bioRxiv preprint doi: https://doi.org/10.1101/737478; this version posted August 16, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Cryo-EM structure of the human Mixed Lineage Leukemia-1 complex

bound to the nucleosome

Sang Ho Park', Alex Ayoub’, Young Tae Lee’, Jing Xu’, Hanseong Kim', Wei
Zhang®, Biao Zhang', Sojin An', Yang Zhang"*, Michael A. Cianfrocco'’, Min Su’,

Yali Dou"?*, and Uhn-Soo Cho"*

'Department of Biological Chemistry, “Department of Pathology, *Life Science Institute,
4Computa‘[ional Medicine and Bioinformatics, University of Michigan, Ann Arbor, MI

48109, USA

* Co-corresponding Authors:
Uhn-Soo Cho: uhnsoo@umich.edu

Yali Dou: yalid@umich.edu


https://doi.org/10.1101/737478
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/737478; this version posted August 16, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

SUMMARY

Mixed Lineage Leukemia (MLL) family histone methyltransferases are the key enzymes
that deposit histone H3 Lys4 (K4) mono-/di-/tri-methylation and regulate gene expression
in mammals. Despite extensive structural and biochemical studies, the molecular
mechanism by which the MLL complexes recognize histone H3K4 within the
nucleosome core particle (NCP) remains unclear. Here, we report the single-particle
cryo-electron microscopy (cryo-EM) structure of the human MLL1 core complex bound
to the NCP. The MLL1 core complex anchors on the NCP through RbBP5 and ASH2L,
which interacts extensively with nucleosomal DNA as well as the surface close to histone
H4 N-terminal tail. Concurrent interactions of RbBP5 and ASH2L with the NCP
uniquely align the catalytic MLL1°*" domain at the nucleosome dyad, allowing
symmetrical access to both H3K4 substrates within the NCP. Our study sheds light on
how the MLL1 complex engages chromatin and how chromatin binding promotes MLL1

tri-methylation activity.
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INTRODUCTION

The nucleosome core particle (NCP), consisting of an octameric core of histone proteins
(two of each H2A, H2B, H3, and H4) and 146 base-pairs of genomic DNA, represents
the first level of eukaryotic DNA packaging (Kornberg and Thomas, 1974). It is further
organized into higher order chromatin structures. Cell specific transcription program, in
large part, is governed by chromatin accessibility, which is actively regulated by histone
modifying enzymes and ATP-dependent chromatin remodeling complexes. In recent
years, X-ray crystallography and single-particle cryo-EM studies have shed light on how
these chromatin-associating complexes interact with the NCP for respective physiological
functions. Most, if not all, chromatin complexes engage the ‘acidic-patch’ region of the
NCP through variations of an ‘arginine-finger’ motif (Armache et al., 2011; Barbera et
al., 2006; Kato et al., 2013; Makde et al., 2010), highlighting common features among
chromatin interacting protein complexes. It remains unclear whether the recognition

mode of the NCP is universal for chromatin interacting complexes.

Among histone post-translational modifications, the states of histone H3 lysine4
methylation (H3K4me) (i.e., mono-, di-, tri-methylation) are exquisitely modulated at
important DNA regulatory regions including active gene promoters, gene bodies and
distal regulatory enhancers (Rao and Dou, 2015). In particular, H3K4me3 is highly
correlative to the transcriptionally active- and open-chromatin regions (Chen et al., 2015;
Ruthenburg et al., 2007) and is shown to actively recruit the basic transcription
machinery, ATP-dependent chromatin remodeling complexes, and histone

acetyltransferases (Lauberth et al., 2013; Ruthenburg et al., 2007; Taverna et al., 2007;
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Vermeulen et al., 2007; Wysocka et al., 2006). In contrast, H3K4mel is a prevalent mark
often found at poised or active distal enhancers (Herz et al., 2012). Specific regulation of

the H3K4me states may play a critical role in important physiological processes in cells.

The mixed lineage leukemia (MLL) family enzymes, including MLLI1-
4/KMT2A-2D, SETIA/KMT2F and SETIB/KMT2G), are the major histone lysine 4
(K4) methyltransferases in mammals. They contain an evolutionarily-conserved catalytic
Su(Var)3-9, Enhancer of Zeste, Trithorax (SET) domain (Rea et al., 2000). Biochemical
studies, by us and others, have shown that the SET domain stably interacts with four
highly conserved proteins, i.e. RbBP5 (retinoblastoma-binding protein 5), ASH2L
(Absent, small, homeotic disks-2-like), WDRS5 (WD40 repeat-containing protein 5) and
DPY30 (DumPY protein 30) (Dou et al., 2006)(van Nuland et al., 2013). The MLL1 core

SET

components are able to increases the MLL1>"" activity on mono- and di-methylation of

histone H3K4 by ~600 fold (Patel et al., 2009). The molecular mechanism by which

MLLI core components stimulate MLL1""

activity has been elegantly demonstrated by
a series of structural studies including the human MLL1/3°*"-ASH2L3"™*Y-RbBP5>*>"
subcomplex (Li et al., 2016), the homologous yeast SET1 complexes (Hsu et al., 2018;
Qu et al.,, 2018) as well as individual mammalian core components (Avdic et al., 2011;
Cosgrove and Patel, 2010; Rao and Dou, 2015). However, it is still unclear how tri-
methylation activity of MLL1, which has been widely-reported in vivo (Dou et al., 2005;
Guenther et al., 2005; Katada and Sassone-Corsi, 2010; Wysocka et al., 2005), is

regulated. Up to date, the structures of the MLL family enzymes are determined with

either no H3 or H3 peptide as the substrate. It remains unclear how the MLL1 complex
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binds and catalyzes H3K4 methylation on the NCP and more importantly, how MLL1

activity, especially the tri-methylation activity, is regulated on chromatin.

Mutations of MLL proteins have been widely reported in a variety of congenital
human syndromes including Kabuki (Hannibal et al., 2011; Kluijt et al., 2000; Li et al.,
2011; Micale et al., 2011; Ng et al., 2010; Paulussen et al., 2011), Wiedemann-Steiner
(Jones et al., 2012; Mendelsohn et al., 2014; Strom et al., 2014), and Kleefstra spectrum
syndromes (Strom et al., 2014) as well as a wide spectrum of human malignancies (Rao
and Dou, 2015). Similarly, aberrant expression and recurrent mis-sense mutations of
ASH2L and RbBP5 have also been identified in human cancers of different origins
(Bochynska et al., 2018; Butler et al., 2017; Ge et al., 2016; Magerl et al., 2010). It is
important to understand how MLL activity on chromatin is modulated during disease

development.

Here, we report the single-particle cryo-EM structure of the human MLLI1 core
complex bound to the NCP. It not only reveals the overall architecture of the human
MLLI complex with full-length core components, but also illustrates how the MLL1 core
complex engages the chromatin. Importantly, we show that the MLL1 core complex
docks on the NCP through concurrent interactions of ASH2L/RbBP5 with nucleosomal
DNA and histone H4. This unique configuration aligns the catalytic MLL1%"" domain at

the nucleosome dyad, which allows the symmetric access to both H3K4 substrates. Our
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structure sheds new light on how the MLL1 complex binds to the chromatin and how its

activity for H3K4me3 is regulated.
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RESULTS

Architecture of the Human MLL1 Core Complex Bound to the NCP

A recombinant human MLLI core complex (MLL1®V**P) containing RbBP5 (residues
1-538), WDRS5 (residues 25-330), MLL1®*" (residues 3762-3969), ASH2L (residues 1—
534) and DPY30 (residues 1-99) was reconstituted in vitro (Figures 1A and SI1A). An
electrophoretic mobility shift assay demonstrated that MLL1*"V** binds to the NCP with
modest affinity (Figures S1B-C). We found that this complex showed markedly enhanced
activity for higher methylation states (i.e., H3K4me2 and H3K4me3) when the NCP was
used as a substrate (Figure 1B). To understand the underlying mechanism, we determined
the single-particle cryo-EM structure of reconstituted MLL1¥V>*P bound to the
recombinant NCP. The cryo-EM structure of MLL1*V**P_NCP was determined at a 6.2
A resolution (Figures 1C, S2, and S3A and Table 1). The composite map of MLL1%VSAP-
NCP was generated after local filtering to the estimated resolution to avoid over-
interpretation (Figures 1C and S2). In parallel, the cryo-EM maps of RbBP5-NCP and
RbBP5-WDR5-MLL1%*" (MLL1*"®)-NCP subcomplexes were derived from the
MLLI1*VSAP_NCP dataset, and reconstructed at 4.2 A and 4.5 A resolution, respectively
(see the STAR methods; Figures S2 and S3B-D). The model structure of the
MLLI*WSAP_NCP complex (Figure 1D) was built by rigid-body fitting and real space
refinement using previously published crystal structures of mouse RbBP5 (PDB ID:
50V3) (Mittal et al., 2018), human WDRS5 (PDB ID: 2H14) (Couture et al., 2006),
human MLL1°*"-ASH2L*"®Y-RbBP5>*>"* (PDB ID: 5F6L) (Li et al., 2016), a DPY30
dimer (PDB ID: 6E2H) (Haddad et al., 2018), and the 601-NCP (PDB ID: 3MVD)

(Makde et al., 2010).
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The overall architecture of the MLLI®VSAP_NCP complex showed that
MLL1*VSAP anchors at the edge of the NCP through two core components, RbBP5 and
ASH2L simultaneously (Figure 1D). In the NCP, DNA superhelical location 7 (SHL7)
and SHLI.5, together with H4 N-terminal tail, were involved in the interaction with
MLLI1*VSAP (Figure 1D). Notably, domains in the MLLI*VSAP_NCP complex were
dynamically associated with each other and showed multiple conformations (Figure
S3E). However, the overall architecture was conserved in all sub-classes of the
MLLI1*VSAPLNCP structures (Figure S3E). Distinct from many of previously reported
NCP-recognizing protein or protein complexes (Zhou et al., 2019), the MLLI core

complex did not interact with the acidic patch region of the NCP.

RbBPS Binds the NCP through Both DNA and Histone H4 Tail Recognition

In the MLL1*VSAP_NCP complex, the RbBP5-NCP interfaces were less dynamic. The
sub-population particles of RbBP5-NCP from the MLLI®VSAP_NCP dataset were
resolved at 4.2 A resolution (Figures 2A, S2, and S3B). The regions of mouse RbBPS5 in
model fitting shared 100% sequence identity with human RbBPS5 (Figure S4A). The
structure showed that RbBPS5 bound to the NCP by simultaneously engaging DNA
(SHL1.5) and histone H4 N-terminal tail. The interactions involved six consecutive loops
emanating from the WD40 repeats of RbBP5 (Figure 2A). Characteristic features of
RbBP5 (e.g. unique helix, anchoring loop, and insertion loop) were well matched into the
cryo-EM map of RbBP5-NCP subcomplex (Figure S4B). Notably, RbBP5 interacted with

DNA SHL1.5 through four positively-charged arginine residues (Quad-R) located at
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B18—P19 (R220), B20-P21 (R251), P22—P23 (R272), and P24-B25 (R294) loops,
respectively (Figure 2B). The Quad-R participated in electrostatic interactions with the
DNA phosphate backbone (Figure 2B). Disruption of RbBPS5-NCP interaction
significantly reduced the activity of the MLL1 core complex. Mutations of the Quad-R
residues to alanine (A) led to reduction of H3K4me3 and to a lesser degree, H3K4me?2
(Figure 2C). The effect was more drastic when Quad-R residues were mutated to
glutamic acid (E) (Figure 2D). Systematic alteration of three, two or one arginine
residue(s) in Quad-R showed that at least two arginine residues were required for optimal

H3K4me3 activity (Figure 2C).

The second RbBP5-NCP interface includes two loops, an insertion loop (f16—p17
loop, referred to herein as I-loop) and an anchoring loop (B19—20 loop, referred to
herein as A-loop), of RbBP5 (Figures 2A, 2E, S4B, and S5A). Both I- and A-loops are
evolutionarily conserved in higher eukaryotes (Figure S5B). The I-loop was positioned
between the N-terminal tail of histone H4 and nucleosomal DNA (Figure 2E). The A-
loop run parallel to H4 tail, which was positioned between the I-/A-loops of RbBP5 and
the helix ol (Leu65—Asp77) of histone H3 (Figure 2E). This H4 tail-mediated
nucleosome recognition of RbBPS5 resembles that of the active-state DOT1L (Anderson
et al., 2019; Worden et al., 2019) (Figure 2F). Similar to Quad-R, deletion of I-loop and
to a lesser degree A-loop, reduced the activity of the MLL1 core complex for H3K4me3
and H3K4me?2 (Figure 2D). Importantly, RbBP5-NCP interaction is specifically required
for MLLI activity on the NCP (Figure 2D). Mutations in Quad-R, I-loop, and A-loop had

no effects on mono-, di-, tri-methylation of free H3 (Figure S5C). Among RbBP5-NCP
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interactions, Quad-R was the main contributor to NCP binding. The mutation of Quad-R
significantly reduced RbBP5 binding to the NCP, while the deletion of I- and A-loops

only modestly affected NCP binding (Figure 2G).

Structural Organization of WDRS, MLLISET, and ASH2LS™®Y Sub-complex

To resolve the structural organization of WDR5, MLL1°*" and ASH2L™®Y sub-
complex, we reconstructed the MLL1®"V*-NCP subcomplex (Figure 1C) (Figure S2 and
the STAR methods) and successfully docked the crystal structures of human WDRS5
(PDB ID: 2H14) (Couture et al., 2006) and MLL1**"-ASH2L*"*Y-RbBP5>***"* (PDB ID:
SF6L) (Li et al., 2016) into the cryo-EM maps (Figure 3A and 3B). The secondary
structural components of MLL1*" (Southall et al., 2009), including o-helices and p-
hairpin of the SET-I, SET-N, and SET-C domains (dotted circles), fitted well into the
cryo-EM map (Figure 3B). Similar to MLL1°", distinctive features of WDR5 and
ASH2LS™®Y were also well-defined in the cryo-EM structure (Figure 3A and 3B).
Importantly, our structure indicated that the WDR5-MLL1**T-ASH2L*™®" sub-complex
did not make direct contacts with nucleosomal DNA, which was experimentally
confirmed by the gel mobility assays (Figure S5D and data not shown). The catalytic site
of the MLL1°"" domain was pointing outward, which might confer distance restraint on
substrate accessibility (see below). Furthermore, the overall domain architecture of the
MLLI core complex within MLL1®V**P_NCP was largely conserved in the NCP-free
yeast SET1 complexes (Hsu et al., 2018; Qu et al., 2018), suggesting that NCP binding
may not require or induce major conformational changes in the MLL1 core complex

(Figure 3C).
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Dynamic ASH2L-NCP Interaction is Critical for H3K4me3

The second docking point of the MLL1 core complex to the NCP was provided by the
intrinsically disordered regions (IDRs) of ASH2L (Figures 1D and 3C). The ASH2L-
NCP interface was highly dynamic in solution (Figure S3E), making it challenging to
visualize the molecular details. Similar dynamic behaviour was observed for IDR of the
yeast homologue Cps60 (Figure 3C), which was not resolved in the cryo-EM structure of
the yeast SET1 complex (Qu et al., 2018). Since the crystal structure of full-length human
ASH2L has not been reported, we employed the protein structure prediction approach
using the iterative template-based fragment assembly refinement (I-TASSER) method
(Roy et al., 2010; Zhang, 2008). The crystal structure of yeast Bre2 was used as template
(PDB ID: 6CHG) (Hsu et al., 2018) to build the ASH2L plant homeodomain-wing helix
(PHD-WH)/IDRs model (Figures 4A and S6A). After resolving minor clashes, we were
able to reliably dock ASH2L IDRs into the cryo-EM map of MLL1*V**P_NCP (Figures
4A, S6A, and S6B). The model of MLL1®V*P_.NCP showed that ASH2L IDRs
interacted with SHL7 of nucleosomal DNA (Figures 1D and 4B). Surprisingly, the PHD-
WH domain of ASH2L was located outside of the cryo-EM map (Figure S7A) despite the

reported function in DNA binding (Chen et al., 2011; Sarvan et al., 2011).

Our MLL1*V*AP_NCP model pinpointed a short stretch of positively-charged
residues (i.e., K205/R206/K207) in the ASH2L Linker-IDR to make contacts with
nucleosomal DNA (Figure 4B). These positively-charged residues were highly conserved

in ASH2L homologs in higher eukaryotes (Figure 5A). To biochemically validate the
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model structure of ASH2L IDRs, we first examined the importance of key residues
involved in the NCP interaction. As shown in Figure 5B, ASH2L directly interacted with
the NCP, resulting in a mobility shift in the native gel. However, deletion of both PHD-
WH (residues 1-178) and Linker-IDR (residues 178-277), but not PHD-WH alone,
abolished ASH2L interaction with the NCP (Figure 5B). Further truncation of ASH2L
Linker-IDR identified that residues 202-207 were important for NCP interaction,
consistent with our ASH2L. model (Figure 4B). Binding of ASH2L to the NCP was
critical for MLL1 methyltransferase activity. Deletion of ASH2L Linker-IDR completely
abolished the MLL1 activity on the NCP (Figure 5C, left). Similarly, deletion of ASH2L
residues 202-207 or mutations of residues K205/R206/K207 to alanine significantly
reduced MLLI activity on the NCP for H3K4me3 (Figure 5C, right), but not on free H3
(Figure S7B). This result, together with that of RbBPS5, suggests that MLLI-NCP
interactions specifically promote tri-methylation of H3K4. Notably, deletion of ASH2L
Linker-IDR led to more drastic reduction of overall H3K4me, suggesting additional

mechanisms by which Linker-IDRs may contribute to MLL1 regulation (see discussion).

Alignment of MLL1°"" at the Nucleosome Dyad

Given the binding of RbBP5 and ASH2L at the edge of the NCP (SHL1.5 and SHL7), the
catalytic MLL1°"*" domain was positioned at the nucleosome dyad (Figure 6A). In this
arrangement, the active site of the MLL1°*" domain pointed outward (Figure 6A). The
NCP structure was well-resolved in the cryo-EM map of MLL1*VSAP_NCP. Both histone
H3 tails emanated from between two gyres of nucleosomal DNA, with Lys37 as the first

observable residue on histone H3 N-terminal tails (Figure 6A). The distance between
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Lys37 on each histone H3 tail and the active site of MLL1°*" was ~ 60 A. Thus, K4

ET
IS

residues on both H3 tails were almost equally accessible to the MLL active site

(Figure 6A). The distance constraint restricted access of the MLL1**" domain to only K4
and K9 on H3 N-terminus (Figure 6A). More importantly, since MLL1*" is a non-
processive enzyme (Patel et al., 2009), close proximity of the MLL1**" domain to K4 on

both H3 tails likely played a significant role in promoting its activity on higher H3K4me

states on the NCP (Figure 6B, see discussion).
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DISCUSSION

Here we report the single-particle cryo-EM structure of the human MLL1 core complex
bound to the NCP. It shows that the MLL1 core complex anchors on the NCP through
WD40 domain of RbBP5 and Linker-IDR of ASH2L. This dual interaction positions the
catalytic MLL1°*" domain near the nucleosome dyad, allowing symmetric access to both
H3K4 substrates within the NCP. Disruption of MLLI-NCP interaction specifically
reduces MLLI1 activity for nucleosomal H3K4me3. Our study sheds light on how the
MLLI core complex engages chromatin and how chromatin binding promotes MLL1 tri-

methylation activity.

Unique MLL1-NCP Recognition among Chromatin Recognition Complexes

One of the well-known features of the NCP is the acidic patch, which is a negatively-
charged and solvent exposed surface. It is organized by a series of negatively-charged
residues in histones H2A and H2B (Zhou et al., 2019). The acidic patch interacts with the
basic patch on histone H4 of adjacent nucleosomes, which underlies inter-nucleosome
interactions in higher order chromatin structures (Kalashnikova et al., 2013). Structures
of NCP-protein complexes demonstrate that the acidic patch is recognized by NCP-
interacting proteins in many cases through diverse arginine finger motifs (e.g., LANA
(Barbera et al., 2006), RCC1 (Makde et al., 2010), 53BP1 (Wilson et al., 2016)). Our
study demonstrates that the MLL1 core complex binds to a unique surface of the NCP
that do not involve the acidic patch. The main contributors to the NCP interaction are the
electrostatic interactions between positively-charged residues in RbBP5 and ASH2L and

the DNA backbone in the NCP. Extensive DNA-interactions were also observed for the
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histone H3K27 methyltransferase PRC2 in complex with dinucleosomes (Poepsel et al.,
2018). However, unlike PRC2, all MLLI1-NCP interactions occur within a single
nucleosome. It is possible that other domains of MLL1 (e.g. MLL1 PHD-Bromo) that are
not included in our study are important for engaging adjacent nucleosomes and spreading

the H3K4me marks.

In our structure, the I-loop of RbBPS, inserting between the H4 tail and
nucleosomal DNA (SHL1.5), provides the specific docking point of the MLL1 core
complex to the NCP. Once RbBP5 is docked, the distance between RbBPS5 and ASH2L
(~ 70 A) limits ASH2L binding to SHL7 of the NCP (Figure S7C). Interestingly, despite
importance of RbBPS5 I-loop in specifying the orientation of MLL1 on the NCP, it did not
contribute significantly to binding of RbBP5 to the NCP (Figure 2G). Nonetheless, dual
recognition through both specific and non-specific interactions of RbBP5 and ASH2L
likely enables the MLL1 core complex to bind the NCP in a unique configuration for
optimal access to both H3K4 substrates (Figure 6B). Notably, H4 interactions are also
used by other chromatin interacting proteins e.g., DOT1L, SNF, ISWI (Anderson et al.,
2019; Jang et al., 2019; Li et al., 2019a; Valencia-Sanchez et al., 2019; Worden et al.,
2019; Yan et al., 2019; Yao et al., 2019), raising the possibility of another NCP docking

site in addition to the acidic patch.

Structural Conservation and Divergence of the Human MLL1 Core Complex.

The composition of catalytically-active human MLL/SET and yeast SET1 complexes is

largely conserved (Rao and Dou, 2015). Our study shows that human MLLI core
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complex and the yeast SET1 complexes (Hsu et al., 2018; Qu et al., 2018) have the same
overall architecture, with the catalytic MLL1°*" domain sandwiched by RbBP5-WDR5
(Swd1-Swd3 in Kluveromyces lactis/Cps50-Cps30 in Saccharomyces cerevisiae) and
ASH2L-DPY30 (Bre2-Sdcl/Cps60-Cps25 in yeast) on each side (Figure 3C).
Furthermore, the crystal structure of the yeast SET1 complex (Hsu et al., 2018) overlays
well with the MLL1 core complex in our structure. This may suggest that the yeast SET1

complex adopts a similar configuration on the NCP.

Given that RbBP5 and ASH2L are shared among all MLL family protein
complexes in mammals, it is likely that our study reveals a general mechanism for how
the mammalian MLL complexes engage chromatin and gain access to the H3K4
substrates. Sequence alignments show significant conservation of RbBPS5 I-/A-loops as
well as the basic residues in ASH2L in higher eukaryotes. It supports the functional
importance of these regions in chromatin binding and H3K4me regulation. It also
suggests that the mechanism by which MLL family enzymes engage chromatin in higher
eukaryotes is likely to be conserved. Importantly, recent genome sequencing studies have
identified mutations in these conserved regions in human malignancies (Blankin et al.,
2012; Kim et al., 2014), which warrants future studies. We would like to point out that
the interface of RbBP5 and ASH2L with the NCP are not well conserved in homologous
yeast Swd1/Cps50 and Bre2/Cps60 protein (Figures SA and S5B). The I-loop is much
shorter and the A-loop is missing in the yeast Swdl/Cps50 protein (Figure S5A),
suggesting potential divergence of detailed yeast SET1-NCP interactions at the molecular

level, although the overall NCP recognition pattern might be similar.
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Contribution of ASH2L-IDR in NCP Recognition and H3K4me Regulation

Previous studies have shown that several components of the MLLI core complex are
capable of interacting with DNA or RNA, including WDRS, RbBP5 and ASH2L (Chen
et al., 2011; Mittal et al., 2018; Sarvan et al., 2011; Yang et al., 2014). This raises the
question of how these interactions contribute to recruitment of the MLL1 core complex to
chromatin. Our structure indicates that WDR5, MLL1°*" as well as PHD-WH domain of
ASH2L do not directly interact with the NCP, suggesting that these proteins probably
interact with either nucleosome-free DNAs and indirectly contribute to the stability of the
MLL1 core complex on chromatin. Our study reveals a previously uncharacterized
function of ASH2L Linker-IDRs in chromatin function. This region was not studied in
the previous MLL1**"-ASH2L "®Y-RbBP5>***" structure (Li et al., 2016). The ASH2L
IDRs contain evolutionarily conserved sequences (Figure 5A and S5B) and exhibit
dynamic properties on the NCP. Notably, we take advantage of protein structure
prediction approach to identify the essential interface between ASH2L IDRs and the
NCP. This approach subsequently allowed us to uncover a basic patch region in ASH2L
(205-KRK-297) that significantly contributes to MLL1 binding to the NCP and MLLI tri-
methylation activity. However, it is likely that other regions of ASH2L also contribute to
NCP binding since deletion of the ASH2L residues 202-254 leads to more prominent
reduction of H3K4me (Figure 5B-D). Molecular dissection of ASH2L IDRs awaits future

studies.

Regulation of MLL1 Activity for H3K4me3 on the NCP
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Single turnover kinetic experiments revealed that the MLLI core complex uses a non-
processive mechanism for catalysis (Patel et al., 2009), requiring capture and release
H3K4 after each round of the methylation reaction. Thus, it is not kinetically favorable to
achieve tri-methylation state when enzyme and substrate have random encounters in
solution. Our study here demonstrates that the MLL1 core complex stably associates with
NCP via RbBP5 and ASH2L, which uniquely positions the MLLI®*" domain at the
nucleosome dyad with near symmetric access to both H3K4 substrates (Figure 6A).
Stable settlement on the NCP allows close physical proximity and optimal orientation of
the MLL1°"" catalytic site to both H3K4 substrates on the NCP, which significantly favor
the kinetics of successive methylation reactions. In support, disruption of the MLL1-NCP
interactions significantly reduces H3K4me3 activity on the NCP without affecting MLL1
activity on free H3. Given enhanced MLLI activity on the NCP, we envision that
stabilizing the MLL1 complex on chromatin by transcription factors and cofactors will
further enhances overall H3K4me3, which in turn recruits additional transcription
cofactors (Lauberth et al., 2013; Ruthenburg et al., 2007; Taverna et al., 2007; Vermeulen
et al., 2007; Wysocka et al., 2006). This leads to a feedback loop for optimal gene
expression and spreading of H3K4me3 at the actively transcribed genes in cells. Position
of the MLL1®*" domain at the nucleosome dyad also raises the question of potential
interplay with linker histones, which bind near the nucleosome dyad in the
heterochromatic regions in eukaryotes (Hayes et al., 1994; Lu et al., 2013; Zhou et al.,
2015). It would be interesting to test whether linker histone inhibits MLL1 activity and

thus promotes closed chromatin conformation in future.
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(A) Schematic domain architectures for the core components of the human MLLI1

complex used in the cryo-EM study.
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(B) Immunoblot to detect H3K4 methylation in the in vitro histone methyltransferase
assay. Antibodies indicated on right. The substrates were free recombinant histone H3
(left) and the NCP (right), respectively. Immunoblots for unmodified H3 as well as
RbBPS5 and ASH2L included as controls.

(C) Cryo-EM 3D reconstruction of the MLL1®V3*P_NCP complex. The composite map
of MLL1*VSAP_NCP was locally filtered to the estimated resolution. The subcomplexes,
i.e., RbBP5-NCP and MLL1¥"*-NCP, shown in dashed boxes.

(D) Top (left) and front (right) views of the MLLI*VS*P_NCP structure. The S-adenosyl-
L-homocysteine (SAH) was represented as a sphere (red) and the MLL1 core components
shown in cartoon representation (RbBP5: cyan, WDR5: green, MLL1°"": slate, ASH2L.:
orange, and DPY30 dimer: cerulean and teal). The 147 base-pair Widom 601 DNA and
four histones were colored as indicated on bottom. Two black dashed squares highlighted
the nucleosome contact points near SHL1.5 and SHL7 by MLL1*V**P_ Illustrations of
the protein structure and cryo-EM maps used in all figures were generated with PyMOL
(Delano Scientific, LLC) and Chimera (Pettersen et al., 2004)/ ChimeraX (Goddard et al.,

2018).
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Quad-R of RbBPS5 as well as the H4 tail highlighted in orange, purple, blue and red,
respectively. Histone H3 shown in green.

(B) Interaction of Quad-R, as indicated, with DNA backbone. Red line, histone H4 tail.
(C) Immunoblot to detect in vitro histone methyltransferase activity with the NCP as the
substrate. The MLL1*V*P complex reconstituted with wild type and Quad-R mutated
RbBPS5 indicated on top.

(D) Immunoblot to detect in vitro histone methyltransferase activity with the NCP as the
substrate. The MLL1*VAP complex reconstituted with RbBP5 wild type and deletion
mutant proteins indicated on top.

(E) The interface between RbBP5 and the H4 tail. Key residues on RbBP5 I-/A-loops
indicated. The H4 tail (His18 to core) represented by a red line and the extended tail
beyond His18 represented by a dash line.

(F) Structural superposition of the H4 tails upon RbBP5 (green) and DotlL (PDB ID:
6NJ9) (Worden et al., 2019) binding. The RbBP5 and Dotl1L at the interfaces enclosed by
the blue and pink outlines, respectively.

(G) In vitro pull-down assay for RbBP5 and the NCP. Ni-NTA-bound fractions were
shown and His-tagged wild type or mutant RbBP5 proteins shown on top. Immunoblot
for H3 used to detect the NCP in the bound fraction. Immunoblot for H4 used as a

control.
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(A) Rigid-body fitting of human WDRS crystal structure (PDB ID: 2H14) (Couture et al.,
2006) into the cryo-EM map of MLL1*VS-NCP. Secondary structures of WDR5 were
shown in green.

(B) Rigid-body fitting of MLLI®*" and ASH2L®"™®Y into the Cryo-EM map of
MLLI*WSAP_NCP. The MLL1**"-RbBP5**"_ASH2L*™® crystal structure (PDB ID:
5F6L) (Li et al., 2016) was used. Characteristic secondary structures of MLL1%*" (SET-I,
SET-C and SET-N) were shown within black dashed circles. The catalytic active site
represented by red sphere.

(C) Comparison of human MLL1-NCP structure with yeast SET1 crystal structure (K.
lactis, dark goldenrod, PDB ID: 6CHG, right top) (Hsu et al., 2018) and cryo-EM
structure (S. cerevisiae, light slate blue, PDB ID: 6BX3, right bottom) (Qu et al., 2018).
Orange circles indicated IDR regions of ASH2L (human), Bre2 (K. lactis), and Cps60 (S.

cerevisiae). An extra domain in S. cerevisiae SET1 complex, Cps40, colored grey.
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structure prediction approach was employed to model ASH2L IDR regions as described
in the STAR methods. Linker-IDR colored green and Loop-IDR colored blue in the
ASH2L'™® model structure.

(B) Stereo-view of the ASH2L-DPY30 structure and DNA contacts. The structure of
ASH2L using the crystal structure of ASH2L3"®Y (PDB ID: 5F6L) (Li et al., 2016) and
the model structure of ASH2L™X. Structures of ASH2L*"®Y/DPY30/DNA shown as
transparent and key residues in ASH2L IDR were labeled. The domain architecture of

full-length ASH2L shown at the bottom.
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Figure 5. ASH2L Linker-IDR is Important for NCP Binding and Methyltransferase

Activity.

28


https://doi.org/10.1101/737478
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/737478; this version posted August 16, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

(A) Multiple sequence alignment of ASH2L Linker-IDR region (residues 202-254). The
blue box indicated 70s-KRK-7, key residues for NCP recognition.

(B) Electrophoretic mobility shift assay of ASH2L and ASH2L mutants as indicated on
top. The unbound NCP quantification was done with ImageJ and normalized against the
NCP lane on left, which was arbitrarily set as 1 (100%).

(C) Immunoblot to detect in vitro histone methyltransferase activity with the NCP as the

lRWSAD

substrate. Reconstituted MLL complexes containing wild type and mutant

ASH2L, used as indicated on top. Immunoblots of RbBP5 and ASH2L included as

controls.
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1551, Both histone H3 tails emanated from

marked the catalytic active site of MLL
between two gyres of nucleosomal DNA (Lys37) maintained similar distance from the
MLLI1%T active site (~ 60 A).

(B) Schematic model of NCP recognition mediated by the MLL1 core complex. The I-
loop of RbBP5 and the active site of MLL1°*" were colored in blue and red, respectively.
NCP recognition by the MLL1 core complex functions mainly through concurrent DNA
contacts via RbBP5 and ASH2L. The I-loop of RbBP5 and H4 tail interaction provided
the specific docking point for MLL1 binding to the NCP. This allowed the active site of
MLL1%*" to align at the nucleosome dyad. As a result, both histone H3 tails had physical

ET
IS

proximity to MLL1”"", a non-processive enzyme, for successive rounds of methylation.
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Table 1. Cryo-EM Data Collection, Refinement, and Validation Statistics

MLL1®YS.NCP
(EMD-20513)

MLL1®YSAP_NCP
(EMD-20512)

RbBP5-NCP
(EMD-20514)

(PDB:6PWYV) (PDB: 6PWW) (PDB: 6PWX)
Data Collection and Processing
Magnification 29,000
Voltage (kV) 300
Electron exposure (e-/A”) 64
Defocus range (um) -1.5t0-3.5
Pixel size (A) 1.01
Symmetry imposed Cl
Initial particle images (no.) 712,198
Final particle images (no.) 8,433 21,114 32,563
Map resolution (A) 6.2 4.5 4.2
FSC threshold 0.143 0.143 0.143
Refinement
Initial model used (PDB code) ;gl\f,);sgz 36,E2H ;gﬁ?&;g}l 3 3MVD, 50V3
Model resolution (A) 6.7 4.7 43
FSC threshold 0.5 0.5 0.5
Map sharpening B factor (A%) -189 -157 -100
Model composition
Non-hydrogen atoms 21,781 18,174 14,411
Protein residues 2,005 1,550 1,074
Nucleotides 292 292 292
Ligands 2 2 -
B factor (A%)
Protein 192.99 109.71 107.65
Nucleotide 48.20 36.73 20.20
Ligand 781.00 826.18 -
Rmsds
Bond lengths (A) 0.005 0.004 0.003
Bond angles (°) 0.688 0.612 0.579
Validation
MolProbity score 2.54 2.21 2.38
Clashscore 31.16 21.65 13.50
Poor rotamers (%) 1.42 1.22 3.58
Ramachandran plot
Favored (%) 93.05 95.54 95.45
Allowed (%) 6.95 4.46 4.55
Disallowed (%) 0 0 0
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EXPERIMENTAL PROCEDURES

Protein expression and purification

The core subunits of the MLL1®V*AP complex (MLL1%*27%*3%° ASH2L'™** and
mutants, RbBP5'** and mutants, WDR5%** and DPY30'"") were expressed and
purified using the pET28a Hisg-small ubiquitin-related modifier (SUMO) vector as
previously described (Cao et al., 2010; Li et al., 2016). Mutations of RbBP5 and ASH2L
were generated by overlap PCR-based site-directed mutagenesis. Individual components
of the MLL1®"**P complex were purified on Ni-NTA column and equimolar quantities
were mixed and purified by gel filtration chromatography as previously described (Cao et
al., 2010; Li et al., 2016). Full-length X. laevis histones H2A, H2B, H3, and H4 were
expressed and purified using the one-pot purification method (Lee et al., 2015).
Assembly of the nucleosome core particle using 147 base-pair Widom 601 DNA (Lowary
and Widom, 1998) was done by salt dialysis as previously described (Luger et al., 1997;

Luger et al., 1999).

In vitro histone methyltransferase assay

The in vitro histone methyltransferase assay was carried out by incubating the
MLL1*VSAP complex (0.3 uM) with either nucleosome (0.965 pM) or free recombinant
histone H3 (0.098 uM) for 1 hour at room temperature. The reaction buffer contained 20
mM Tris-HCI, pH 8.0, 50 mM NaCl, | mM DTT, 5 mM MgCl, and 10% v/v glycerol in
a total volume of 20 pL. Reactions were quenched with 20 pL of 2X Laemmli Sample
Buffer (Bio-Rad cat. #161-0737). H3K4 methylation was detected by western blot using

antibodies for H3K4me, (1:20000, Abcam cat. No. ab8895), H3K4me, (1:40000, EMD-
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Millipore cat.#07-030), or H3K4mes; (1:10000, EMD-Millipore cat.#07-473) for either
lhr at room temperature or overnight at 4 °C. The blot was then incubated with IgG-HRP
(Santa Cruz Biotechnology cat.#sc-486) for 1 h at room temperature. The membrane was
developed using ECL (Pierce cat.#32106) and visualized by chemiluminescence (Bio-

Rad ChemiDoc Imaging System).

Electrophoretic Mobility Shift Assay (EMSA)

EMSA assay was carried out using 0.1 uM nucleosomes and increasing concentration of
MLL1 subunits. The protein mixture was run on the 6% 0.2X TBE gel that was pre-run
for 1.5 hours, 150 V at 4 °C. The gel was visualized by incubating in 100 mL of TAE
with 1:20000 diluted ethidium bromide for 10 minutes at room temperature. Gels were
then incubated in distilled water for 10 minutes and visualized by UV transillumination
(Bio-Rad ChemiDoc Imaging System). The results were quantified by Imagel software

(Schneider et al., 2012).

His¢ Pull-down Assay

Hise-fusion proteins were incubated with the NCP in BC150 (20 mM Tris-HCI, pH 7.5,
350 mM NaCl, 20 mM imidazole, 0.05% v/v NP-40, 10 mM DTT, 1 mg/ml BSA, PMSF
and inhibitor cocktail) for 2 hours at 4 °C. After several washes with BC150, the beads

were boiled in SDS loading buffer and analyzed by Western blot.

Cryo-EM sample preparation
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The cryo-EM sample was prepared by the GraFix method (Kastner et al., 2008).

Specifically, the reconstituted MLL1®VSAP

complex (30 uM) was incubated with
nucleosomes (10 uM) in GraFix buffer (50 mM HEPES, pH7.5, 50 mM NaCl, 1 mM
MgCl,, I mM TECP) with added 0.5 mM SAH for 30 min at 4 °C. The sample was
applied onto the top of the gradient solution (0-60% glycerol gradient with 0-0.2%
glutaraldehyde, in GraFix buffer) and was centrifuged at 48,000 rpm at 4 °C for 3 hours.
After ultracentrifugation, 20 pl fractions were manually collected from the top of the
gradient. The crosslinking reaction was terminated by adding 2 pl of 1 M Tris-HCI,

pH7.5 into each fraction. Glycerol was removed by dialyzing the sample in GraFix buffer

using centrifugal concentrator (Sartorius Vivaspin 500) before making cryo-EM grids.

Cryo-EM data collection and processing

A protein sample at 1 mg/ml concentration was plunge-frozen on 200 mesh quantifoil
R1.2/1.3 grids (Electron Microscopy Sciences) using a Mark IV Vitrobot (Thermo Fisher
Scientific) with settings as 4 °C, 100% humidity and 4 sec blotting time. Cryo-EM grids
were imaged on a FEI Titan Krios operating at 300 KV at liquid nitrogen temperature.
The Gatan K2 Summit direct electron detector was used at a nominal magnification of
29,000 X in a counting mode with a pixel size of 1.01 A/pixel. A dose rate of 8
electrons/A%/s and defocus values ranging from -1.5 to -3.5 um were used. Total exposure
of 8 sec per image was dose-fractionated into 40 movie frames, resulting in an
accumulated dose of 64 electrons per A”. A total of 4717 movies were collected for the

MLL1®WVSAD_NCP dataset.
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Micrograph movie stacks were first subjected to MotionCor2 for whole-frame and
local drift correction (Zheng et al., 2017). For each micrograph, CTFFIND4.1 was used
to fit the contrast transfer function (Rohou and Grigorieff, 2015). The estimated
resolution of micrographs lower than 5A were excluded from further processing, which
resulted in 3896 micrographs. Particle picking was performed using the Warp (Tegunov
and Cramer, 2018), which picked total 712,198 particles. Using particle coordinates
obtained from the Warp, the particles were extracted with the box size of 350 A using
RELION 3 program package (Zivanov et al.,, 2018). Extracted particles were then
imported into cryoSPARC (Punjani et al., 2017) for 2D classification in 200 classes.
After removal of bad classes, the total of 694,180 particles were subjected to ab initio 3D
classification (Figure S2). The major class (323,408 particles) contained the MLL1 core
complex and the NCP, which was then subjected for the heterogeneous refinement. This
led to the identification of ten subclasses. One subclass showed the partial cryo-EM
density for the MLL1 core complex, thus excluded for the further processing. The
remaining nine subclasses (252,109 particles) maintained intact MLLI1®V*AP_NCP
complex. These nine subclasses also used for the rigid-body fitting of individual

component of the MLLI®VSAP

-NCP complex to visualize the dynamics of each
component against the NCP (Figure S3E). 252,109 particles were imported in RELION
and performed the 3D classification without alignment (10 classes, 35 cycles, T=40). One
out of 10 classes (8,433 particles) exhibited the well-defined map of MLLI*VSAP_NCP.
These particles were used for 3D refinement in RELION and post-processed to a

resolution of 6.2 A and a B factor of -189 A%, This cryo-EM map was local filtered using

RELION to the local resolution to avoid over-interpretation.
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To obtain a cryo-EM map for RbBP5-NCP and MLL1®"V*-NCP subcomplexes,
we utilized RELION’s multi-body refinement procedure with 252,109 particles (Figure
S2). RbBP5-NCP (32,563 particles), MLL1V>*P, MLL1®"V*-NCP (21,114 particles), and
MLLI1"" were separately masked during the multibody refinement (Nakane et al., 2018).
The partial signal subtraction was performed to generate the particle set for RbBP5-NCP
and MLL1®VS-NCP. Further 3D classifications without alignment (5 classes, 35 cycles,
T=40 for RbBP5-NCP and 10 classes, 35 cycles, T=40 for MLLIRWS-NCP) were
performed and the best maps based on the resolution and occupancy of RbBP5 and
MLL1*"® densities were selected for further refinement and post-processing (Figure S2).
The reported final resolution of each cryo-EM structure was estimated by RELION with

Fourier shell correlation (FSC) at criteria of 0.143 (Figure S3A-C).

Modeling, rigid body fitting, and model refinement

We built a 3D atomic model of the human ASH2L protein by I-TASSER (Roy et al.,
2010; Wei Zheng, 2019; Zhang, 2008) assisted by deep-learning based contact-map
prediction (Li et al., 2019b). The fragment-guided molecular dynamics refinement
software, FG-MD (Zhang et al., 2011), was utilized to remove the steric clash between
ASH2L model and other molecules and further refine the local structures (Figure S6B).
Finally, our in-house EM-fitting software, EM-Ref (Zhang et al, in preparation), was used
to fit the ASH2L model and other parts of human MLL1 core complex to the density

maps to get final atomic models.
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I-TASSER utilized LOMETS, which consisted of 16 individual threading
programs (Zheng et al., 2019), to generate templates as the initial conformation. Human
ASH2L protein consisted of three domains, while the 2", 3" domains (Linker-IDR and
ASH2L*™®Y) and C-terminal SDI motif can be covered by templates (PDB ID: 6E2H and
6CHG, B chain, crystal structure of the yeast SET1 H3K4 methyltransferase catalytic
module (Hsu et al., 2018)) in most of the top threading alignments. The 1* domain (PHD-
WH domain) was covered by another template (PDB ID: 3S32, A chain, the crystal
structure of ASH2L N-terminal domain) (Sarvan et al., 2011). Therefore, these three
proteins were used as the main templates for building the full-length ASH2L model,
where structural assembly simulation was guided by the contact-maps from the deep-
learning program, ResPRE (Li et al., 2019). Finally, the first model of I-TASSER was
selected as the potential ASH2L model, where the estimated TM-score (Xu and Zhang,
2010) for the C-terminal domain is 0.71+0.12, suggesting that the confidence of the I-
TASSER model is high. Superposing ASH2L model (Linker-IDR and ASH2L®™®Y) with

the experimental structure (ASH2L3™®Y

) is shown in Figure 4A.

Monte Carlo (MC) simulation was employed to fit and refine the complex model
structures based on the experimental density map. During the MC simulations, individual
domain structures were kept as the rigid-body, where global translation and rotation of
the domains were performed, which would be accepted or rejected based on Metropolis
algorithm (Binder et al., 1993). The total number of translation and rotation was 50,000

in the MC simulation. The MC energy function used in the simulation was a linear
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combination of correlation coefficient (CC) between structural models and the density

map data and the steric clashes between the atomic structures, i.e.,

> o (L) = ). (1) - .) )
s 202 0.0 -2 0

r. r,
L) -2
dij
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Where p.(y) was the calculated density map on grid (DiMaio et al., 2009). po(y) was
obtained from the experimental density map. p.and p were the average of calculated

density map and experimental density map, respectively. DM and L represented tbe
density map and the length of protein, respectively. d;; was the distance between the two
atoms i and j. r; was the sum of their van der Waals atomic radii and ¢; was the
combined well-depth parameter for atoms i and j, which were all taken from the
CHARMM force field (MacKerell Jr et al., 1998). w,=100 and w,=1 were the weights for

correlation coefficient item and clash item, respectively.

For the nucleosome model, the crystal structure of nucleosome (PDB ID:3MVD)
(Makde et al, 2010) was used for rigid-body fitting. In the cryo-EM structure of RbBP5-
NCP, the histone H4 tail region was manually rebuilt where the density allowed using the
program COOT (Emsley et al., 2010). Three model structures of MLL1*V**P_NCP,
RbBP5-NCP, and MLLI®VS-NCP were subjected to the real-space refinement using
PHENIX after rigid-body fitting. Validations of three model structures were performed
by MolProbity (Chen et al., 2010). The final structures were further validated by
calculating map-model FSC curves using phenix.mtriage in the PHENIX program

package (Figure S3D) (Afonine et al., 2018). The computed FSC between the model and
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map agreed reasonably well as shown in Figure S3D. Statistics for data collection,

refinement, and validation summarized in Table 1.

DATA Accessions
The accession numbers for the MLL1*VS*P_NCP, RbBP5-NCP and MLL1*V5-NCP
cryo-EM structures are PDB: 6PWYV and EMDB: EMD-20512; PDB 6PWX and EMDB:

EMD-20514; and PDB: 6PWW and EMDB: EMD-20513, respectively.
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