour treatment in MV4: 11
cells (Supplemental Figure 7A and 7B). A prominent dose-dependent increase of the
myeloid surface marker CD11b was also detected in MV4:11 after MM-401 treatment
(Supplemental Figure 7C), indicative of shift of leukemic blasts towards more differentiated
myeloid cells. In contrast, MM-401 had minimal impact on cell cycle index, apoptosis and
myeloid differentiation of K562 (BCR-ABL) leukemia cells (Supplemental Figure 7),
confirming selectivity of MM-401 in human MLL leukemia.

Finally, we sought to establish the potential applicability and selectivity of MM-401 to
human diseases. To this end, we tested efficacy of MM-401 on human leukemia blasts
isolated from human AML patients with or without MLL1 rearrangements. As shown in
Figure 7B, while control MM-NC-401 had no effects on leukemia blasts from AML
patients, MM-401 was able to inhibit blast cells isolated from MLL leukemia patients, but
not those isolated from AML patients carrying no MLL1 abnormality (cytogenetic
information see Supplemental Table 6). Taken together, these results suggest that MM-401
has therapeutic potential for MLL leukemia in patients.

Discussion

Here we describe the development of a highly specific inhibitor (MM-401) for H3 K4
methyltransferase MLL1. Our results show, for the first time, the critical role of MLL1
catalytic activity in MLL1 rearranged leukemia and the potential of the MLL1-WDR5
interaction interface as a therapeutic target. Furthermore, we demonstrate a novel strategy
for selective targeting MLL1 methyltransferase activity. Instead of directly targeting the
catalytic SET domain, we exploit the unique regulation of the MLL1 complex by WDR5
and target MLL1 complex assembly without affecting other MLL family HMTs. As a result,
our compound shows no inhibition for global H3K4me and little toxicity for normal BM
cells. Transcriptome analyses also confirmed the remarkable selectivity of MM-401, which
induces changes in gene expression that are highly correlative with MLL1 gene deletion.
The specificity of MM-401 for MLL1 HMT activity ensures its broad applications in basic
research (e.g. to probe functions of H3K4 methylation by MLL1 in different biological
context) and, with further optimization, in targeted epigenetic therapies.
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Targeting MLL1 activity for treatment of MLL leukemia

MLL leukemia arises from combined cell proliferation abnormality and differentiation block
as a result of balanced translocation of one MLL1 allele (Ayton and Cleary, 2001; Krivtsov
and Armstrong, 2007). MLL1 translocation generates over 70 in-frame MLL1 fusion
proteins, which lead to aberrant expression of hematopoietic transcription factors (e.g.
Hoxa9) in BMPCs whose down regulation are essential for normal myeloid differentiation.
Mechanistic studies have shown that these MLL1 fusion proteins recruit cofactors such as
the EAP complex (Monroe et al., 2011; Mueller et al., 2007), PAF1 (Milne et al., 2010;
Muntean et al., 2010), DOTL1L (Jo et al., 2011; Krivtsov et al., 2007; Okada et al., 2005) and
pTEF-b (Lin et al., 2010; Yokoyama et al., 2010), which facilitate transcription elongation
of MLL1 target genes (Fig 7B). Recently, small molecular inhibitors for DOT1L, BRD4 and
MENIN that target MLL1 fusion dependent gene pathways have shown efficacies in
treatment of MLL leukemia and some of them are quickly moving to clinical trials (Bernt et
al., 2011; Daigle et al., 2011a; Dawson et al., 2011b; Grembecka et al., 2012). With rare
exception, most MLL1 rearranged MLL leukemia maintains one functional wild type MLL1
allele. MLL1 tandem duplication and MLL1 amplification have also been reported in
subpopulations of AML and ALL patients (Ayton and Cleary, 2001). Here we show that
targeting wild type MLL1 methyltransferase activity selectively inhibits MLL leukemia by
reducing expression of Hoxa9 and other genes important for leukemogenesis, thus serving as
an alternative therapeutic approach for treatment of MLL leukemia.

One previous concern for targeting MLL1 methyltransferase activity is its similarity to other
MLL family HMTSs. It is conceivable that general inhibition of the MLL family HMTs will
lead to high toxicity in normal cells given the importance of H3K4 methylation in many
biological pathways. Our study here shows that targeting the MLL/SET1-WDRS5 interaction
interface selectively inhibits MLL1 activity but not that of other MLL family HMTSs. This
selectivity is important for potential therapeutic applications since it will limit general
toxicity of the inhibitor. Similar concerns can also be raised for targeting the highly
conserved WDR5 protein. WDRS resides in multiple protein complexes (e.g. the MOF-
MSL1v1 complex (Li et al., 2009)) and forms conserved interactions with other proteins as
well as nucleic acids (Trievel and Shilatifard, 2009). However, in most reported interactions,
WDR5 does not directly contribute to enzymatic activities of the residing complexes with
the exception of the MLL1 complex. Furthermore, the arginine binding central cavity has
only been reported to interact with the WIN motif of MLLs or H3 tail in vitro (Trievel and
Shilatifard, 2009), suggesting limited effects by MM-401 on MLL1-independent WDR5
functions. Genome-wide transcriptome analyses confirm the specificity of this targeting
strategy. About 60% genes that show more than 2 fold changes in gene expression upon
MM-401 treatment are also affected by MLL1 deletion including key targets (e.g. Myc and
Bcl2) for leukemogenesis (p< 10719, Fisher’s exact test). We also fail to detect any global
changes in histone modifications (Figure 3B). These results suggest that blocking WDR5
arginine-binding pocket mainly affects MLL1 dependent transcription regulation in the
context of MLL leukemia. The on-target effects of MM-401 on MLL-AF9 transcriptome
and the lack of general toxicity for normal BM cells strongly argue that targeting MLL1-
WDRS interaction is a viable therapeutic approach for MLL leukemia. Future
characterizations of MM-401 in different biological context are needed to fully assess its
overall impact in vivo.

Distinct regulation of the MLL1 complex

Mammals have six MLL family H3 K4 methyltransferases in response to increased
complexity of the organism. These MLL family HMTs are ubiquitously expressed and share
a common core complex configuration that is essential for their methyltransferase activities
(Dou et al., 2006). However, both mouse genetics and whole-exome sequencing studies for
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mutations of the MLL family members lead to conclusions supporting more specialized
functions for each of the MLL family HMTs (Dou and Hess, 2008). Functional and
regulatory specification of MLL family HMTs are likely due to 1) recruitment to different
genomic loci by interacting with distinct chromatin binding factors (Cho et al., 2007,
Hughes et al., 2004; Patel et al., 2007) and 2) intrinsic differences in their biochemical
characteristics (Wu et al., 2013). We have recently reported that MLL3 is a H3 K4 mono-
methyltransferase and is not regulated by H2Bub-mediated trans-tail regulation. In contrast,
MLL1 is able to mono-, di- and tri-methylate H3 K4 and is subject to regulation by H2Bub
(Wu et al., 2013). Our study here reveals a distinct feature of the MLL1 complex. To our
surprise, we find that MLL1-WDRS interaction is uniquely required for the overall activity
of the MLL1 complex, but not other MLL family HMTs (Figure 2C). This is due to essential
function of MLL1-WDRS5 interaction in stabilizing interactions between MLL1 SET domain
and the ASH2L SPRY domain (Cao et al., 2010). Since MLL3 directly interacts with
RbBP5/ASH2L heterodimer, disrupting MLL3-WDRS interaction does not have net effects
on the catalysis of the MLL3 complex. It also does not alter MLL3 methylation state
specificity (Supplemental Figure 2E). Of note, it has been reported that WDRS5 is essential
for global H3K4 methylation and knockdown WDRS5 in cells leads to reduced global H3K4
di- and tri-methylation (Wysocka et al., 2005). These results are not in conflict with our
conclusion here since WDRS5 is involved in multiple protein complexes and its depletion
may have indirect effects on H3K4 methylation machineries. On the contrary, MM-401 only
blocks a single protein interaction interface while leaving other WDRS5 intercom intact. In
sum, we show that MLL family HMTs have distinct biochemical properties that allow for
differential inhibition of their respective activities. It would be interesting to further analyze
the distinct features of the MLL1 complex as well as their structural basis in future.

MLL1 methyltransferase activity is essential for MLL leukemia

Extensive studies have demonstrated the importance of wild type MLL1 gene in both fetal
and adult hematopoiesis (Hess et al., 1997; Jude et al., 2007; McMahon et al., 2007; Yu et
al., 1995). However, deletion of the MLL1 SET domain in mice does not lead to embryonic
lethality or gross defects in hematopoiesis (Terranova et al., 2006). The MLL12SET mice are
relatively normal, raising the question on whether the MLL1 H3K4 methyltransferase
activity is obligatory in MLL1 functions. The function of MLL1 methyltransferase activity
has not been directly tested in leukemogenesis. Our study here firmly establishes the
importance of MLL1 activity in the maintenance of MLL leukemia. ChIP assays show that
MM-401 treatment leads to reduction of H3K4me2 and H3K4me3 without affecting
chromatin binding of WDR5 and RbBP5 at Hox A loci (Supplemental Figure 3G), allowing
us to causally attribute changes in MLL-AF9 cells to MLL1-dependent methylation. Our
results highlight the importance and specific requirement of H3K4me by MLL1 in MLL
leukemia: 1) MM-401 alters global gene expression in the same way as MLL1 deletion
(Figure 4); 2) MM-401 selectively inhibits MLL-AF9 cell growth and induces apoptosis,
cell cycle arrest and myeloid differentiation of MLL leukemic blasts while has no effects on
non-MLL leukemia (Figure 5 and 6); and 3) consistent with mouse genetic studies using
MLL12SET mice (Terranova et al., 2006), MM-401 has little impact on proliferation and
colony formation of normal BM cells (Supplemental Figure 6). These results raise an
interesting possibility that MLL1 methyltransferase activity is essential for MLL leukemia
but redundant for normal hematopoiesis. The redundancy can be that other chromatin
modifying enzymes may regulate expression of MLL1 target genes or that MLL1 target
genes (e.g. Hoxa9) are dispensable for normal hematopoietic processes. The detailed
mechanism warrants future studies.
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In summary, the highly selective MLL1 inhibitor we reported here will have broad
applications in basic research and lay the foundation for future development of effective
therapeutics in clinical arenas. We envision several lines of research may arise in future:
First, with development of chemical probe MM-401, the requisite function of H3K4
methylation in various biological contexts can be examined. Compare to genetic knockout
models, on-target inhibition by pharmacological compounds such as MM-401 introduces
small but specific perturbation to the MLL1 complex, allowing functional attribution to its
methyltransferase activity. Second, given that MLL1 and H3K4me regulate several key
targets (e.g. Hoxa9, Myc and Bcl2) in MLL leukemia (Figure 7C), it will be important to
compare MLL1 and MLL fusion protein dependent gene pathways to see if they largely
overlap with each other or they belong to distinct pathways that are important for
progression of MLL leukemia. Third, it will be important to test whether MLL1 inhibitor
has therapeutic potential for a broad spectrum of diseases beyond MLL leukemia.
Specifically, inhibiting MLL1 activity may be useful for treatment of AMLSs and
myelodysplastic syndrome (MDS) that have wild type MLL1 alleles and Hoxa9
overexpression (Ayton and Cleary, 2001; Dou and Hess, 2008). It may also be applicable for
AMLs with MLL1 amplification and tandem duplication. Testing MM-401 or its derivatives
on broad spectrum of human diseases will provide greater insights in future.

Experimental Procedures

Protein expression and affinity purifications

Recombinant fragments of MLL family members, MLL13762-C" M[_|.25062-C" '\ 34707-C’
and MLL42508-C’ a5 well as WDR523-C’, RbBP5 and Ash2L were expressed from the
pPET28A-SUMO as SUMO fusions. Protein purification details see Supplemental
information.

Histone Methytransferase Assays

The HMT assay was performed as described previously (Dou et al., 2005). For inhibitor
studies, compounds at various concentrations were incubated first with the pre-assembled
complex and reactions were initiated by addition of substrates. For kinetic analyses, the
reaction progression curve was established to determine the linear range of the reaction at
room temperature. For Lineweaver-Burk curve, reactions (0.5uM enzyme complex and
50uM substrates) were initiated and quenched after 4 minutes by addition of -
mercaptoethanol (Fisher) at a final concentration of 178uM.

Crystal Structures

WDR5/MM-401 or WDR5/MM-NC-401 binary complex was obtained by mixing WDR5
and compounds at molar ratio 1: 2. The complex was crystallized by hanging-drop-vapor-
diffusion at 22°C. Details see supplemental information.

Cell Culture Conditions

MLL-AF9-transduced mouse bone marrow was cultured in IMDM + 15% FBS and
supplemented with 0.01ng/ml IL-3 at each passage, every other day. Human leukemia cell
lines MV4:11, K562, MOLM-13, U937 and KOPN8 were maintained in RPMI11460
(GIBCO) supplemented with 10% FBS. Cells were passaged to 1-x105/ml every 2 days.
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Assays for Cell Viability, Wright-Giemsa staining, apoptosis, cell cycle and cell
differentiation

Inhibitors were diluted from stock to culture media containing 0.1% DMSO final
concentration. For viability assays, cells were cultured at 1x10°/ml and passaged every 2
days. Viability was determined using the CellTitreGlo® Kit (Promega) according to the
manufacturer’s directions. Luminescence was monitored on a Molecular Dynamics plate
reader. For staining, cells treated with 10, 20 and 40pM MM-401, or 40pM MM-NC-401 or
DMSO vehicle for 4 days were diluted to 2.5x10%/ml in 1x PBS and fixed to glass slides by
cytospin followed by Wright-Giemsa staining (Fisher Scientific Inc). Cell images were
taken at 40x magnification by light microscopy (Olympus BX41). Apoptosis, cell cycle and
cell differentiation analyses were performed using standard protocols (see supplemental
information).

Real Time-PCR, RNA-seq and CHIP assays

MLL1-AF9 cells were cultured for 2 days in the presence of MM-401 or MM-NC-401. At
the end of treatment, cells were harvested by centrifugation at 300xg and washed with
1xPBS. RNAs for duplicated biological samples were extracted by a standard protocol. 10ng
RNAs were used for lllumina sequencing library. Four RNA seq samples were multiplexed
and loaded into one lane in Hi-seq sequencer. RNA-seq analyses were described in
supplemental information. CHIP assays were performed as previously described (Dou et al.,
2005).

Inhibition of Human Leukemia blasts

Patient leukemia Blasts were purified by negative selection using Miltenyi Biotec (Auburn,
CA) LS columns (cat# 130-042-401), and a combination of the following four Miltenyi
Biotec antihuman microbeads: CD3 (130-050-101), CD19 (130-050-301), CD14
(130-050-201), CD235a (130-050-501). Available pathology data were first studied; bead
types were omitted as necessary if blasts were reported positive for CD3, CD14, or CD19.
Wright-Giemsa staining and CellTiter—-Glo (Promega, G7558) were performed as described
above.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structure based design of the ML L 1-derived peptidomimetics M M-401 and
MMNC-401

A. Chemical structures of MM-401 and MM-NC-401. MM-401 is significantly improved
from MM-101. IC5q and Ki values of each compound for binding to WDR5 and MLL1
inhibition were summarized in Supplemental Figure 1F. B. Crystal structure of WDR5/
MM-401 complex. The electron density (2Fo-Fc) map, contoured to 18 is shown for
MM-401. WDR5 is in green and MM-401 is in yellow. C. Comparison of MM-401 (yellow)
and MLL1 peptide (pink) in WDR5 complexes (green). MM-401 interacts with WDR5
through inserting the Arg side chain into WDR5’s central channel, similar to that of the
MLL1 peptide D. View of hydrogen bonding (dotted lines) and conserved water molecules

Mol Cell. Author manuscript; available in PMC 2015 January 23.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Caoetal.

Page 18

(brown) in WDRS5 binding pocket (green). MM-401 is in blue. E. View of MM-401 (yellow)
specific interaction network in the WDRS5 (green) binding pocket. See also Figure S1.
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Figure 2. MM-401 specifically inhibits activity of the MLL 1 complex through disrupting

complex assembly

A. Invitro HMT assay to evaluate potency of MM-401 and MM-NC-401. ICgy for MM-401
are presented as mean + s.d. B. Invitro HMT assay to evaluate selectivity of MM-401
among histone methyltransferases as indicated on bottom. 1C5 for HMTs except MLL1 was
not determined due to lack of inhibition. C. In vitro HMT assay for MLL family HMT
complexes with (black) or without WDRS5 (white). Y-axis, relative activity with WDR5
containing complex for each MLL family HMT arbitrarily set as 1. Data represent mean
values for triplicates £ s.d. D. Invitro GST pull down for the MLL1 or MLL3 complexes
with or without WDR5 as indicated on top. MLL1/MLL3, RbBP5 and WDR5 in the bound
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fraction were detected in immunoblots using antibodies as indicated on left. E-F. MM-401
specifically disrupts MLL1 complex assembly. GST-MLL1 (E) or GST-MLL3 (F) and
HelLa nuclear extracts were mixed together with increasing concentration of MM-401 or 25
UM MM-NC-401 as indicated on top. MLL1 or MLL3, WDR5 and RbBP5 in bound fraction
were detected by respective antibody as indicated. See also Figure S2 and S3.
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Figure 3. MM-401 specifically inhibitsH3K4meat 5" Hox A loci

A. Schematic for using MLL-AF9; MIIf, ERT-Cre cells for ChIP and gene expression
analyses. B. Immunoblots for global histone modifications (indicated on left). Histone H4
was used as the loading control. C. ChIP analyses at Hoxa7 to Hoxal3 promoters in murine
MLL-AF9 cells with or without MM-401 treatment. Antibodies are indicated on top. D.
CHIP assays using MLL-AF9 transduced MII17f; ERT-Cre* BM cells with or without 4OHT
treatment. For C-D, Y-axis represents relative value to 5% input. E. RT-PCR for Hoxa7-
Hoxal3 in MLL-AF9 transduced MII17; ERT-Cre* BM cells treated with DMSO, MM-401
(20uM), Mock or 4-OHT (MLL-KO) as indicated on top. Gene expression was normalized
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against Gapdh and presented as fold change against DMSO treated cells, which was

arbitrarily set at 1. For C-E, data are presented as mean * s.d. from three experiments. See
also Figure S3 and S4.
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Figure4. MM-401 induces similar changesin gene expression asMLL 1 deletion in MLL-AF9
cells

A. Correlation of log, fold change between MLL1 knockout vs. wild type and MM-401 vs.
MM-NC-401 treated MLL-AF9 cells across all genes. Lines represent the identity line (solid)
and the line of best fit (dotted) respectively. Pearson Correlation was obtained using R
program with p<10~16 (two-tailed t-test). B. GSEA analysis for transcriptome of MM-401
treated and MLL1 deleted MLL-AF9 cells. The gene set from MM-401 treatment was
ranked and enrichment of gene set from MLL1-depletion was indicated by FDR. C. Venn
diagram for genes that have > 2 fold changes in expression in MLL1 deletion or MM-401
treated samples. C. Heat map of top 100 genes that showed expression changes following
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treatment of MM-401 in different cells as indicated on bottom. D. Q-PCR confirmation for
MLL1 targets as indicated on top. Gene expression was normalized against GAPDH and
presented as fold change against mock treated cells, which is arbitrarily set at 1. Data are
presented as mean + s.d. from three experiments. E—F. CHIP assays for H3K4me2 (E) and
MLL1 (F) at genes indicated on bottom. Y-axis represents relative value to % input in
MOCK or MM-NC-401 treatment. Data are presented as mean + errors from three
experiments. See also Figure S5 and Table S1-5.
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Figure 5. MM-401 specifically inhibitsmurine MLL leukemia cells

A. Growth inhibition of normal or MLL-AF9 transduced murine bone marrow cells by
MM-401 or MM-NC-401. Cell growth was determined by the CellTiterGlo assay and
presented as % of mock treated cells. B. Growth inhibition of murine MLL-AF9, MLL-
ENL, MLL-AF1 or Hoxa9/Meis1 leukemia cells by MM-401 or MM-NC-401. Glgy was
summarized below and with data presented as mean * s.d. from three experiments. C. Dose-
dependent effects of MM-401 on cell cycle progression analyzed by FACS. D. Dose-
dependent effects of MM-401 on apoptosis analyzed by Annexin V/PI staining. For C-D,
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compound treatments of murine MLL-AF9 (top) or Hoxa9/Meisl (bottom) cells were
indicated. Y-axis is % cells in each category as indicated on top. See also Figure S6.
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Figure 6. MM-401 specifically induces myeloid differentiation in MLL leukemia cells

A. Wright-Giemsa-stained cytospins for MLL-AF9 (top), MLL-ENL (middle) and Hoxa9/
Meisl (bottom) transduced leukemia cells treated with DMSQO, 40 uM MM-NC-401 or 20
UM MM-401. Arrowhead, differentiated macrophages. Scale bars are 10um. B. FACS
analyses for c-kit (left) or CD11b (right) of MLL-AF9 (top) or Hoxa9/Meisl (bottom) cells
treated with DMSO, 40 uM of MM-NC-401 or MM-401. Y-axis is normalized % events
defined by Flow-Jo on overlay histogram. X-axis is signal intensity in arbitrary unit. C. Q-
PCR for MLL1 targets after MM-401 treatment or MLL1 deletion. Gene expression was
normalized against Gapdh and presented as fold change against mock treated cells, which is
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arbitrarily set at 1. Data are presented as mean + s.d. from three experiments. See also
Figure S6.
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Figure 7. MM-401 specifically inhibitshuman MLL leukemia cells

$» Gene Expression

DOT1L

BRD4

A. human leukemia cell lines were tested for growth inhibition in the presence of MM-401
or MM-NC-401 for three days. MLL1 translocation was indicated in parenthesis. K562,
HL60 and U937 cells were used as non- MLL leukemia control cell lines. Glsg was
summarized in the table with data presented as mean from three experiments. For non-MLL
leukemia cell lines, Glsg was not determined due to the lack of inhibition. B. MM-401
inhibits MLL leukemia blasts isolated from human patients. PT, patient case number. Patient
cytogenetic and molecular diagnosis data see Supplemental Table 6. For all panels, Y-axis,
percent of relative growth of MM-401 vs. mock treated cells; X-axis, compound

Mol Cell. Author manuscript; available in PMC 2015 January 23.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Caoetal.

concentration (logyg). C. Schematic for the potential mechanism of action of MM-401,
details see text. See also Figure S7 and Table S6.
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Data collection and refinement statistics

WDR5-MM-401

Data collection

Space group

P1

Cell dimensions

a b, c(A) 46.904, 47.242, 68.896
a, B, v (°) 88.50, 89.50, 74.53

Resolution (&) 2.1
Reym (A) (high res. Shell) 0.060(0.167)
I/al (high res. Shell) 14.2 (3.9)
Completeness (%)(high res. Shell)  97.8 (94.9)
Redundancy (high res. Shell) 19(1.7)
Refinement
Resolution (A) 37.8-2.1
No. reflections 32442
R work/R free (%) 15.9/20.8
No. atoms

WDR5 4799

MM-401 84

Water 523
B-factor (A2)

WDR5 17.719

MM-401 14.53

Water 25.401
R.m.s. deviations

Bond lengths (A) 0.004

Bond angles (°) 0.919
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