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Abstract
The mixed lineage leukemia 1 (MLL1) core complex: an investigation into its
assembly, nucleosomal interaction and mechanism of multiple histone H3 lysine 4
(H3K4) methylation
Kevin Edward Wilson Namitz
Dr. Michael S. Cosgrove
The ability to regulate gene expression is a requirement for all life on Earth.
Eukaryotic cells utilize histone proteins to wrap DNA and provide a ground state of
inhibition to transcription, while also packaging the genome into chromatin fibers dense
enough to fit within the nuclear envelope. To variably increase or remove this inhibition,
cells have developed an intricate system of histone post-translational modifications
(PTMs) that act as signals to enzymes that alter the chromatin state. One such
modification is histone H3 lysine 4 (H3K4) methylation, which can be stimulatory or
inhibitory to transcription, depending on the degree of methylation and its placement in
the genome.
The mixed lineage leukemia 1 (MLL1) protein is one member of the SET1 family
of H3K4 methyltransferases, which are responsible for establishing and maintaining this
regulatory mark. This enzyme interacts with a conserved sub-complex of proteins called
WRAD2, together forming the MLL1 core complex (also called MWRAD2). In this
work, we sought to investigate three different questions about this complex that have not
yet been answered: how it forms and maintains assembly, how it interacts with its histone
H3 substrate in the context of nucleosomes and how it performs multiple H3K4
methylation. We determined thermodynamically that MWRAD2 favors the disassembled
state at physiological temperature and requires a high local concentration of complex
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components to overcome this barrier. We observed the core complex participating in
liquid-liquid phase transitions in-vitro and we hypothesize that similar droplets in cells
could have concentrations high enough to facilitate MWRAD2 formation in-vivo.
We also examined the interaction of the MLL1 core complex with nucleosomes
and determined that multiple complexes are able to bind individual nucleosomes
simultaneously. Finally, we observed MWRAD2 H3K4 methylation activity using a
novel “dual-substrate” assay and concluded that the complex is able to perform both
mono- and dimethylation simultaneously. This is strong evidence in support of our “two
active site” hypothesis for multiple H3K4 methylation by the MLL1 core complex.
Taken together, these results provide a deeper understanding of a possible regulatory
mechanism for H3K4 methylation: intricate control of both MWRAD2 assembly and
activity.
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1.1 Introduction to gene regulation and epigenetics
Gene regulation is the ability to have spatial and temporal control over the genes
in a genome, which is of crucial importance for all life on Earth. Bacterial cells use an
intricate system of operons, such as the lac operon, to ensure gene transcripts are only
produced by the cell when needed (1). Eukaryotic cells have an additional layer of
complexity, as their DNA must be compacted extensively to fit inside their nuclei. To
accomplish this, eukaryotes use a histone octamer – two copies each of four histone
proteins (H2A; H2B; H3; H4) – to wrap ~147bp of DNA (2). This DNA:protein complex
is referred to as the nucleosome core particle and it is the building block of higher-order
DNA organization, such as chromatin fibers and chromosomes (Fig. 1.1). Each of these
four core histone proteins has an unstructured N-terminal tail that protrudes from the
globular core of the nucleosome into solution (3). Both the tails and globular cores of
each histone protein have multiple residues that can be post-translationally modified to
alter its three-dimensional structure. This, in turn, alters its ability to interact with
chromatin-modifying enzymes and/or complexes (reviewed in (4)).
1.2 Histone H3 lysine 4 (H3K4) methylation and its link to transcriptional activation
The tail of histone H3 has several modifiable residues, including arginines 2, 8
and 17; threonines 3, 6 and 11; and lysines 4, 9, 14 and 18 (5) (Fig. 1.2). Lysine residues
can have many different modifications added to their epsilon-amino group, including (but
not limited to) acetylation (6), crotonylation (7), SUMOylation (8) and methylation (9).
Lysine methylation is a multifaceted post-translational modification (PTM) because a CH3 group can be added to the side chain amino group either once, twice or three times.
Each of these modifications is associated with different chromatin regions and
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transcriptional states of genes (10) (Fig. 1.3). For instance, monomethylation of H3K4 is
mostly associated with transcriptional silencing (11), though it also has been implicated
in maintenance of distal enhancer regions (12,13). In contrast, both di- and
trimethylation of H3K4 are associated with the coding regions of actively transcribed
genes (14), though the necessity of this mark for activation of transcription at genetic loci
has recently come under scrutiny (15).
1.3 The round-about identification of H3K4 methyltransferases: implications in
mixed-lineage leukemias and the discovery of the MLL/SET1 family
The Mixed-Lineage Leukemia 1 or MLL1 protein is the founding member of the
SET1 family of H3K4 methyltransferases in humans; however, this protein was not
identified as a methyltransferase until well after orthologous proteins in lower eukaryotes
had been discovered and characterized. The MLL gene resides at a chromosome
breakpoint (11q23) that was first identified several decades ago, as balanced
translocations of this region had been observed in cytogenetic screens of human acute
lymphocytic and acute myeloid leukemias (16). Unfortunately, the gene encoded at the
breakpoint region was not identified until the early 1990’s. An orthologous gene was
first discovered in Drosophila melanogaster, due to its implication in homeotic gene
regulation (17). This gene was termed trithorax (trx), because of the particular body
patterning defect associated with its disruption: mutant flies would develop three sets of
wing-containing body segments in their thoracic region, as opposed to one set of wings
and one set of halteres (18). This work was purely a genetic screen for homeotic
mutations, which meant that the actual protein sequence, and its disrupted function that
led to regulation of segmentation in Drosophila was not addressed; it took over a decade
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for the gene itself to be cloned (19). Once cloned, the DNA and encoded amino acid
sequences became common knowledge, and it did not take long from that point to
discover that the 11q23 breakpoint protein shared considerable homology to this trithorax
homeotic gene regulator (20-22).
The earliest studies of localization and activity were not performed with the
11q23 breakpoint protein either. Prior to the discovery that this protein was a homolog of
trithorax, Mozer and Dawid demonstrated how the mRNA of the trx gene was
ubiquitously expressed throughout the developing embryo of Drosophila (19). The group
next used the predicted 3,759 amino acid sequence of trithorax to evaluate the conserved
structural domains of the protein. They concluded that trithorax was a DNA-binding
protein, because of the homology of its cysteine-rich regions to zinc-finger domains (23).
Since the C-terminal domain did not show any homology to a known protein domain of
the time, it was not discussed in this work. Around this time, the gene that is disrupted
by the 11q23 breakpoint in humans was discovered and named Mixed Lineage Leukemia,
or MLL (24). However, this group did not clone the entire gene, and so they failed to
discover its similarity to Drosophila trx. The following year, three independent groups
cloned all or part of MLL and determined it was an ortholog of trithorax, each giving it a
different name (ALL, Hrx, Htrx) (20-22); however, each group was still in the dark as to
the function of the C-terminal region. Instead, they noted the presence of the “zincfinger” DNA-binding motifs within both proteins and postulated that both MLL and
trithorax are DNA-binding proteins whose translocations (in the case of MLL) with
multiple fusion partners abrogates this function (20-22).
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Quickly, it became clear that the C-terminal domain was of key importance, as
paralogs of this trithorax domain began to be discovered in other transcriptional regulator
proteins in flies, such as Enhancer of Zeste (E(z)) and Suppressor of Variegation 3-9
(SuVar 3-9) (25,26). In the case of E(z), the protein was demonstrated to be a
transcriptional repressor, associated with Polycomb Group (PcG) proteins, whereas
trithorax is a Trithorax Group (TrxG) protein, associated with transcriptional activation
(25). This contradictory function of the domain was surprising and, without a concept of
the enzymatic activity inherent to the fold, hard to explain. Regardless, the domain was
given the name SET, for SuVar 3-9, E(z), Trx, all the aforementioned Drosophila
paralogs, in honor of the fact that it was discovered in this organism first (26) (note: the
name “tromo” was also suggested by Stassen et al., but that has since fallen out of the
vernacular) (27). In 1997, a Saccharomyces cerevisiae ortholog of a SET domaincontaining protein was discovered, and the group retrospectively named it SET1, despite
the fact that it was in a lower eukaryote than fruit flies (28). Even though all of these
paralogs and orthologs for the SET domain had now been discovered, the biochemical
function of the domain was still unknown.
1.4 Identification of the SET domain as a lysine methyltransferase
In 2000, Rea et al. compared the sequences of several fly and human SET
domains with sequences from predicted plant methyltransferase domains, noting a
similarity (29). They discovered that several of the recombinant SET domain constructs
they purified were able to methylate Histone H3 at lysine 9 (H3K9); however, they were
unable to detect activity with the E(z) and Trx orthologs from humans (EZH2 and MLL1)
and so claimed that they were inactive due to evolutionary divergence (29). The
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following year, however, the same lab was able to detect histone H3 lysine 4 (H3K4)specific methylation by yeast SET1 (30) and the year after that, they determined that
MLL1 has similar enzymatic activity on the same lysine residue in human cells (31).
Yeast Set1 is the only H3K4 methyltransferase in yeast, and knockout of this gene
results in complete loss of this post-translational modification (32). In Drosophila, there
are three SET1 family members called trithorax (Trx), trithorax-related (Trr) and
Drosophila SET1 (dSET1), the latter being the least divergent of the three from yeast
SET1 (33). In humans, there are six SET1 orthologs: MLL1-4 and SETd1a/b (34).
MLL1 and MLL4 (sometimes referred to as MLL2) are most similar to Trx, MLL2 (also
called MLL4) and MLL3 are orthologous to Trr, SETd1a and SETd1b are closest to
dSET1 and S. cerevisiae SET1 (35) (Fig. 1.4).
1.5 The MLL1 protein domain architecture
MLL1 is a large (3,969a.a.) protein that is proteolytically cleaved by Taspase1
into a 320kDa N-terminal fragment and a 180kDa C-terminal fragment, which reassociate with each other via their FYRN and FYRC domains, respectively (36). A
schematic of the primary sequence of MLL1, with each domain marked out and all
known structures of domains inset, is shown in Figure 1.5. The only domain with
enzymatic activity in either fragment of the protein is the SET domain at the extreme Cterminus, which possesses methyltransferase activity towards H3K4 (31,37).
Immediately N-terminal to this domain is the WDR5-interaction (Win) motif, a sixresidue motif containing an absolutely-conserved arginine required for MLL1’s
interaction with the core complex component, WDR5 (38,39). The Transactivation
Domain (TAD) is responsible for binding to the cyclic AMP Response Element Binding
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Protein (CREB) - Binding Protein [CBP], a protein with intrinsic histone
acetyltransferase activity towards all four core histones (40). The “zinc-finger” domains
hypothesized for Trithorax and MLL1 based on their primary sequences have since been
identified as plant homeodomain, or PHD finger domains, which bind to methylated
lysine residues rather than DNA (41-45). The third PHD finger within MLL1 is now
known to bind to di- and trimethylated H3K4, making MLL1 a “reader” of the very
histone mark that it is also involved in writing (46). MLL1 has a bromodomain adjacent
to this PHD finger, which has not been found to bind to any acetylated lysine residues;
instead, it appears to be responsible for regulating the PHD3’s interaction with the
cyclophilin Cyp33 (47). There are two DNA binding regions in the protein: a CxxC
DNA-binding domain, which recognizes nonmethylated CpG DNA (48) and AT-hooks,
which bind to AT-rich regions of DNA (49). The N-terminus has a Menin Binding
Module (MBM) 1 domain responsible for binding of Menin, a protein that is implicated
in the leukemogenesis of MLL1 fusion proteins (50,51). Finally, the region of MLL1
from residues 140-160 interacts with the Integrase Binding Domain (IBD) of LEDGF
(lens epithelium-derived growth factor), a transcriptional coactivator that helps with
MLL1 recruitment (52).
1.6 Activity of the MLL1 methyltransferase in cells: a homeotic gene regulator
In its native state, MLL1 is recruited to subsets of genes, such as the homeobox
(HOX) genes that are responsible for spatial and temporal patterning in organisms (53).
One of the best characterized genes whose transcription is upregulated by MLL1 is
HOXA9 (31). The recruitment of MLL1 to this gene has been worked out in detail; the
CxxC domain and the third PHD finger are both required in tandem to localize the N-
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terminus of MLL1 to the HOXA9 locus (49). PHD3 binds specifically to di- and
trimethylated histone H3 at lysine 4 (H3K4me2/3), suggesting that the methyl mark must
either be added by one of the other SET1 family members before MLL1 can be recruited,
or MLL1 is recruited first by some alternative transient interaction and then it methylates
H3K4 and subsequently interacts at the locus with higher affinity. In addition, the
PAF1C elongation complex interacts directly with the CxxC domain and provides
another level of recognition, through direct interaction with RNA Polymerase II (RNA
Pol II) (48).
Once recruited, the SET domain of MLL1 introduces additional H3K4 marks
throughout the promoter and the body of the HOXA9 gene (54). The exact level of
methylation that MLL1 is able to impart to H3K4 in vivo is still under scrutiny, though
the minimum complex required for in-vitro reconstitution of methyltransferase activity
suggests that MLL1 is predominately a dimethyltransferase (55,56). It is possible that
additional subunits present within the MLL1 complex in cells convey a gain-of-function
trimethylation that is not observed in the recombinant system. Regardless, it is known
that this H3K4 methylation results in increased transcription of the HOXA9 gene, which
encodes a transcription factor that helps maintain an undifferentiated cell lineage in
hematopoietic stem cells (57). The transcription and translation of HOXA9 is severely
reduced upon differentiation of the cell, and is maintained at a “house-keeping” level
only, so that the lineage of the differentiated cell is not forgotten over the course of cell
growth and replication; at this point, MLL1 no longer associates with this gene, as it is
specifically recruited to genes that are transcriptionally active only (54).
Another group of genes that are specifically targeted and regulated by MLL1 are
the Cyclin Dependent Kinase Inhibitors (CDKIs), which require precise control to shut
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down the phosphorylation cascades of the cell cycle (58). The MLL1 complex subunit
Menin has been implicated in directing the histone methyltransferase activity to
CDKN1B and CDKN2C, the genes that encode CDKIs p27 and p18 (59,60).
Additionally, Menin has also been identified as a vital component of MLL1’s interaction
with LEDGF, which recognizes H3K36 trimethyl marks, helping recruit MLL1 to genes
(52).
When full-length, wild-type MLL1 is in complex with all of these interacting
partners, its methyltransferase enzymatic activity is correctly targeted to the
aforementioned genes, introducing H3K4me2 and me3 marks that can be self-propagated
along the body of these genes through the PHD3’s H3K4 me2/3 “reader” capability (47).
These methylation events help maintain the active chromatin structure required for
continual transcription at these genetic loci, and maintenance of MLL1 at these genes
during mitosis allows for quick reactivation of transcription upon completion of division
(61). Equally crucial, though, is the reduction of this transcription to a low, baseline level
upon differentiation of precursor cell lines towards a highly specialized state (i.e.
erythrocytes; endocrine cells) (49). Down-regulation and/or degradation of MLL1 are
required for differentiation in hematopoiesis, and disturbance of these precise regulatory
mechanisms can lead to leukemia.
1.7 Common MLL1 Translocations and their leukemogenic effects
There have been over 60 fusion partners of MLL1 reported throughout all cases of
acute lymphocytic leukemias (ALLs) and acute myeloid leukemias (AMLs) (62).
However, nearly 90% of all translocations found in both ALL and AML involve one of
nine specific fusions: ALL-fused gene from chromosome 4 (AF4), AF9, eleven nineteen
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leukemia (ENL), AF10, AF6, RNA polymerase elongation factor (ELL), AF1p, AF17,
and septin 6 (SEPT6) (62). Despite the fact that there are so many different types of
translocations, involving so many different fusion partners, the N-terminal region of
MLL1 included in the fusion is almost invariably the same: a ~1400a.a. portion that
terminates within the range of the breakpoint cluster region, or BCR, which is an 8.3kB
stretch of DNA that codes for the portion of MLL1 between the CxxC domain and the
first PHD finger (See Fig. 1.5) (62). From that break point onward, the gene is fused, inframe, to the C-terminal coding region of one of its known fusion partners, generating a
chimeric protein upon transcription and translation of the fused gene (63). All of the
previously mentioned chimeras, due to their total exclusion of the C-terminus, result in
complete loss of all four PHD fingers and the catalytic SET domain. This, in turn, means
that the H3K4me2/3 activity inherent in MLL1 can no longer be directed to any of the
loci that the fusion protein is recruited to.
1.8 Possible mechanisms of leukemogenesis: WT MLL1 seeding of fusion protein
activity
Thiel et al. demonstrated that WT MLL1 recruitment and activity against gene
loci such as HOXA9 is required for leukemogenesis in the MLL1-AF9 background (64).
The results, showing targeted downregulation of the full-length MLL1 transcript in
MLL1-AF9 leukemia cells helped to reduce the oncogenicity of this cell line in the
context of cell cultures, were quite impressive. Also, their proposed method of
oncogenesis, whereby the requirement for WT MLL1 to establish a transcriptionally
“poised” state prior to enhanced Pol II elongation via AF4-ENL-PTEFB (AEP)
phosphorylation of the CTD makes logical sense based on current knowledge of gene
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regulatory mechanisms (a summary of the oncogenesis model is shown in Fig. 1.6).
What makes this model intriguing, from a pharmacological viewpoint, is the fact that this
mechanism of oncogenicity would pertain to all MLL1-FP leukemias, as all of the MLL1
translocations affect only one allele, leaving the other unmodified and able to be
expressed (65). Should this model prove to be accurate for MLL1-FP leukemogenesis,
then methods to disrupt the WT allele in these cells would be the most universally
applicable, and so would warrant the most attention and funding. One possible method of
WT MLL1 inhibition is disruption of the MLL1-WDR5 interaction through the use of
Win motif inhibitors, which will be discussed briefly later.
1.9 Possible mechanisms of leukemogenesis: C-terminal chimeric H3K4 activity
A reciprocal translocation (t 4:11) has also been implicated in leukemogenesis,
particularly in work by the Marschalek laboratory, where they demonstrated that the
AF4-MLL1 fusion protein has oncogenic properties (66). Additionally, they showed that
the regulatory mechanism for wild-type AF4, degradation via the ubiquitin proteasome
pathway, cannot occur for the AF4-MLL1 fusion protein, despite the presence of the
polyubiquitination site and the Siah1/Siah2 recognition motif (66). They also created cell
lines that expressed MLL1-AF4 alone, AF4-MLL1 alone and both fusion proteins
simultaneously (67). By examining growth patterns, gene expression and response to
apoptotic signaling factors, they showed that each of the singly-transfected cell lines did
not recapitulate the same levels of growth and anti-apoptotic capabilities as the cotransfected cells, suggesting that both fusion proteins are important for leukemogenesis in
(t 4;11) translocations (67). This demonstrated the requirement for the SET-domaincontaining C-terminal translocation in leukemogenesis.
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The Marschalek group also produced a mouse model containing an AF4-MLL1
fusion protein, using PIDE retroviral transduction (68). They discovered that the MLL1AF4 fusion protein is not required for leukemogenesis, as they were able to obtain an
ALL phenotype in the mice containing only a copy of the AF4-MLL1 fusion (68). In
their next work, this lab discovered that expression of the AF4-MLL1 fusion resulted in
global alterations of H3K4 methylation in human cells (69). These results suggested that
the C-terminal translocation is the only fusion protein required for leukemogenesis.
1.10 Identification of the WRAD2 sub-complex and its requirement for full activity
While the MLL proteins and their fusion counterparts were clearly implicated in
leukemogenesis, their basic biochemical activities remained to be elucidated. Work on
MLL orthologs using the model organism Saccharomyces cerevisiae led to the discovery
that a small complex of proteins is required for effective histone methyltransferase
activity by the SET domain of yeast SET1 (70). This was termed the COMPASS
complex (COMplex of Proteins ASsociated with Set1), and it was from this first
characterization of the yeast orthologs in the COMPASS complex that the “core
complex” required for full H3K4 methyltransferase activity of MLL1 in humans was
discovered: WD40 Repeat protein 5 (WDR5), Retinoblastoma Binding Protein 5
(RbBP5), Absent, small or homeotic 2-Like (Ash2L) and Dumpy30 (Dpy30) (71,72).
These four proteins together are referred to as WRAD2.
1.10.1 WD40 repeat protein 5 (WDR5): its discovery and interactions with H3R2
and MLL1
The gene for WDR5 was first isolated by Young et al. in 1998 (Genbank
accession number AJ011376). WDR5 was first cloned and characterized in the Demay
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lab, where they demonstrated its ability to accelerate the rate of osteoblast differentiation
(73,74). This group called the protein BIG-3, which stood for bone morphogenetic
protein (BMP)-2-Induced Gene 3 kilobases (73). Using molecular modeling software,
they predicted that the protein would adopt a seven-bladed propeller conformation (73).
In 2002, the Will Die Slowly (WDS) protein from Drosophila melanogaster was
identified and was found to be an ortholog of human BIG-3/WDR5, with a sequence
identity of 91% (75). They also predicted a seven-blade propeller structure for their
protein through comparison to a highly similar protein whose crystal structure had
already been solved: b-transducin (75,76). These early studies began to elucidate the
structure and function of WDR5.
In 2005, the Allis lab determined that WDR5 interacted specifically with histone
H3 tails that were previously dimethylated at lysine 4 (H3K4me2) (77). Based on these
data, the authors hypothesized that WDR5 served as an effector domain, recruiting SET1
family-containing histone methyltransferase complexes to chromatin already containing
this mark, allowing additional H3K4 methyl marks to be introduced (77). The following
year, this same group demonstrated the pairwise interactions of the MLL1 core complex
through baculovirus expression and differential pulldown of components through
alteration of FLAG-tagged subunits (71). However, another article from their group, as
well as articles from the Chai and Trievel groups, solving crystal structures of WDR5
bound to H3K4me2-containing histone peptides demonstrated a complete lack of WDR5
association with lysine 4, which was instead directed outward into solution (78-80). The
H3 residue most responsible for WDR5 interaction turned out to be arginine 2, which was
bound deep in a central tunnel of the protein through cation-p interactions with two

13

highly conserved phenylalanines (78-80). Using Isothermal Titration Calorimetry (ITC)
analysis, the Trievel lab revealed a lack of H3K4 methylation-level specificity in WDR5
recognition of H3 (79).
These results suggested that WDR5 was not the effector domain it had been
hypothesized to be. Instead, it seemed to act more as a scaffolding protein, mediating
interactions between MLL1 and the rest of the core complex. However, based on crystal
contacts observed within their H3K4me2-bound WDR5 structure, the Allis group
hypothesized that two molecules of WDR5 were required to recruit MLL1 to histone H3:
the first one binds Arg2 and orients Lys4 in a way that allows a second WDR5 subunit to
interact with it and recruit MLL1 (78). Both of these hypotheses were challenged in
2008, when both our group and the Kingston group at Harvard discovered that the H3
binding pocket of WDR5 is also used to bind a conserved, six-residue motif located Nterminal to the SET domain of MLL1, which we termed the WDR5 interaction, or Win
motif (Fig. 1.7) (38,39,81). Importantly, we discovered that the binding of WDR5 to
MLL1 and histone H3 is mutually exclusive, effectively shutting the door on the
proposed “histone effector domain” hypothesis. This work additionally demonstrated
that MLL1 requires WDR5 for stable interaction with the other components of the
complex and to recapitulate full enzymatic activity in-vitro, as an excess of Win-motifderived peptides could successfully inhibit the core complex’s H3K4 dimethylation
ability (39). Lending further support to this possibility, later studies demonstrated that
the Win motifs of each SET1 family member interact with WDR5 in different ways, with
the MLL1 Win motif showing the weakest binding (82,83). This suggested a method of
selectively inhibiting the MLL1-WDR5 interaction without affecting the stability of the
other SET1 complexes.
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1.10.2 Disruption of the MLL1-WDR5 interaction: development of Win motif
inhibitors
Since these discoveries, there have been several attempts to design Win motif
inhibitors, both peptidomimetic and small molecule, that have shown successful
disruption of this interaction. After our initial discovery of competitive inhibition with a
12-residue Win motif-containing peptide from MLL1, the Wang and Dou groups at the
University of Michigan determined the minimal length peptide required to achieve lownanomolar inhibition of the MLL1 Win motif – WDR5 interaction (84). These labs later
collaborated to generate peptidomimetics that disrupted the MLL1-WDR5 interaction
with inhibition constants (Ki) in the sub-nanomolar range (85).
Simultaneously, a Canadian group led by the Vedadi lab performed a smallmolecule screen and further optimization to identify three small molecule inhibitors with
sub-micromolar inhibition constants (Ki) for WDR5 (86). The next year, the Dou and
Wang groups demonstrated the efficacy of their peptidomimetic in treatment of MLL1
translocation leukemias in both murine and human cancer cell types, additionally
showing the selectivity of the drug for the MLL1-WDR5 interaction (87). Each of these
reports showed a severe loss in H3K4 methylation when treated with the inhibitors
discovered, further validating the preliminary results our group obtained, using the MLL1
Win motif peptide. Targeting of the Win motif of MLL1 is reviewed in further detail in
Vedadi et al. (88).
1.10.3 RbBP5 – the MWRAD2 “scaffold” protein
As its name suggests, the Retinoblastoma Binding Protein 5 (RbBP5) was first
discovered through its interaction with the retinoblastoma (RB) protein, in particular its
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E1A-binding pocket B (89). The gene was cloned and its genomic locus identified as
chromosome 1q32 and named it RBQ-3. In 1999, it was again identified (and referred to
as RBBP5), this time as a gene whose expression was coamplified with p53 binding
partner and antagonist MDM4 (MDMX) in malignant gliomas, due to their similar
location at 1q32 (90). RbBP5 was first identified as a binding partner of MLL1 in a
pulldown of the entire super-complex from nuclear extract, but there was no work
performed to identify how the protein was interacting with MLL1 (57). In Wysocka et
al., they determined that WDR5, but not RbBP5, could associate with the histone H3 tail
(77). Once the MLL1 core complex (including RbBP5) was identified and found to
interact with the C-terminal fragment of MLL1 and to be required for full activity
(55,71), attempts were made to elucidate the structural make-up of MWRAD2.
A small section of the RbBP5 protein, called the hinge domain, was demonstrated
by crystallographic studies to be the site of both WDR5 (91,92) and Ash2L (93) binding;
however, small peptides showing these interactions were all that could be acquired. It
wasn’t until 2018 that the structure of the N-terminal 7-blade β-propeller structure of
RbBP5 was determined, from both mouse (94) and M. thermophila (95). The latter was
obtained to aid Cryo-EM studies of the entire COMPASS complex from S. cerevisiae.
The crystal structure of the entire complex from K. lactis was solved shortly thereafter
(96).
Since then, the structure of human RbBP5, in the context of both the MLL1
(97,98) and MLL3 (98) core complexes bound to the nucleosome core particle (NCP),
have been obtained using Cryo-EM. This has also been replicated for the K. lactis
SET1:NCP complex, as well as in S. cerevisiae (99). What was demonstrated in all of
these structures is that RbBP5 (or its orthologs) has extensive nucleosomal DNA binding
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activity through its WD40 repeat region and an unstructured region (the hinge) that
snakes its way around the entire complex, interacting with every complex member except
DPY30 (Fig. 1.8) (98). It has also been shown that an unstructured region C-terminal to
the hinge domain has an intrinsic DNA binding activity (100).
1.10.4 Ash2L: homeotic gene regulator and integral member of the MLL1 core
complex
Absent, small or homeotic 2 (Ash2) was first identified in Drosophila, as a
homeotic gene regulator whose mutation caused the loss or homeotic alteration of the fly
imaginal discs (101-103). The ortholog of this protein was discovered in humans in 1999
and named Ash2-Like (Ash2L) (104). It was identified in the same super-complex
pulldown as RbBP5 (57) and was also shown to associate (in the context of the MLL1
core complex) with the Sin3 deacetylase through HCF-1 interaction (105). This protein
was also identified as a member of the MLL1 core complex (71), and has been suggested
(perhaps independently of the MLL1 core complex) to play a role in early heart
development through interaction with the TBX1 transcription factor (106).
The Ash2L protein has two large structured regions: the PHD – Winged helix
(WH) domain at the N-terminus, shown to interact with DNA (107,108), and the SPRY
domain (109) at the C-terminus, where the RbBP5 interaction surface resides (93). These
domains are connected by a flexible linker region. Upon the publication of the Cryo-EM
structures of the SET1 family core complexes bound to nucleosome, it was postulated
that the Ash2L N-terminus interacts directly with the nucleosomal DNA, as expected;
however, this region of the density was too weak to model in the structure of the WH
domain (97). A third region at the extreme C-terminus of Ash2L, called the SDI domain,
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is essential for interaction of the fifth and final member of the MLL1 core complex:
DPY30.
1.10.5 Dumpy-30: Discovery in C. elegans and implications in MWRAD2 activity
In the mid-1990s, a protein was identified in C. elegans that was required for X
chromosome dosage compensation: mutation of this protein resulted in a “dumpy”
phenotype (110,111). An ortholog of this protein in humans was found to associate with
Ash2L to form the WRAD sub-complex that interacts with all SET1 family members
(112). Our laboratory demonstrated that this protein was found in the core complex at a
ratio of two DPY30 molecules to one molecule of MLL1, WDR5, RbBP5 and Ash2L
(55). This interaction is performed exclusively through binding to the Ash2L SDI
domain amphipathic helix (113,114). While DPY30 only shows a weak stimulation of
the MWRAD2 H3K4 methyltransferase activity in-vitro (55,114) there is evidence that
the protein is important for correct positioning of the core complex on chromatin in cells
(114). The reasons behind this are unknown, as the DPY30 subunit (or its ortholog,
Sdc1) does not contact the nucleosome core particle at all in any of the current Cryo-EM
structures (97,115).
1.11 The SET1 family of H3K4 methyltransferases and their product specificities
Despite the millions of years of divergent evolution between yeast and humans,
each SET1 family member interacts with the WRAD2 sub-complex, which is required for
SET domain activity in-vitro (116). Intriguingly, each clade has a different product
specificity than the other two, when the SET domain is bound to WRAD2 in-vitro: MLL2
and MLL3 both catalyze monomethylation only, MLL1 and MLL4 catalyze mono and
dimethylation and SETd1a and SETd1b both catalyze all three possible lysine
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methylation states (116) (Figure 1.4). This inherent difference between SET1 family
members is not due to alterations in the active site, as all residues required for catalysis
are absolutely conserved from yeast to humans (116). In addition, each SET domain
shows a slow monomethyltransferase activity when not in complex with WRAD2 (with
the exception of SETd1a, which is unable to bind SAM in the absence of WRAD2) (116).
These data, combined with in-vivo, mutational and/or deletion studies of each clade of
Set1 family members have demonstrated that these are non-redundant specializations of
the original SET1 enzyme, as their individual dysfunctions or absences lead to embryonic
lethality (33,34).
1.12 How is SET1 family product specificity different between clades?
The fact that WRAD2 confers differential product specificity on each SET1
family member demonstrates one of three possibilities: 1) SET domains must undergo
WRAD2-dependent conformational changes via allostery in a manner that is distinctly
different for each family member, 2) post-translational modifications of the SET1 family
member and/or WRAD2 subunits in-vivo alter the specificity or 3) WRAD2 provides
residues essential for the formation of a second active site that performs multiple
methylation. In support of the latter hypothesis, it has been shown that WRAD2 has an
inherent H3K4 methyltransferase activity independent of SET1 family interaction,
despite a lack of homology to a known lysine methyltransferase domain (55).
Additionally, it was observed via single-turnover kinetic studies of the MLL1 core
complex that there is an accumulation of the intermediate, H3K4me1 product prior to
conversion to the dimethyl product. This suggests a non-processive reaction mechanism,
wherein the substrate histone H3 tail must first enter the SET domain and then be
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released and re-bind to either a novel methyltransferase fold within WRAD2, or the
MLL1 SET domain in an altered conformation (55,56). Finally, the complete abrogation
of SET domain binding to the methyl donor cofactor, S-adenosylmethionine (SAM) does
not eliminate core complex activity on H3 peptide (55,116). These data all point to the
presence of a second active site within all six SET1 family core complexes.
It is clear from the above studies that interaction with WRAD2 grants some degree
of additional product specificity to each of the SET1 family methyltransferases, but this
neatly demarcated addition of methyl marks by each clade seen in-vitro is not readily
apparent when in-vivo work is performed. For instance, the complete deletion of MLL1
in cell culture does not result in a great disruption of H3K4 di-methylation, as might be
expected: instead, the methylation pattern of the cells are essentially unaffected, except
for a small amount of genes that are specifically regulated by MLL1, such as HOXA9
(117,118). This suggests that the hierarchical product specificity seen in in-vitro studies
with the SET1 family core complexes may not be the same in a cellular context. If this is
indeed the case, then additional interactions and/or modifications would be required to
further shape the active site (or sites) within each SET1 family complex.
In support of a post-translational modification model of product specificity
regulation, it was recently shown that phosphorylation of Ser350 of RbBP5 alters its
interaction with Ash2L and results in a change of product specificity for MLL3 from a
monomethyltransferase to a trimethyltransferase when bound to a WR(S350phos.)AD2
complex (119). The protein required for the addition of this phosphate group in-vivo has
not been identified, so the enzymatic assays could not be performed with full-length
RbBP5, but were instead performed with 50-residue peptides containing the RbBP5
regions required for WDR5 and Ash2L interaction.
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The other possibility is that, like the WRAD2 components, the binding of cladespecific proteins (abbreviated CSPs in this review) with variable activities results in a
conformational change within the SET domain or the hypothesized “WRAD2”
methyltransferase domain that confers unique product specificities to each SET1 family
member. It is well-recognized that each clade of the SET1 family interacts with its own
subset of proteins beyond the ubiquitous WRAD2 sub-complex (120). In the case of
MLL1, the N-terminus of the protein specifically interacts with menin and LEDGF, as
stated earlier; MLL4 also contains these Menin and LEDGF-binding motifs. The Cterminal fragments of the cleaved MLL1 and MLL4 proteins also have clade-specific
protein interaction regions, such as the transactivation domain, which specifically
interacts with CBP (72). In the case of MLL2 and MLL3, they both bind to an H3K27
demethylase, called UTX, in a C-terminal region that is close to the SET domain (121).
They both also specifically interact with the DNA damage response protein Pax
transactivation domain-interacting protein (PTIP) (112). Finally, SETd1a and SETd1b
both interact with WDR82 at their N-termini (122). It is possible that interaction with
one of these CSPs could alter the SET1 core complexes’ conformations. It is also likely
that the chromatin state near their regions of interaction can help generate this product
specificity as well. Perhaps the presence of a PTM on the histone being modified, or
even an adjacent histone, could be recognized by a PHD finger on the SET1 family
protein, and thus confer some allosteric change in the SET domain. In support of this
possibility, it has recently been shown that symmetrical dimethylation of H4R3 on
adjacent nucleosomes inhibits the activity of MLL2, which interacts with the unmodified
or asymmetrically methylated arginine through its PHD 4, 5 and 6 tandem PHD domains
(123).
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1.13 Remaining questions
1.13.1 How does MWRAD2 assemble?
To address questions about how the complex binds and methylates its substrates,
it is necessary to establish that the full complex is assembled correctly. Examination of
the thermodynamics of MWRAD2 assembly in-vitro is critical work that has been
missing from this field since its inception and has resulted in the use of steady-state (i.e.,
sub-micromolar) concentrations of complex for H3K4 methyltransferase activity assays.
In addition, the complex has been assayed at temperatures that may not be conducive to
its full H3K4 methyltransferase activity. The lack of systematic analyses of MWRAD2
assembly and activity has likely led to incomplete and conflicting results. In addition, the
ionic strength of assay buffers have been dramatically different, from 200mM NaCl (94)
all the way to 0mM (88). Without rigorous attention to biochemical and biophysical
parameters, it is difficult to know how the core complex behaves under these vastly
different conditions. It is crucial to determine what effects, if any, NaCl concentration
has on the assembly and activity of MWRAD2.
1.13.2 Liquid-liquid phase separation (LLPS) and the MLL1 core complex
During our investigations into MWRAD2 assembly, we discovered evidence that
suggests the complex undergoes phase transitions that result in liquid-liquid phase
separation (LLPS) droplet formation in-vitro (see Chapter 2). Phase separation is
characterized by regions of high local concentration of a protein or proteins, due to weak
(but highly prevalent) multivalent interactions between intra- or inter-protein domains
(124). Phase separation within cells has been observed many times over the past two
centuries, with a multitude of recognized membraneless, LLPS “organelles” now
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currently recognized (reviewed in (125)). One such organelle is the transcription factory:
a biomolecular condensate that forms in regions of high transcriptional activity and has
several RNA polymerases, transcription factors and accessory proteins associated with it
(126). Transcription factories of RNA Polymerase II (PolII) have recently been found to
contain two of the MWRAD2 subunits (WDR5 and DPY30) (127), so this lends support
to our conclusion that the MLL1 core complex can phase separate in cells.
1.13.3 How does MWRAD2 interact with nucleosomes?
Biochemical work to examine the interaction of the MLL1 core complex with the
nucleosome core particle is also lacking. While structural information about MWRAD2
subunits (128) and sub-complexes (129) has been determined in the past, the structural
basis of MWRAD2 interaction with nucleosomes had not been investigated until very
recently. In the last six months there has been a flurry of Cryo-EM structures of the
MLL1 core complex and its orthologs in yeast bound to the nucleosome (97-99,115).
While this has provided a wealth of new structural information for the field, the
biochemistry used for validating these structures is nowhere near completion.
One plausible model is that two MLL1 core complexes bind the nucleosome, one
on each face. The symmetry inherent in the nucleosome makes this a distinct possibility,
but it has not been considered in the literature. In Xue et al. (98), the authors reject
nearly a quarter of the auto-picked Cryo-EM particles because there is a large,
unexplained density on the opposite face of the nucleosome. This could be another copy
of MWRAD2 (or MWRA, in their structural study) binding simultaneously. It has been
suggested that the yeast SET1 core complex may dimerize (130) and such dimerization
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could result in two complexes simultaneously binding both sides of the nucleosome core
particle.
1.13.4 What is the mechanism of MWRAD2 multiple methylation?
Earlier in this chapter, there was conjecture about the possible mechanisms the
SET1 family may use to perform multiple methylation of the H3K4 substrate, as each
SET domain is a monomethyltransferase on its own (116). One of the theories mentioned
was that the complex houses a second active site that performs dimethylation of a
previously monomethylated substrate. This is a hypothesis that we have been seeking to
provide additional evidence for since we first postulated it (55). We have now also
shown that WRAD2 has activity on its own (56) and that automethylation of the SET
domain is lost with an unmodified substrate, but not a monomethylated substrate (131).
This automethylation result suggests that the H3 substrate binds in the SET domain active
site and inhibits automethylation when it is unmodified but not monomethylated.
While these results strengthen the two active site hypothesis, they are not
conclusive. The question remains: does the MLL1 core complex (and all SET1 family
core complexes) contain one active site or two? The best way to prove the existence of
two active sites would be to locate the other active site within WRAD2 and make
mutations that disrupt its activity without disrupting the monomethylation activity of
MLL1. Conversely, disrupting the SET domain activity without disrupting the
dimethylation activity would also be useful.
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1.14 Goals of this dissertation
1.14.1 Determine the assembly kinetics of MWRAD2
In Chapter two, we present a thermodynamic and kinetic characterization of the
MLL1 core complex to address questions regarding the assembly of MWRAD2. These
data demonstrated a loss of both complex stability and loss of H3K4 methyltransferase
activity as the complex was diluted to sub-micromolar concentrations and/or
temperatures approaching the physiological temperature of 37°C. Other laboratories
perform methyltransferase assays with MWRAD2 using sub-physiological (<150mM)
concentrations of NaCl; we decided to test this as well. In doing so, we observed a
significant alteration in both the oligomeric state of the core complex and its rates of
H3K4 methylation. This shift towards large oligomers was reminiscent of phaseseparated particles, so we performed microscopy to look for their formation and were
able to observe them, particularly with the use of a crowding agent. These results led us
to postulate that MWRAD2 is predominately disassembled in cells, due to both the loss of
assembly and the reduced H3K4 activity observed at 37°C. To assemble and methylate
properly, the complex would require areas of high local concentration - such as those in
phase-separated regions - to overcome its tendency towards dissociation at physiological
temperature.
1.14.2 Determine the MWRAD2 interaction mechanism with the nucleosome core
particle
The MWRAD2 interaction with the nucleosome has always been woefully
understudied, but now multiple structures have been solved in the past year.
Unfortunately, these studies lack multiple biophysical characterizations that we are in a
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good position to expand on. For instance, the question of multiple MWRAD2 molecules
bound to a single nucleosome was not addressed in any of the current structural works.
In chapter three, we used multi-signal SV-AUC (MSSV-AUC), to determine that the
complex does interact more than once: it actually shows a 4:1 stoichiometry with the
nucleosome. In addition, we also demonstrate that ~1/2 of the complexes bound can be
competed off using H3 peptide competitors. This suggests that two of the complexes are
bound to the tails while the other two are bound to the core.
1.14.3 Determine the mechanism of MWRAD2 multiple H3K4 methylation
In the fourth Chapter, we used a pulse-chase assay to address the question “does
MWRAD2 uses a processive or non-processive (distributive) kinetic mechanism for
multiple methylation of H3K4.” We determined that the complex does indeed use a nonprocessive mechanism, which is consistent with the two active site hypothesis. We also
developed a novel “dual-substrate” assay to test whether the MLL1 core complex can
perform both the mono- and dimethylation reactions simultaneously. We found that it
could indeed perform both: a result that only seems possible if there are two different
sites for the methylation events. Finally, we found a SET domain active site mutation
(F3885W) that blocks H3 substrate binding to MLL1. We discovered that this mutant
could not monomethylate H3K4, either on its own or in complex with WRAD2, but was
able to perform dimethylation on a previously monomethylated substrate at near-WT
levels. These results provide strong support for the two active site hypothesis.
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Figure 1-1: Genome organization within eukaryotic nuclei
The architecture of genome organization is shown, from least to most condensed (single
nucleosome up to metaphase chromosome, respectively). The more condensed the DNA
is, the less accessible it is for transcription and replication. Note the presence of the Nterminal, unstructured tails on each of the histone proteins shown in the nucleosome
structure. Image generated with BioRender.com.
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Figure 1-2: Modifiable residues of the H3 N-terminal tail
The histone H3 N-terminal tail (shown in teal) is blown up to show the amino acid
sequence of the first 20 residues. Several of these residues can be modified, and some
(though by no means all) of the possible modifications are shown above or below the
residue in circles. Me1 – lysine or arginine monomethylation; Me2 – lysine or arginine
dimethylation; Me3 – lysine trimethylation; Ac – lysine acetylation; P – serine or
threonine phosphorylation. This figure is adapted from (132). Image generated with
BioRender.com.
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Figure 1-3: The three lysine methylation states
The side chain of lysine has a four-carbon aliphatic chain that is capped by an ε-amino
group that is positively charged at physiological pH. Each hydrogen atom bound to this
nitrogen can be abstracted and a methyl group put in its place, resulting in mono-, di and
trimethylated lysine residues. Note the positive charge of the nitrogen is not altered in
any of these states. Image generated with BioRender.com.
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Figure 1-4: The SET1 family of H3K4 methyltransferases has three distinct clades
The six mammalian SET1 family members can be further classified based on sequence
homology into three distinct clades: MLL2 and MLL3 (monomethyltransferases); MLL1
and MLL4 (mono- and dimethyltransferases); SETd1A and SETd1B (mono-, di- and
trimethyltransferases). This image is adapted from chapter two; Figure S9D. Image
generated with BioRender.com.
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Figure 1-5: Domain map of Mixed Lineage Leukemia 1 (MLL1)
This immense, 3,969 a.a. protein contains, from N- to C-terminus; a Menin-Binding
Domain (MBM), which is responsible for the interaction with the transcriptional
coactivator, menin; three AT-hook domains, which are DNA-binding domains that
specifically recognize AT-rich regions; Two speckled nuclear localization (SNL)
domains; A CxxC domain, which binds specifically to unmethylated CpG islands; The
Breakpoint Cluster Region (BCR) is not a domain, but is instead the region of the protein
whose encoding DNA is most susceptible to breakage; The Plant homeodomains (PHDs),
with a bromodomain sandwiched between PHDs 3 and 4: PHD3 is able to bind to
H3K4me2/3; The FYRN and FYRC domains from the MLL1-N and MLL1-C fragments,
respectively, are responsible for the reassociation of the two fragments after their
cleavage by Taspase 1; The Transactivation Domain (TAD) interacts with cyclic AMP
Response Element Binding protein (CREB) - Binding Protein [CBP]; The WDR5
interaction (Win) motif is a six residue motif in MLL1 which is required for interaction
with WDR5; The SuVar3-9, Enhancer of zest, Trithorax (SET) domain, the histone
methyltransferase domain which specifically reacts with H3K4. PDB IDs for the
structures used are: (2KKF) - CxxC domain (magenta) bound to DNA (note: this
structure is one of several structures for the NMR solution structure obtained); (3LQJ) The PHD3 (Cyan)/Bromodomain (Orange) crystal structure bound to H3K4me3 peptide;
(2AGH) - Transactivation Domain (Purple) bound to CBP and c-Myb (note: this structure
is one of several structures for the NMR solution structure obtained); (3EG6) - The
WDR5 interaction motif (Brown) bound to WDR5; (2W5Z) - The SET domain of MLL1
bound to H3K4me3 peptide and S-adenosylhomocysteine, a product of the
methyltransferase reaction. Figure 1.5 is modeled after Figure 1b of (133).
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A

B

Figure 1-6: A model of proposed leukemogenesis pathways for MLL1 fusions to
members of the AF4 family/ENL family/pTEFb (AEP) complex
A) H3K4 methylation first makes HOXA9 and other leukemogenic genetic loci
transcriptionally active and then B) subsequent recruitment of the AEP complex through
fusion of one of its subunits to MLL1 has a twofold role in establishing leukemia. The
inherent ability of this complex to up-regulate transcription, due to its phosphorylation
of the RNA PolII CTD, causes the genes affected to be expressed far more than
normally.
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Figure 1-7: The MLL1 core complex requires interaction between the MLL1 WDR5
interaction (Win) motif and WDR5
MLL1 (in pink) contains a six-residue sequence N-terminal to the SET domain, dubbed
the “Win” motif that is required for its interaction with WDR5 and the rest of the WRAD2
sub-complex. This motif contains a conserved arginine (in black circle) that inserts into
the central channel of the WDR5 seven-blade propeller. This motif serves as the basis for
all current Win motif inhibitors. Image generated with BioRender.com.
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Figure 1-8: The RbBP5 Hinge domain contacts MLL1, WDR5 and Ash2L
The RbBP5 (blue) hinge domain has no secondary structure, but “snakes” around to
contact MLL1 (magenta), WDR5 (orange) and Ash2L (green). Each interaction point is
highlighted with a red circle. PDB accession ID: 6KIU (98). Image generated with
BioRender.com.
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2.1 Abstract
The enzymes that regulate histone H3 lysine 4 (H3K4) methylation are required
for cellular differentiation and development and are often mutated in human disease.
Mixed Lineage Leukemia protein-1 (MLL1) is a member of the SET1 family of histone
H3 lysine 4 methyltransferases that requires interaction with a conserved sub-complex
consisting of WDR5, RbBP5, Ash2L and DPY30 (WRAD2) for maximal activity. It is
currently unclear how assembly of SET1 family complexes is involved in the
spatiotemporal control of H3K4 methylation in eukaryotic genomes. In this investigation,
we systematically characterized the hydrodynamic and kinetic properties of a
reconstituted human MLL1 core complex and found that its assembly is highly
concentration and temperature dependent. Consistent with a hierarchical assembly
pathway, we found that the holo-complex assembles through interactions between the
MW and RAD2 sub-complexes, which is correlated with enzymatic activity. Surprisingly,
we found that the disassembled state is favored at physiological temperatures, and that
this thermodynamic barrier can be overcome under conditions that induce high-local
concentrations of subunits in phase separated compartments. Combining these data with
the observation that the MLL1 primary sequence contains large regions of intrinsic
disorder, we propose a “swinging-domain” model in which the interaction between a
tethered MW subcomplex and multiple nucleosome-RAD2 complexes is regulated by the
rapid formation or dissolution of biomolecular condensates, such as occurs in
transcription factories. This model provides an elegant “switch-like” mechanism for
spatiotemporal control of H3K4 methylation within eukaryotic genomes.
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2.2 Introduction
Cellular identity in multicellular organisms is maintained in part by enzymes that
regulate the degree of histone H3 lysine 4 (H3K4) methylation (1). Di- and trimethylation
of H3K4 (H3K4me2,3) are enriched in gene bodies and promoters of active genes (2-4)
respectively, and function to recruit nucleosome-remodeling complexes that regulate
transcription (5-9). H3K4 monomethylation (H3K4me1) is associated with active gene
enhancers (10-12), but is also associated with gene silencing (13-17). Because genomewide alterations in the patterns of H3K4 methylation are linked to the aberrant
transcriptional programs in developmental disorders and cancers (18-28), there is
significant interest in understanding how different H3K4 methylation states are
established and maintained.
Mixed Lineage Leukemia protein-1 (MLL1, ALL1, HRX, KMT2C) is a member
of the SET1 family of H3K4 methyltransferases and is frequently altered in poor
prognosis acute leukemias (29). MLL1 is a large protein with 3,969 amino acids and
assembles into a super-complex with ~30 subunits (30-33). Subunits shared among all
SET1 family members include WDR5, RbBP5, Ash2L, and two copies of DPY-30
(WRAD2), which associate into a sub-complex that interacts with the C-terminal SuVar,
Ez, Trx (SET) domain of MLL1 (34-38). In vitro studies have shown that the MLL1 SET
domain predominantly catalyzes H3K4 monomethylation (36), whereas multiple
methylation depends on interaction of MLL1 with WRAD2, forming what is known as
the MLL1 core complex (also known as human COMPASS, or MWRAD2) (34,36,39).
The requirement of full MWRAD2 complex for optimal enzymatic activity suggests that
H3K4 methylation may be regulated at the level of subunit assembly in the cell.
Consistent with this hypothesis, genome-wide studies show that, while MLL1 localizes to
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thousands of genes in mammalian genomes, multiple methylation of H3K4 is mainly
correlated with the subset of genes where MLL1 co-localizes with WRAD2 subunits (40).
In addition, disease-specific missense mutations have been shown to disrupt MLL family
core complexes (41), suggesting that aberrations in complex assembly may be associated
with human disease. More recently, several labs have shown that perturbation of MLL1
core complex assembly with protein-protein interaction inhibitors may have utility as a
novel therapeutic approach for treating malignancies (42-44). Together, these results
suggest that knowledge of the molecular mechanisms controlling MLL1 core complex
assembly will be crucial for understanding of how different H3K4 methylation states are
regulated in mammalian genomes. However, progress has been impeded by the lack of
understanding of the biophysical and thermodynamic mechanisms that underlie MLL1
core complex assembly.
Biochemical reconstitution studies using a minimal MLL1 SET domain construct
show that the stoichiometry of the MLL1 core complex consists of one copy of the
MLL1, WDR5, RbBP5 and Ash2L subunits, and 2 copies of the DPY-30 subunit
(MWRAD2)- forming a complex with a mass of ~205 kDa (36). Direct interactions have
been observed between MLL1 and WDR5 (35,37,45), WDR5 and RbBP5 (46,47),
RbBP5 and Ash2L (36), and Ash2L and DPY30 (36,48,49). While these pairwise
interactions suggest a linear arrangement of subunits, several lines of evidence indicate a
more intricate quaternary structure. For example, while MLL1 does not interact with
RbBP5 or Ash2L in pairwise experiments (36), an investigation of SET domainassociated Kabuki syndrome missense mutations suggests a direct interaction with the
RbBP5/Ash2L heterodimer within the context of the holo-complex (41). The WDR5
subunit functions to stabilize this interaction by directly binding to the MLL1 WDR5
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interaction (Win) motif (35,37,45) and RbBP5 (34,36). Binding experiments show that
the weakest pairwise interaction occurs between the WDR5 and RbBP5 subunits (36),
suggesting the complex may be hierarchically assembled. All of these interactions have
been confirmed in recent Cryo-EM and X-ray crystal structures of related SET1 family
complexes (50-53). Together, these results suggest that complex assembly is hierarchical
in nature, with the requirement for the formation of distinct sub-complexes before
assembly of the higher-order quaternary structure. The choreographic details of this
assembly pathway are unknown.
In this investigation, we systematically characterized the hydrodynamic and
kinetic properties of a reconstituted human MLL1 core complex under a variety of
conditions. We found that MLL1 core complex assembly is highly concentration and
temperature dependent. Consistent with the hypothesized hierarchical assembly pathway,
we found that the holo-complex assembles through interactions between the MW and
RAD2 sub-complexes, and that MWRAD2 formation is directly correlated with enzymatic
activity. Surprisingly, we found that the disassembled state is favored at physiological
temperatures and at concentrations typically used in steady-state enzymatic assays. In
contrast, sub-physiological ionic strength dramatically increases enzymatic activity,
which is associated with the formation of induced high-local concentrations of the MLL1
core complex in phase-separated droplets. Based on these results, we propose a model in
which the thermodynamic barrier to complex assembly is overcome in the cell under
conditions that induce high-local concentrations of subunits, such as those found in
transcription factories. Together, these results are consistent with the hypothesis that
regulated assembly of the MLL1 core complex underlies an important mechanism for
establishing different H3K4 methylation states in mammalian genomes.
46

2.3 Results
2.3.1 MLL1 core complex assembly is concentration and temperature dependent
To better understand MLL1 core complex assembly, we purified human
recombinant MWRAD2 as described in Methods and characterized its oligomeric
behavior by size exclusion chromatography (SEC) and sedimentation velocity analytical
ultracentrifugation (SV-AUC). SEC revealed that the purified complex eluted as a single
symmetrical peak (Fig. 2.1A) and SDS-PAGE of the indicated fractions showed the
presence of all five subunits with the expected stoichiometry (Fig. 2.1B). We note that
the complex elutes later than expected based on its theoretical mass, which is likely due
to the significant shape asymmetry of the particle. We then chose SV-AUC to
characterize the concentration and temperature dependence of the complex in solution.
SV-AUC is a first-principle technique that measures the time course of sedimentation of
macromolecules in a gravitational field in a way that maintains the equilibrium of
reversible associations – allowing extraction of equilibrium and kinetic properties of
interactions (54,55). Sedimentation boundaries formed as the particle sediments over time
were fit using a finite element analysis of Lamm equation solutions (Fig. 2.1C) (56) to
give the diffusion-free sedimentation coefficient distribution c(s) (Fig. 2.1D). The c(s)
plot of MWRAD2 at 5 µM loading concentration at 5°C revealed a large peak accounting
for almost 90% of the signal with an s20,w (S) value of 7.2 and two minor peaks at 2.9
and 4.7 S that each account for 4-5% of the signal (noted with arrows in Fig. 2.1D). The
major peak at 7.2 S corresponds to the fully assembled MLL1 core complex, which we
previously showed assembles with a stoichiometry of 1:1:1:1:2 for the MWRAD2
subunits, respectively (36). In addition, the S-value of MWRAD2 is independent of
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loading concentration (Fig. 2.2A), indicating that the complex is stable at 5°C and has a
relatively long lifetime compared to the timescale of sedimentation (57). Using the
derived weight-averaged frictional coefficient (f/f0) of 1.7, the calculated molecular mass
from this S value was 209,561 Daltons, which is within error of the expected mass
(205,402) based on the amino acid sequence of the holo-complex subunits at the
indicated stoichiometry.
The minor peaks observed in the c(s) distribution in Fig. 1D could represent trace
contaminants in the sample or minor populations of dissociated sub-complexes and/or
subunits. To distinguish these hypotheses, we compared c(s) distributions of MWRAD2
at concentrations ranging from 0.25 – 5 µM at 5°C (Fig. 2.2A) and 30°C (Fig. 2.2B). If
the minor peaks represent non-interacting contaminants, then the relative amount of
signal between the major and minor peaks will not vary as the loading concentration is
decreased. In contrast, if the complex is dissociating into sub-complexes, then the relative
amount of signal in the major and minor peaks will change as the loading concentration is
varied. The results were consistent with the latter possibility. For example, while the
effect at 5°C was modest, when the loading concentration of the complex was decreased
from 5 µM to 0.25 µM, the amount of signal corresponding to the holo-complex
decreased from ~88% to ~83% of the total signal, with a corresponding increase in both
minor peak signals (Fig. 2.2A). The effect was more obvious at 30°C, which showed that
the signal corresponding to the minor peaks increased from 35% to 75% of the total
signal as the loading concentration was decreased (Fig. 2.2B). These results suggest that
the minor peaks represent dissociated sub-complexes and/or subunits. Furthermore,
because the S-values of the minor peaks show varying degrees of concentration
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dependence, they likely represent reaction boundaries of sub-complexes as opposed to
individual non-interacting subunits. These data suggest that the holo-complex assembles
from predominantly two sub-complexes in a temperature and concentration-dependent
manner.
2.3.2 The disassembled state of the MLL1 core complex is favored at physiological
temperature
To further explore the thermodynamics of MLL1 core complex assembly, we
compared the temperature dependence of MWRAD2 formation at several different
loading concentrations using SV-AUC (Fig. 2.3). Each c(s) profile was integrated and the
relative amount of signal corresponding to the S value of the holo-complex was plotted as
a function of temperature and total loading concentration (Fig. 2.3F). At the highest
loading concentration (5 µM), little variation in the amount of holo-complex was
observed between 5° and 25°C (Fig. 2.3A, F), with a peak that accounted for 81-92% of
the total signal (Table S 2.1). In contrast, at temperatures greater than 25°C, the amount
of holo-complex decreased precipitously until only ~3% of the signal could be observed
at 37°C (Figs. 2.3A and F; Table S 2.1). The effect of temperature on MLL1 core
complex stability became increasingly more severe as the loading concentration was
decreased. For example, at the lowest loading concentration (0.25 µM), only the 5°C and
10°C runs showed ~80% holo-complex (Fig. 2.3E, F; Table S 2.1); whereas at higher
temperatures, the signal corresponding to the holo-complex decreased from ~63% at
15°C - to ~2% of the total signal at 37°C (Fig. 2.3F; Table S 2.1). At 37°C, most of the
signal is instead dominated by the two sub-complex peaks with S-values of ~3 and 4.7
(Fig. 2.3G). These data are consistent with the hypothesis that the holo-MLL1 core
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complex assembles from interaction of two sub-complexes, the equilibrium of which is
highly concentration and temperature-dependent.
Surprisingly, at all the concentrations tested, very little holo-complex with an S
value of 7.2 was observed at physiological temperature (37°C) (Fig. 2.3G). This suggests
that the disassembled state of the MLL1 core complex may predominate in cells, and that
other factors are required to stabilize the assembled state. In support of this hypothesis,
closer examination of the c(s) profiles of the complex at 37°C revealed evidence that
increased protein concentration promotes complex formation. For example, while similar
amounts of signal are observed in the two sub-complex peaks at the 0.25 µM loading
concentration (cyan line, Fig. 2.3G), the relative amount of signal in the two peaks
changes with progressively higher concentrations. The intensity of the larger peak
increased at the expense of the smaller peak and began to show evidence of
concentration-dependent shifting to higher S-values. This hydrodynamic behavior is
consistent with a reaction boundary composed of free and bound reactants that
interconvert under a rapid kinetic regime that cannot be resolved within the signal-tonoise of the experiment (57). These results suggest that, unlike the long lifetime of the
assembled complex observed at 5°C, the kinetics of the interaction have changed at 37°C
such that the complex now has a short lifetime compared to the timescale of
sedimentation.
We next analyzed the concentration series at each temperature to derive binding
isotherms. We integrated each c(s) profile (between 0.5 and 9.5 S) to determine the
weight-average sedimentation coefficients (sw) (58), which were then plotted against
MWRAD2 concentration and fit to derive the apparent dissociation constant (Kdapp) for
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each isotherm (Fig. 2.4A). Given that the majority of signal in each c(s) profile could be
assigned to three peaks, we applied the A + B ⇆ AB hetero-association model in the
program SEDPHAT (59) and obtained reasonable fits (Table 2.1). The derived Kdapp
values ranged from 7 nM at 5°C to ~6,200 nM at 37°C (Table 2.1). A van’t Hoff analysis
showed that complex formation is exothermic, which is offset by the negative entropy
change as the complex subunits become more ordered (Fig. 2.4B and C). However, the
van’t Hoff plot reveals a non-linear relationship between Keq and temperature, indicating
a change in the heat capacity of the system at higher temperatures (Fig. 2.4B). These data
suggest at least two mechanisms for complex assembly, which differ by temperature. At
low temperatures (≤ 25°C), the equilibrium favors complex formation, with a relatively
long lifetime that is stable on the timescale of sedimentation. Under this mechanism, the
interaction is dominated by enthalpic contributions to the free energy (Fig. 2.4C). At
high temperatures (> 25°C), the equilibrium is shifted into the rapid kinetic regime with a
short complex lifetime where dissociation is more likely. While there is little difference
in the Gibbs free energy between mechanisms, there is a difference in the contributions
between the enthalpic and entropic terms. At higher temperatures, the entropic penalty to
complex formation was increased 7-fold compared to that of the lower temperature
mechanism, while the difference in the enthalpic contribution was only increased by 3.8fold (Fig. 2.4C). These results suggest that, at physiological temperature, one or more of
the subunits samples alternate conformational states, some of which are not competent
for complex assembly. However, given the observation that some holo-complex forms in
a concentration-dependent manner, increased local concentration of subunits may be a
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mechanism that cells use to overcome the increased entropic cost of complex formation
at 37°C.
2.3.3 The MLL1 core complex assembles from MW and RAD2 sub-complexes
Previous experiments suggested that the holo-complex is assembled by pairwise
interactions as follows: M ⇌ W ⇌ R ⇌ A ⇌ D2 (36). Since the weakest pairwise
interaction occurs between WDR5 and RbBP5 (36), we predicted that the complex
assembles by first forming MW and RAD2 sub-complexes, which then interact to form
the holo-complex (Scheme 1). However, we reasoned that there are at least two
additional reaction schemes that could potentially give rise to the three boundaries
observed in the holo-complex c(s) profiles (Schemes 2 and 3). To distinguish among
these schemes, we chose to use a Bayesian approach to analyze the SV-AUC data of the
holo-complex collected at 25°C. The Bayesian approach is a variant of the standard
maximum entropy regularization method utilized in the c(s) analysis in that, instead of
assuming a uniform probability for the occurrence of species at every S-value in a
distribution, it utilizes prior information to assign different probabilities in different
regions of S-values (60). A key feature of the Bayesian implementation in SEDFIT is
that, because it maintains the same degrees of freedom used in the standard c(s) analysis,
imperfections in the expected values will result in additional features in the c(p)(s) plots
in order to maintain the quality of the fit (60). The Bayesian analysis therefore allows us
to determine which reaction scheme gives a c(p)(s) profile that best fits the experimental
data.
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To obtain the expected S-values for each of the predicted sub-complexes or
subunits in each reaction scheme, we mixed stoichiometric amounts of their respective
subunits and characterized their concentration dependence by SV-AUC at 25°C (Fig.
S2.1; Table S2.2). We then used each of the S-values collected at 0.25 µM as prior
expectations in the Bayesian analysis of the holo-complex. As shown in Fig. 2.5A, when
the independently determined S-values for MW, RAD2 and the MWRAD2 species were
used as prior expectations in the Bayesian analysis of the holo-complex at 0.25 µM
(black dotted line), three peaks in the c(p)(s) plot were observed that were in excellent
agreement with the expectations (cyan line). Indeed, good agreement was observed using
the same S-values as prior expectations for Bayesian fits of the experimental data
collected at higher holo-complex concentrations (Fig. 2.5A). The only deviation observed
was for the position and amplitude of the holo-complex peak, which at 25°C shifts from
6.8 to 7.2 S in a concentration-dependent manner (Fig. 2.5A). In contrast, when a similar
analysis was conducted instead using the expected S-values for the MWR and AD2 subcomplexes predicted by Scheme 2, additional features in the c(p)(s) plot with an S-value of
~5.3 were observed at all loading concentrations that did not match the prior expectations
(Fig. 2.5B, red arrow). Similarly, using the expected S-values for M and WRAD2 as
predicted by Scheme 3, the c(p)(s) plot showed little evidence of a species matching the

53

expected value of free MLL1 at 2.3 S, and also showed additional features at ~3.5 S that
did not match expectations (Fig. 2.5C, red arrow). To test whether the holo-complex
assembles in a concerted fashion from individual subunits, we also performed a similar
Bayesian analysis using the predetermined S values for M, W, R, AD2, and MWRAD2 as
prior expectations (AD2 is treated as a discrete species since it does not appreciably
dissociate under the range of concentrations that can be detected by the absorbance
optical system used in these experiments (36)). The c(p)(s) plot showed additional features
with an S-value of ~5.2 that did not match expectations (Fig. 2.5D, red arrow). Together,
these results are consistent with the hypothesis that MLL1 core complex is hierarchically
assembled by association of MW and RAD2 sub-complexes.
2.3.4 Enzymatic activity of the MLL1 core complex is directly related to complex
assembly
To determine the impact of concentration and temperature on the enzymatic
activity of the MLL1 core complex, we incubated MWRAD2 (0.25 – 5 µM) with a fixed
concentration of histone H3 peptide (10 µM) and saturating amounts of AdoMet (250
µM) at various temperatures. We then measured methylation using a label-free
quantitative MALDI-TOF mass spectrometry assay (36). MALDI spectra were integrated
and the relative amount of each peptide species was plotted as a function of time. Data
were fit using a numerical integration of rate equations approach implemented in KinTek
Explorer software (61), which allowed us to test the ability of different reaction schemes
to fit the data.
Using the simplest irreversible consecutive reactions model (Fig. 2.6, Scheme 4),
while acceptable fits were obtained for reaction progress curves collected at the highest
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concentration (5 µM) between temperatures 5 – 30°C (5°C is shown in Fig. 2.6A), the
rest of the fits were poor (an example is shown in Fig. 2.6B). Since we previously
showed that the complex uses a non-processive mechanism for multiple lysine
methylation (36), we revised the model to incorporate binding of peptide substrate to the
enzyme-AdoMet complex (E1) and release of the H3K4me1 product after the first
methylation event, followed by binding of the H3K4me1 substrate to a distinct site on the
enzyme (E2) for the dimethylation reaction. The latter step is predicated on our previous
observation that the MLL1 core complex has a cryptic second active-site independent of
the SET domain that is required for the H3K4 dimethylation reaction (36,62,63). Since
the binding and release rates of substrates and product are currently unknown, these
values were fixed to be non-rate limiting. This model allowed us to incorporate an
additional term to test the impact of reversible complex disassembly, which results in
negligible activity of both enzymes under these assay conditions (Fig. 2.6, Scheme 5)
(36,37). Initial values for the ratio (koff/kon) for complex assembly were set to be equal to
the Kdapp derived from each SV-AUC isotherm experiment.
The resulting simulations showed that adding a reversible complex disassembly
step to the reaction scheme only modestly improved fits to the lower temperature data
(Fig. 2.6C) but did not improve the fits of the higher temperature data (Fig. 2.6D). In
addition, Fitspace confidence contour analysis (64) showed that the derived koff value for
the complex dissociation step was not constrained by the data (not shown), suggesting
that the model is more complex. Closer examination of the high temperature data showed
that several reactions failed to go to completion, suggesting the enzyme rapidly
inactivates at higher temperatures. We therefore revised the working model to incorporate
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an irreversible enzyme inactivation step (kinact) (Figure 2.6, Scheme 6). The resulting
simulations resulted in good fits to both the low and high temperature datasets shown in
Figs. 2.6E and 2.6F, respectively. In addition, Fitspace analysis showed that the derived
pseudo-first order rate constants for monomethylation (kme1), and dimethylation (kme2)
reactions were reasonably well-constrained by the data (Fig. 2.6G and H). Furthermore,
the rate of enzyme inactivation (kinact) was constrained by the data in the higher
temperature experiments (Fig. 2.6H) but not in the lower temperature experiments (Fig.
2.6G), where enzyme inactivation is negligible. Figure 2.7 shows that the use of Scheme
6 produces good fits for all datasets.
Based on these results, we then used the fits to Scheme 6 to compare the impacts
of temperature and concentration on the enzymatic activity of the MLL1 core complex
(Fig. 2.8). The obtained pseudo-first order rate constants for monomethylation (kme1),
dimethylation (kme2) and the rate of enzyme inactivation (kinact) are summarized in Tables
2-4, respectively. At most of the tested enzyme concentrations, activity increased linearly
as the temperature increased from 5°C to 20°C (Fig. 2.8A and C). However, above 20°C,
non-Arrhenius behavior was observed, as the rate of irreversible enzyme inactivation
(kinact) rivaled or exceeded the rates of turnover (Tables 2.2-4), resulting in reactions that
failed to go to completion (Fig. 2.7). These results are consistent with the conclusions
from the SV-AUC analysis, which suggested that as the complex dissociates at higher
temperatures, one or more of the subunits undergoes an irreversible conformational
change that is not competent for catalysis. We therefore plotted kme1 and kme2 rates
(Ln(kn)) as a function of temperature (1/T) between 5°C and 20°C to fit the data to the
Arrhenius equation (Fig. 2.8 B and D, respectively). Linear fitting of the Arrhenius plots
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revealed similar values for the energy of activation (Ea) between the tested
concentrations. The average Ea values were 10.9 ± 2.0 kcal K-1 mol-1 and 17.8 ± 4.7 kcal
K-1 mol-1 for the monomethylation and dimethylation reactions, respectively.
The minimum enzyme concentration resulting in complete conversion into the
mono- and then dimethylated forms was 1.0 µM at 15°C (Fig. 2.7). Slightly higher
activity was observed at the same enzyme concentration at 20°C, but with evidence of
significant enzyme inactivation resulting in failure to go to completion. Increased
concentration extended the range of temperatures under which complete conversion could
be observed. For example, at 5 µM enzyme concentration, complete conversion of the
peptide into the dimethylated form was observed between 5°C and 30°C, with evidence
of modest H3K4 trimethylation activity (7% - 15%) between 10°C and 25°C (Fig. 2.7).
However, at 37°C, only ~25% of the peptide was converted into the dimethylated form
before the enzyme was completely inactivated.
In general, the apparent pseudo first-order rate constants for mono- and
dimethylation were correlated with the amount of holo-complex in the assay at every
temperature between 5°C and 30°C, with Pearson correlation coefficients (r) ranging
from 0.57-0.94 for monomethylation, and 0.46-0.86 for dimethylation. At 37°C, the
correlation was less obvious due to the lack of detectable activity at the lowest
concentrations. (r = 0.17 and 0.29 for mono and dimethylation, respectively). In contrast,
the parameter that was most highly correlated with the amount of holo-complex present
in the assay at all temperatures was the rate of irreversible enzyme inactivation (kinact),
with Pearson r values ranging between -0.84 and -0.99, depending on the concentration
tested. These results are consistent with the conclusions from the sw isotherm analysis, in
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that holo-complex formation prevents individual subunits from sampling potential nonproductive folding intermediates, some of which lead to irreversible enzyme inactivation.
These results also raise questions about how cells manage to prevent loss of enzymatic
activity at physiological temperatures.
2.3.5 Induced high local concentration within a biomolecular condensate alters the
assembly and enzymatic activity of the MLL1 core complex
Both hydrodynamic and enzymatic assays suggested that higher local
concentrations of subunits would promote complex formation and enzymatic activity at
physiological temperatures. However, given the low concentration of MLL1 in cells
(which has been estimated to be femtomoles per mg of nuclear extract (65)), it is likely
other factors are required to promote complex assembly. MLL1 has been shown to
localize in discrete puncta in mammalian cell nuclei (66), raising the possibility that it
could be regulated by induced high local concentration in liquid-liquid phase-separated
(LLPS) particles, such as those found in transcription factories (67,68). Liquid-liquid
phase separation has been shown to increase local protein concentration of proteins and
ligands by up to 10,000-fold (69). Common features of proteins that undergo phase
separation include primary sequences with regions of low complexity, or intrinsically
disordered regions, that provide the numerous transient multivalent interactions required
for liquid-liquid de-mixing (70). Indeed, examination of the primary sequence of MLL1
by IUPred (71) reveals that the majority of its sequence is predicted to be intrinsically
disordered (Fig. 2.9A). In addition, the MLL1 construct used in this investigation and
each WRAD2 subunit shows significant regions of predicted disorder (Fig. S 2.2). To
determine if the catalytic module of the MLL1 core complex may also be regulated by
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phase separation, we examined MWRAD2 using differential interference contrast (DIC)
microscopy at concentrations up to 75 mg/ml but observed no evidence for phase
separation (not shown). However, since a previous investigation showed increased
enzymatic activity of the MLL1 core complex with reduced ionic strength (72), we tested
whether reduced ionic strength may also regulate the LLPS properties of the MLL1 core
complex.
First, we compared MLL1 core complex activity at several different ionic
strengths at 25°C using quantitative MALDI-TOF mass spectrometry. Consistent with the
previous report, we found that the enzymatic activity was significantly increased in
buffers with sub-physiological ionic strength (Fig. 2.9B, D). While there was relatively
little difference in mono- or dimethylation activities between 200-100 mM NaCl, monoand dimethylation activity was increased 15- and 12-fold, respectively, when the NaCl
concentration was reduced from 100 to 25 mM (Fig. 2.9B, D). To better understand the
reason for increased enzymatic activity at lower ionic strength, we compared the
hydrodynamic properties of the 5 µM MWRAD2 complex at 100 mM and 25 mM NaCl
at 25°C using SV-AUC (Fig. 2.9C). Strikingly, comparison of c(s) profiles showed
hydrodynamic changes in the complex that resembled those of HP1α that was induced to
undergo phase separation (73). The relatively monodisperse peak of the MLL1 core
complex at physiological ionic strength (Fig. 2.9C, purple line) becomes more
polydisperse when ionic strength is reduced (Fig 2.9C, blue line), with peaks at 8.1 S
(54%), 10.0 S (21%) and 12.3 S (~10%), along with several higher molecular weight
species that collectively account for ~16% of the total signal. We also noticed that the
relative distribution among these species shifts to larger S-values in a concentration-
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dependent manner, which is more pronounced with even lower ionic strength (Fig. S 2.3).
These results suggest that the increased activity of the MLL1 core complex with lower
ionic strength is associated with hydrodynamic alterations of the complex that could
include conformational alterations, oligomerization, aggregation, and/or phase separation.
Because the standard c(s) analysis uses a single weight-average frictional
coefficient of all particles to fit the data (74), the polydispersity of the sample at low ionic
strength shown in Fig. 2.9C prevents accurate molecular weight estimates of each species
– and thus our ability to distinguish among the different hypotheses. We therefore
performed a two-dimensional size and shape distribution analysis (c(s,fr)) of the SV-AUC
data, which allows estimation of the frictional coefficients and average molar masses of
each species in a complex distribution (75). The c(s,fr) distribution of MWRAD2 at
~100mM NaCl showed a single peak with the typical experimental s*-value of the
complex, but encompassing a fairly broad range of frictional ratios between 1.0 and 3.0,
with a weight average frictional coefficient of ~1.5 (Fig. 2.9E). The estimated average
molecular mass using this frictional coefficient and S-value was ~190 kDa, which is in
fairly good agreement with the theoretical mass of the monomeric complex (205 kDa). In
contrast, in low ionic strength buffer, the c(s,fr) distribution showed that the majority of
the signal is divided among several peaks with larger S-values that ranged between 9 and
16, with evidence of several larger molecular weight species ranging between 20-70 S
(Fig. 2.9F). Several of the peaks between 9 and 13 S had frictional ratios that range
between 1.1-1.2, which gave mass estimates between 140-230 kDa. Because these
species have relatively similar molar mass estimates, these S-values likely correspond to
species with increasingly compact conformations of the monomeric MLL1 core complex.
The peak at ~16 S gives a mass estimate of ~350 KDa, which is indicative of a reaction
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boundary between monomeric and dimeric complexes. These results suggest that lower
ionic strength allows the complex to sample different conformational states, some of
which are more compact, and some that allow oligomerization of the MLL1 core
complex. Consistent with this interpretation, these larger S-value species become
increasingly more populated in an MWRAD2 concentration-dependent manner (Fig, S
2.3).
The c(s,fr) analysis also showed several discrete species with S-values between
20-70 S with a broad range of frictional ratios ranging between 3-5 (Fig. 2.9F).
Integration of these peaks gave mass estimates starting at ~3.7 MDa, which approximates
an 18-mer of MWRAD2, with each discrete species at higher S-values approximating the
addition of one MWRAD2 dimer. This hydrodynamic behavior is indicative of fiber-like
material (76) and could reflect various sizes of insoluble aggregates, or the fiber-like
polymerization that is predicted to precede the formation of phase separated droplets
(Fig. 2.9G) (70,77). To distinguish these hypotheses, we examined enzymatic reaction
mixtures at 100mM or 25 mM NaCl using DIC microscopy. Surprisingly, despite using a
relatively low concentration of enzyme (5 µM), the low ionic strength reaction mixture
showed evidence of spherical LLPS droplets (Fig. 2.10B) that were absent in the 100mM
NaCl reaction mixture (Fig. 2.10A). No visible evidence of protein precipitation was
observed. The droplets were small and mobile, but did not appear to fuse, which is a
common feature of particles induced to undergo LLPS (77). However, addition of a
crowding agent (dextran; 7% w/v) to the reaction mixture resulted in LLPS droplets with
larger diameters and observable fusion events that could be detected by DIC microscopy
(Fig. 2.10C and Movie S 2.1). Importantly, the droplets disappeared in the presence of
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5% 1,6 hexanediol (Fig. 2.9D), which has been shown to disrupt LLPS droplets formed
by other proteins (78). We also note that in the presence of dextran, similar LLPS
droplets (Fig. S 2.4) and hydrodynamic behavior (Fig. S 2.5) could be observed at
concentrations of NaCl that more closely approximated physiological ionic strength.
Since we observed that higher concentrations of the histone H3 peptide alone
showed evidence of phase separation (not shown), we next determined whether the LLPS
droplets we observed contained only histone H3 or if they also contained the MLL1 core
complex. To do this, we assembled the MLL1 core complex with fluorescently-labeled
WDR5 (W*) or RbBP5 (R*) subunits and, after purification by SEC, we tested for their
ability to phase separate using fluorescence microscopy. SEC elution profiles were
similar to that of unlabeled complex (Fig S 2.6A) and SDS-PAGE showed that each
fluorescent subunit eluted in a stoichiometric complex with unlabeled subunits (Fig. S
2.6B). In addition, control experiments with each complex showed that the fluorescent
tag had minimal effect on enzymatic activity (Fig. S 2.6C, D). When reactions were
examined using fluorescent microscopy, both fluorescently labeled complexes were
present in the buffer and inside the droplets (Fig. 2.10E, F and Movies S 2.2, S 2.3).
These results suggest that the catalytic module of the MLL1 core complex is in an
equilibrium between phases both inside and outside of the LLPS droplets.
Lastly, to determine if LLPS formation rescues enzymatic activity at
physiological temperature, we compared methylation kinetics of different concentrations
of the MLL1 core complex among reaction mixtures containing 200 mM or 25 mM NaCl
at 37°C. As described above, at near physiological ionic strength, none of the reactions
went to completion, even after 24-hour incubation, mainly due to rapid enzyme
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inactivation at 37°C (Fig. 2.11, left column). In contrast, in low ionic strength buffer,
most of the tested concentrations showed at least 80% conversion to the dimethylated
form of H3K4 after only 5 minutes (Fig. 2.11, right column). At the highest
concentrations tested (5 µM) the pseudo-first order rate constants for mono- and dimethylation increased 62- and 50-fold, respectively, with no evidence of enzyme
inactivation (Table 2.5). Lastly, unlike the reactions using higher ionic strength, at low
ionic strength, the reactions better approximated true single-turnover conditions with
rates that were strictly dependent on enzyme concentration and not substrate
concentration (79) (Fig. S 2.7), as would be expected upon induced high-local
concentration of enzyme within a biomolecular condensate.
All together, these results are consistent with the hypothesis that induced highlocal concentration within a biomolecular condensate overcomes the thermodynamic
barrier for MLL1 core complex assembly at physiological temperatures.
2.4 Discussion
Numerous studies have established the role of MLL1 in the regulation of the
degree of H3K4 methylation in mammalian gene expression and human disease. While it
has been shown that the SET domain has intrinsic H3K4 monomethylation activity,
several studies have shown that multiple methylation depends on interaction of MLL1
with the WRAD2 sub-complex. While the molecular details for this product specificity
switch are still in question, the idea that regulated complex assembly controls the spatial
and temporal deposition of different H3K4 methylation states has significant
experimental support. The importance of understanding the molecular details of this
mode of regulation is demonstrated by studies showing targeted inhibition of the Win
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motif-WDR5 protein-protein interaction within the MLL1 core complex selectively
reduces proliferation of MLL1-translocation leukemias and other cancer cells (42-44,80).
These results suggest that molecules mimicking the Win motif, collectively called Win
motif inhibitors, may be useful alternative or complementary therapeutics for cancer.
However, progress in exploiting this potential has been impeded by the lack of
understanding of the biophysical and thermodynamic mechanisms that underlie MLL1
core complex assembly. The lack of standardized in vitro assay conditions has resulted in
different conclusions regarding the mechanisms of multiple lysine methylation by SET1
family complexes and identification of the best inhibitors. For example, we previously
found that the same Win motif inhibitor gives IC50 values that vary by more than an order
of magnitude when assayed over a relatively narrow concentration range of the MLL1
core complex (0.5-1.8 µM) (81), suggesting complex assembly is relatively labile.
Missing is a complete understanding of the conditions under which the complex is
assembled when assayed in vitro. This is crucial not only for our ability to compare the
potency and specificity of different inhibitors, but also for establishing a baseline for
understanding how the dynamics of MLL1 core complex assembly is regulated in cells.
In this investigation, we systematically characterized the hydrodynamic and
kinetic properties of a reconstituted human MLL1 core complex under a variety of assay
conditions. As expected, we found that complex assembly is highly concentration and
temperature dependent. Consistent with the hypothesized hierarchical assembly pathway,
we found that the holo-complex assembles through interactions between the MW and
RAD2 sub-complexes, and that this assembly correlated with enzymatic activity.
However, unexpectedly, we also found that the disassembled state of the complex is
favored at physiological temperatures and at the sub-micromolar enzyme concentrations
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typically used in steady-state enzymatic assays (in which the substrate is in vast excess
compared to the concentration of enzyme). We found that the complex disassembly
results in rapid and irreversible enzyme inactivation under these conditions, likely
because one or more subunits samples unproductive conformational states. Consistent
with this conclusion, it was previously shown that overexpression of C-terminal
fragments from the human SETd1A protein in mammalian cells depletes WRAD2
subunits from the endogenous SETd1A and SETd1B paralogs, resulting in their
degradation (82). It is possible that in the cell, unproductive folding intermediates are
limited by interaction with chaperones. Consistent with this hypothesis, HSP70 and
HSP90 proteins have been found to co-purify with MLL1 super-complexes (31,33). In
addition, HSP90 has been shown to be required for the stability of human MLL1 and the
Drosophila melanogaster ortholog, Trithorax, which is important for homeotic gene
expression (83). It remains to be determined if these or other chaperones interact with and
regulate folding of the subunits of the catalytic module.
Our data suggest that the MW and RAD2 sub-complexes interact with a Kdapp of
~6 µM at 37°C, raising the question of how complex forms in cells that contain relatively
few molecules of MLL1, which has been estimated to be femtomoles per mg of nuclear
extract (65). WRAD2 subunits appear to be present in cells in vast excess compared to
that of MLL1 (65), which could help overcome the thermodynamic barrier to complex
assembly. However, our previous demonstration that a stoichiometric excess of WDR5
inhibits the enzymatic activity of MLL3 (84) and MLL1 (unpublished) core complexes
argues against this possibility. Our data suggest that inhibition by excess WDR5 results
from saturation of available binding sites on the RAD2 sub-complex, which would
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prevent its interaction with the MW sub-complex. These results suggest that cellular
pools of WDR5 may need to be compartmentalized to prevent this form of inhibition of
SET1 family complexes. This may explain why WDR5 over-expression is associated
with several poor outcome malignancies, including bladder, breast, colon, and prostate
cancers, leukemias and hepatocellular carcinomas (80,85-89).
Alternative possibilities to overcome the barrier to complex formation in cells
include interaction with other unknown proteins, cofactors, nucleic acids, post
translational modifications, and/or by inducing a high local concentration of MWRAD2
subunits within a phase separated compartment. While there is evidence that
phosphorylation and long non-coding RNAs regulate the function of MLL family
complexes (90,91), it is currently unclear if these mechanisms would overcome the
barrier to MLL1 core complex assembly at physiological temperatures. Our data suggests
that the barrier to complex formation is overcome in cells by concentration of subunits in
biomolecular condensates, such as those found in transcription factories (67).
Biomolecular condensates are membraneless liquid-like organelles, or intracellular
phase-separated compartments, that function to concentrate proteins and nucleic acids to
regulate a variety of biological processes (79,92). This form of compartmentalization has
been shown to have variable effects on the activity of enzymes, ranging from a 2-70-fold
stimulation in the rate of enzyme or ribozyme-catalyzed cleavage reactions, to inhibition
of catalyzed reactions, protein conformational alterations and increased thermal
resistance (79,93-97). While there are a number of recent examples of chromatin and
chromatin-associated proteins that undergo LLPS in mechanisms that may regulate
heterochromatic gene silencing (69,73,98-100), to our knowledge, there is currently no
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evidence demonstrating LLPS regulation of enzymatic activity of a histone modification
enzyme.
Our data suggest that concentration of the MLL1 core complex in a biomolecular
condensate overcomes the barrier to complex assembly at physiological temperatures,
resulting in histone methyltransferase activity that is increased by at least 30-60-fold
(Table 2.5), depending on the enzyme concentration in the assays. However, the
molecular mechanism for how compartmentalization stimulates MWRAD2 activity is
likely more complex. This is because the hydrodynamic properties of the complex change
under phase separation conditions, likely involving conformational changes and
oligomerization that may be prerequisites for the multivalent interactions required for
LLPS. It is interesting to note that in the absence of a crowding agent, these
hydrodynamic changes begin to occur at the lower boundary of physiological ionic
strength. This suggests a plausible regulatory mechanism in which small changes in ionic
strength, possibly through compartmentalization, could have a large impact on MLL1
core complex activity. However, we also note that further lowering the ionic strength of
the buffer (< 50 mM) resulted in detection of up to six methylation events on the same
peptide (Fig. S 2.8), suggesting reduced enzyme specificity. This result may help explain
contradictory results from different labs using different assay conditions. In addition,
differences in the stability of MLL family complexes may underlie different conclusions
about their relative activities. For example, we and others have observed that the MLL3
core complex is significantly more stable than the other MLL family complexes
(53,84,101), which may account for observations suggesting that the MLL3 core complex
is more active (72,102). However, we have found that when comparing enzymes under
conditions where complexes are at least 80% assembled, there is little difference in the
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overall rate of H3K4 monomethylation among SET1 family complexes (84). Our results
here underscore the importance of assaying enzymes under conditions where complexes
are fully assembled, which in several cases may preclude the use of low enzyme
concentrations typically used in steady-state kinetics studies.
Our results suggest a model in which MLL1 enzymatic activity is regulated in the
cell at the level of complex assembly within a phase-separated transcription factory.
Several lines of experimental evidence are consistent with this hypothesis. Early confocal
microscopy studies showed that transcription occurs in a defined number of discrete sites
within the cell called transcription factories (103,104), each containing a protein-rich core
that encompasses RNA polymerase (Pol) II, co-activators, chromatin remodelers,
transcription factors, histone modification enzymes, ribonucleoproteins, RNA helicases,
splicing and processing factors (105). Indeed, peptides derived from WDR5 and DPY30,
the two most abundant MLL1 core complex subunits (65), were found in purified RNA
Pol II transcription factories (105). A phase separation model may explain, in part,
immunofluorescence experiments showing that MLL1 has a punctate distribution within
mammalian cell nuclei (66), which is a common feature of proteins that undergo LLPS
(77). Furthermore, use of the PScore (106) and CatGRANULE (107) LLPS prediction
programs show that MLL1, as well as all human MLL family proteins, have high phase
separation probabilities (Table S 2.3), as does Ash2L and Ash2L-containing subcomplexes (Table S 2.4). In addition, it was recently demonstrated that the multivalent
interactions provided by the carboxyl-terminal domain (CTD) of RNA polymerase (Pol)
II are sufficient for formation of RNA Pol II LLPS clusters (78). Since several studies
suggest that RNA Pol II interacts directly with MLL1 (108,109), it is possible they
function together within phase-separated transcription factories. Consistent with this
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model, ChIP studies show that MLL1 and RNA Pol II co-localize at nucleosomes
throughout the promoters and open reading frames of actively-transcribed genes (109).
However, a puzzling aspect of this model is that, despite a study showing that MLL1 can
be pulled-down from nuclear extracts with a recombinant GST-CTD fusion protein (109),
Pol II appears to be absent in purified MLL1 super-complexes (30-33). It may be that colocalization within the same transcription factory is required for the interaction.
Combining our results on the assembly of the catalytic module with the
observation that it follows a large region of predicted intrinsic disorder in the primary
sequence of MLL1 (Fig. 2.9A), we propose a “swinging domain” model for the
mechanism of action of the MLL1 core complex within cellular transcription factories
(Fig. 2.12). A swinging domain is a common feature of enzyme complexes involved in
multistep assembly pathways and are characterized by a structured mobile domain
tethered to other components by conformationally flexible linker regions (110). This may
explain why the low complexity region is conserved not only among MLL1 orthologs,
but also in the primary sequences in all human SET1 family members, with the main
differences being the length of the linker regions that precedes the SET domain (Fig. S
2.9). This observation suggests that a swinging domain may be a conserved feature of
SET1 family complexes (Fig. S 2.10D) and linker length differences could be a unique
regulatory feature that limits the range of nucleosomes that can be reached within
different transcriptional compartments. This hypothesis deserves further investigation.
A swinging domain model where the SET domain-WDR5 complex swings to
different nucleosomes provides a satisfying explanation for how the relatively few
molecules of MLL1 in the cell could methylate multiple nucleosomes in the promoter and
open reading frames of genes as they move through the transcription factory (Fig. 2.12).
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This model also provides a plausible explanation for the observation of MLL1 and RNA
Pol II co-localization in ChIP experiments without the necessity of a physical interaction.
Given that RAD2 subunits are relatively abundant in cells and that the RAD2 subcomplex interacts with nucleosomes in the absence of the MW sub-complex (manuscript
in preparation), concentration of both sub-complexes within a transcription factory could
provide the energy required to overcome the barrier for holo-complex formation at
physiological temperatures, resulting in activation of the histone methyltransferase
activity of the MLL1 core complex. This model provides an elegant “switch-like”
mechanism for spatiotemporal control of H3K4 methylation through the rapid formation
or dissolution of biomolecular condensates, which would ultimately regulate the
hierarchical assembly of the MLL1 core complex.
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2.6 Methods
2.6.1 Protein Expression and Purification
Each of the human genes for the MLL1 SET domain (a.a. 3745-3969 – Uniprot #:
Q03164), WDR5 (2-334 – P61964), RbBP5 (1-538 – Q15291) and Ash2L (1-534 –
Q9UBL3-3) (111) were cloned into the pST44 polycistronic vector (112). The WDR5
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subunit was cloned with an N-terminal 6x-Histidine tag followed by a Tobacco Etch
Virus (TEV) protease cleavage site. Plasmids were transformed into Rosetta pLysS BL21
E. coli cells and plated on LB agar supplemented with 50 µg/mL carbenicillin and 20
µg/mL chloramphenicol (both from Gold Biotechnology). Individual colonies were used
to inoculate a seed culture of 50mL of Terrific Broth II (MP Biomedicals), again
supplemented with carbenicillin and chloramphenicol and grown overnight at 30°C.
20mL of the seed culture were used to inoculate 1L of Terrific Broth II media in baffled
2800mL flasks, maintaining the antibiotic resistance. Cultures were then grown for 24hrs at 37°C and 200RPM shaking until the O.D.600 reached ~1. Cultures were then
chilled for 1hr at 4°C followed by induction with 1mM Isopropyl β-D-1thiogalactopyranoside (IPTG – Gold Biotechnology), after which cells were grown for an
additional 20-22hrs at 16°C with constant shaking. Cells were harvested by
centrifugation at 4°C and pellets were flash frozen in liquid nitrogen and stored at -80°C
until they could be lysed. Frozen cells were thawed and resuspended in 50 mL of lysis
buffer (50mM Tris-HCl, pH 7.5; 300mM NaCl; 30mM Imidazole; 3mM dithiothreitol
(DTT) and 1µM ZnCl2, supplemented with one tablet of EDTA-free protease inhibitor
cocktail (Roche)), lysed with a microfluidizer, and cleared by centrifugation at
17,000RPM at 4°C for 30min. The supernatant was diluted to 250 mL in Buffer 1
(50mM Tris-HCl, pH 7.5; 300mM NaCl; 30mM Imidazole; 3mM DTT and 1µM ZnCl2)
and flowed over a HisTrap 5mL nickel affinity column (GE) using an AKTA Purifier
FPLC (GE) at a rate of 0.5 mL/minute. Bound complex was washed with 10 column
volumes (CV) of Buffer 1 at 1 mL/min., and then eluted with a 25-CV linear gradient of
Buffer 2 (Buffer 1 with 500 mM imidazole). Fractions containing the MWRA complex
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were pooled, supplemented with GST-6x-His-TEV protease to a final concentration of
0.1 mg/mL and dialyzed against Buffer 1 with three changes. The complex was then
passed over a re-equilibrated HisTrap column and fractions from the flow-through
containing the cleaved MWRA sample were collected, concentrated by ultrafiltration
using a 30 kDa cutoff membrane to ~12 mg/mL, and further purified by size-exclusion
chromatography (SEC) using a Superdex 200 (16/60) column (GE) pre-equilibrated with
Buffer 3 (20mM Tris-HCl, pH 7.5; 300mM NaCl; 1mM TCEP and 1µM ZnCl2). A twofold Molar excess of Human DPY-30 (1-99 – Q9C005), expressed and purified as
previously described (36), was added to the MWRA sample and the resultant complex
was purified with multiple rounds of SEC in buffer 3. Fractions containing purified
MWRAD2 were concentrated to 12 mg/mL, aliquoted, flash frozen, and stored at -80°C
until use. Individual subunits for Bayesian experiments were purified as previously
described (36).
2.6.2 Sedimentation Velocity-Analytical Ultracentrifugation
2.6.2.1 Experimental Procedures
All stock protein samples were thawed on ice, diluted to the desired
concentration, and spun at 15,000RPM for 15min. at 4°C using a Thermo Scientific
tabletop refrigerated centrifuge to remove any debris. Protein concentrations were
measured with a NanoDrop spectrophotometer using the extinction coefficient A280 of
248,954 M-1 cm-1, which was predicted from the amino acid sequence using ProtParam
(113). 100 or 400 µL of diluted protein samples were then loaded into AUC cells
containing 3- or 12-mm two-sector charcoal-Epon centerpieces (SpinAnalytical)
assembled with quartz or sapphire windows. Matching buffer was loaded into the
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reference sector of each cell. AUC cells were then loaded into a Ti-60 4-hole BeckmanCoulter rotor, pre-equilibrated to the specific run temperature for at least 4hrs. Rotors
were then inserted into the chamber of the centrifuge and allowed to re-equilibrate to
experimental temperature for a minimum of 2hrs before initiation of the run.
Sedimentation velocity analytical ultracentrifugation (SV-AUC) was performed using a
Beckman-Coulter Proteomelab XL-A analytical ultracentrifuge equipped with
absorbance optics. Each run was preceded by a 3000-rpm wavelength scan to detect cell
leakage and to select the appropriate wavelength to ensure a starting absorbance of
between 0.25 and 1.2 OD units. Wavelengths at or near the maximal absorbance for
aromatics of 280 nm or peptide backbone of 230 nm were selected, depending on the
protein concentration and pathlength of the centerpiece. Without slowing the rotor, a
method scan of 50,000-rpm was initiated, and 200 scans/cell were collected with the time
interval between scans set to zero. Each experiment was replicated in duplicate or
triplicate.
2.6.2.2 Data Analysis
Lamm equation modeling of all SV-AUC results was performed using the
continuous distribution (c(s)) method in SEDFIT (56). Maximum entropy (ME)
regularization using a confidence level of P = 0.68 was performed to identify the most
parsimonious distribution consistent with the data, and the fits for each experiment gave
acceptable RMSD values ranging between 0.003 and 0.01. Density, viscosity and partial
specific volume values were estimated by inputting the temperature, buffer reagents, and
amino acid sequences of all five complex components (assuming a DPY-30 dimer) into
the SEDNTERP program (114), and the values used are listed in Table S 2.5. The
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resulting c(s) distributions were displayed and further analyzed using GUSSI (115). To
determine the amount of holo-complex under each condition, distributions were
integrated between S-values 6.8 and 7.6, which represents one standard deviation from
the mean S-value of the holo-complex peak over all conditions, which was 7.2 +/- 0.4.
For binding analyses, c(s) distributions were integrated from 0.5 to 9.5 S to derive the
corresponding signal-weighted average sedimentation coefficients (sw), which were
plotted as a function of loading concentration at each temperature and fit with mass
action law models using the program SEDPHAT (116).
For Bayesian analyses of c(s) distributions, expected sedimentation coefficients
were derived from separate SV-AUC experiments of individual subunits or assembled
sub-complexes, which were each run at concentrations ranging from 0.25 to 5 µM at
25°C (the data for 0.25 µM runs are shown in Fig. S 2.1). These values were then used in
ME regularization as prior expectation restraints to give c(p)(s) distributions of the holocomplex at 25°C. Prior expectations for sub-complexes or individual subunits were
implemented as Gaussians in SEDFIT for Bayesian analysis, with a peak width of sigma
= 0.2 S and centered at the weight-average S-value of the main peak observed in the
individual experiments with an amplitude of 0.05 OD units. Since the prior expected Svalues for WDR5 or RbBP5 overlapped when run in individual experiments, they were
used as prior expectations in c(p)(s) distributions to test the concerted assembly
mechanism with the same weight average S-value but with an amplitude that was doubled
(Fig. 2.5D). Each c(p)(s) distribution was fit with the same prior expectation for
MWRAD2, which used the weight-average S-value determined at 25°C and 0.25 µM with
a width of sigma = 0.4 S and an amplitude of 0.3 OD units.
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For the c(s,fr) analysis, the data were first imported into SEDFIT with reduced
radial resolution (0.006cm compared to the default 0.003cm) and loading every second
scan, to reduce the computational power required (60). These were fit using the c(s, fr)
method in SEDFIT with resolutions of 50 for both the sedimentation coefficient and
frictional ratio dimensions.
2.6.3 Methyltransferase Activity Assay
MWRAD2 complex was assayed using a label-free quantitative MALDI-TOF
mass spectrometry assay (36). Each 20 µL reaction consisted of varying concentrations of
MWRAD2, 250 µM S-adenosylmethionine (AdoMet) and reaction buffer (50 mM Tris,
pH 9.0; 200 mM NaCl; 5% (v/v) glycerol; 1 µM ZnCl2; 3 mM DTT), which were
preincubated for 5 minutes at the experimental temperature in a thermocycler. Reactions
were initiated by the addition of temperature-pre-equilibrated histone H3 peptide
(residues 1-20, with an additional C-terminal GGK-biotin moiety) to a final concentration
of 10 µM. At various timepoints, a 2 µL aliquot was removed and quenched by mixing
with 2 µL of 1% trifluoroacetic acid (TFA). Quenched reactions were stored at -20°C
until they could be analyzed. Upon analysis, samples were thawed and 1 µL of each was
mixed with 4 µL of a-cyano-4-hydroxycinnamic acid in 0.05% TFA and 50%
acetonitrile. 2 µL of this mixture for each time point was spotted onto a ground steel
target plate and allowed to dry at room temperature for 3-12 hours. Spectra were acquired
on a Bruker Autoflex III MALDI-TOF mass spectrometer in reflectron mode. Each
spectrum was the sum of at least 1000 individual laser shots, obtained from five different
positions around the spot, with 200 shots at each position. Using FlexAnalysis software
(Bruker), the intensities of the unmodified (m/z 2651 Da), mono- (m/z 2665 Da), di- (m/z
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2679 Da), and trimethylated (m/z 2693 Da) species were summed to obtain the total
intensity. The relative amount of each species was then determined by dividing the
intensity of each methylation state by the total intensity at each time point and multiplied
by the starting substrate concentration (10µM) to give the micromolar concentration of
each methylation state. These data were then plotted as a function of time for kinetics
analyses.
Fitting of the data was performed using the numerical integration of rate equations
approach implemented in KinTek Explorer software version 6.3 (61). For reaction
schemes incorporating the complex dissociation step, the ratio (koff/kon) was constrained
to be equal to estimated Kdapp for complex dissociation at each temperature determined
from the sedimentation velocity sw isotherm analysis, with the kon fixed at the limit of
diffusion. All other non-variable parameters were fixed with non-rate limiting values.
Confidence contour analysis using a Chi2 threshold of 0.9 was used to obtain estimates
for the extent to which each variable parameter was constrained by the data.
2.6.4 Labeling and assembly of fluorescent MWRAD2 complexes
Recombinant WDR5 or RbBP5 were expressed and purified as previously
described (37). Purified proteins at ~14 mg/ml were dialyzed into labeling buffer
composed of 20 mM HEPES, pH 7.0; 300 mM NaCl; 1 mM TCEP and 1 µM ZnCl2. The
neutral pH was chosen to facilitate selective labeling of the free amino terminus of the
protein, which has a lower pKa than the primary amines of the lysine side chains (117).
The protein was mixed with AlexaFluorä 488 NHS Ester (Invitrogen) in a 1:6 (for
WDR5) or 1:5 (for RbBP5) molar excess of label and reacted for 3 hours at 4°C. The
entire reaction volume for each protein was then loaded onto a Superdexä 200 10/300
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GL size-exclusion column (GE) to separate the labeled protein from the unreacted
fluorophore. The labeled protein fractions were then combined and concentrated by
ultrafiltration in a 10,000 MWCO concentrator (Millipore). Once concentrated, the
degree of labeling was determined using the equations shown below:

0"#$%&'( = 0!)* − 0+,- ∗ ($899&$:;8< =>$:89)

0"#$%&'( ∕ AB>:ℎC&<D:ℎ ∗ E"#$%&'( F = [B98:&;<]

1&D9&& 8= C>I&C;<D = A0+,- ∗ (B98:&;< +-)F ∕ A[B98:&;<] ∗ E./& F

The degree of labeling for WDR5 (W*), was found to be 1.1, or ~ 1 molecule of
fluorophore for each molecule of WDR5. The degree of labeling determined for RbBP5
(R*) was 1.9, or ~2 molecules of fluorophore per molecule of RbBP5. Each labeled
protein was then mixed in equivalent molar ratios with the other recombinant, unlabeled
complex components and loaded onto a Superdexä 200 10/300 GL size-exclusion
column and fractions containing stoichiometric complex were pooled, concentrated, and
stored at -80°C until use.
2.6.5 Liquid-Liquid Phase Separation (LLPS) Assays
MWRAD2 at a concentration of 5 µM was mixed with H31-20 peptide (100 – 500
µM) and 250 µM SAM in either physiological (~100-150 mM) or sub-physiological
(~25-50 mM) NaCl buffers containing (50 mM Tris, pH 9.0, 1 µM ZnCl2, 3 mM DTT
and 5% (w/v) glycerol) in the presence or absence of 7% (w/v) Dextran Sulfate (avg.
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M.W. = 500,000 Da) as a crowding agent. 1 µL of each sample was pipetted into the
depression of 12-well precleaned frosted end Bioworld microscope slide, covered by a
cover slip, and observed on a Zeiss light microscope in DIC mode at 40x magnification.
Single images and movies were taken using a Hamamatsu camera connected to the
microscope. All images taken are of samples at room temperature (~23°C). In addition
to DIC, M(W*)RAD2 or MW(R*)AD2 were imaged with the FITC filter activated. As a
control for phase separation, reaction mixtures were compared in the presence and
absence of 5%1,6 hexanediol.
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Figure 6: Comparison of minimal reaction pathways. (A, C, E) show the fits (solid lines) for the concentrations of each
peptide species (me0, me1, or me2) during the reaction time course catalyzed by 5 µM MWRAD2 at 5°C. Each panel shows the
fits to the same data using Scheme 4 (A), Scheme 5 (C), or Scheme 6 (E). Panels (B, D, F) show fits for Schemes 4-6,
respectively, for the reaction time course catalyzed by 1 µM MWRAD2 at 25°C. (G) Fitspace confidence contour analysis for the
reaction catalyzed by 5 µM MWRAD2 at 5°C fit with Scheme 6. kinact is not constrained by the data, mainly due to the absence of
detectable enzyme inactivation during the reaction time course at 5°C. (H) Fit space confidence contour analysis of the fit of
Scheme 6 to the reaction catalyzed by 1 µM MWRAD2 at 25°C. kinact is now constrained by the data.

Figure 2-6: Comparison of minimal reaction pathways
(A, C, E) show the fits (solid lines) for the concentrations of each peptide species (me0,
me1, or me2) during the reaction time course catalyzed by 5 µM MWRAD2 at 5°C. Each
panel shows the fits to the same data using Scheme 4 (A), Scheme 5 (C), or Scheme 6
(E). Panels (B, D, F) show fits for Schemes 4-6, respectively, for the reaction time course
catalyzed by 1 µM MWRAD2 at 25°C. (G) Fitspace confidence contour analysis for the
reaction catalyzed by 5 µM MWRAD2 at 5°C fit with Scheme 6. kinact is not constrained
by the data, mainly due to the absence of detectable enzyme inactivation during the
reaction time course at 5°C. (H) Fit space confidence contour analysis of the fit of
Scheme 6 to the reaction catalyzed by 1 µM MWRAD2 at 25°C. kinact is now constrained
by the data.
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Figure 7: Temperature and concentration dependence of MLL1 core complex enzymatic activity.

Figure 2-7:Time
Temperature
and
dependence
of MLL1
complex
courses for reactions
at theconcentration
indicated MWRAD2 concentrations
and temperatures
werecore
plotted and
fit
using Scheme 6. Each time point represents the average from two independent experiments. Concentrations
enzymatic activity
of each peptide species were plotted in red for H3K4me0, green for H3K4me1, blue for H3K4me2. For
reactions
showing smallat
amounts
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Time courses
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2
turnover step followed by product release.
were plotted and fit using Scheme 6. Each time point represents the average from two
independent experiments. Concentrations of each peptide species were plotted in red for
H3K4me0, green for H3K4me1, blue for H3K4me2. For reactions showing small
amounts of H3K4me3 (yellow), Scheme 6 was modified to incorporate an additional
turnover step followed by product release.
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Figure 8: Effect of temperature on MWRAD2 enzymatic activity. (A and C), rates of H3K4 mono- (A) and dimethylation (C)

Figure
2-8:
Effect
of temperature
on(defined
MWRAD
activity
plotted as
a function
of temperature.
Arrhenius behavior
as a doubling
of the rate for every
10°C increase in temperature)
2 enzymatic
observed between 5°C and 20°C for most concentrations. (B and D), Arrhenius plots for H3K4 mono- (B) and dimethylation
(Awas
and
C),
rates
of
H3K4
mono(A)
and
dimethylation
(C)
plotted
as a function of
(D) for the data collected between 5°C and 20°C. The lines represent linear regression fits to the data collected at the indicated
MWRAD
concentrations.
E
values
were
obtained
from
the
slope
of
the
Arrhenius
fits,
where
slope
=
-(E
/R)
enzyme
concentration.
2
a
temperature.
Arrhenius
behavior (defined as a doubling of the ratea forat each
every
10°C
increase in temperature) was observed between 5°C and 20°C for most concentrations. (B
and D), Arrhenius plots for H3K4 mono- (B) and dimethylation (D) for the data collected
between 5°C and 20°C. The lines represent linear regression fits to the data collected at
the indicated MWRAD2 concentrations. Ea values were obtained from the slope of the
Arrhenius fits, where slope = -(Ea/R) at each enzyme concentration.
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Figure 9: MLL1 core complex enzymatic activity is increased under conditions that induce phase separation. (A) IUPred

for thecomplex
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protein. Uniprot sub-domain
are shown in
the schematic
above and
Figure disorder
2-9: prediction
MLL1(71)core
enzymatic
activityboundaries
is increased
under
conditions
are summarized in Table S6. (B) Comparison of 5 µM MLL1 core complex enzymatic activity at different ionic strengths at 25°C.
that induce
phase
separation
(C) SV-AUC comparison of 5.0 µM MWRAD c(s) distributions at 100 mM (purple) and 25 mM (blue) NaCl. (D) Reaction time
2

courses of 5.0 µM MWRAD2 at 100 mM NaCl (left panel) and 25 mM NaCl (right panel) at 25°C. Each time point represents the
(A) IUPred
disorder prediction (71) for the full-length MLL1 protein. Uniprot sub-domain boundaries are
mean concentration of each peptide species, and solid lines show the fit using Scheme 6. Peptide species were H3K4me0 (red),
shown inH3K4me1
the schematic
above and
are
in (E
Table
of 5r)) µM
MLL1runs
coreof
(green), H3K4me2
(blue),
andsummarized
H3K4me3 (yellow).
and F)S6.
Size(B)
and Comparison
shape analyses (c(s,f
from SV-AUC
5.0 µM MWRAD2 in buffer with either 100 mM (E) or 25 mM (F) NaCl, each at 25°C. (G) A schematic of the build-up of highercomplex order
enzymatic
at different
ionicpreceding
strengths
at separation
25°C. (C)
SV-AUC
comparison of 5.0 µM
oligomersactivity
and subsequent
fiber formation
phase
(Created
with BioRender.com).
MWRAD2 c(s) distributions at 100 mM (purple) and 25 mM (blue) NaCl. (D) Reaction time courses of 5.0
µM MWRAD2 at 100 mM NaCl (left panel) and 25 mM NaCl (right panel) at 25°C. Each time point
represents the mean concentration of each peptide species, and solid lines show the fit using Scheme 6.
Peptide species were H3K4me0 (red), H3K4me1 (green), H3K4me2 (blue), and H3K4me3 (yellow). (E and
F) Size and shape analyses (c(s,fr)) from SV-AUC runs of 5.0 µM MWRAD2 in buffer with either 100 mM
(E) or 25 mM (F) NaCl, each at 25°C. (G) A schematic of the build-up of higher-order oligomers and
subsequent fiber formation preceding phase separation (Created with BioRender.com).
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Figure 10: The MLL1 core complex phase separates at a low concentration and physiological ionic
Figure
2-10: The MLL1 core complex phase separates at a low concentration and
strength. (A,B) DIC microscopy images of MLL1 core complex enzymatic reactions at 100 mM (A) or 25
mM (B) NaCl. ionic
Each reaction
contained 5.0 µM MWRAD2, 100 µM H31-20 peptide and 250 µM AdoMet in
physiological
strength
reaction buffer at 25°C. (C) The same as in (B) but with 7% dextran (see also Supplementary movie S1).
(A,B)(D)DIC
images
of MLL1
core complex
enzymatic
reactions
at 100 mM
Samemicroscopy
as in (C) but with 5%
1,6 hexanediol.
(E,F) Fluorescence
microscopy
images of the MLL1
core
1-20
complex assembled with AlexaFluor 488-labeled WDR5 (E) or RbBP5 (F) subunits (see also
(A) orsupplementary
25 mM (B)
NaCl.
contained
5.0 µM MWRAD
movies
S3 and Each
S4). Thereaction
conditions were
5.0 µM gel filtration-purified
complex (see
2, 100 µM H3
1-20
supplementary Fig.S7) in reaction buffer with 10 µM H3
peptide, 250 µM AdoMet, and 150 mM NaCl.
peptide and 250 µM AdoMet in reaction buffer at 25°C. (C) The same as in (B) but with
7% dextran (see also Supplementary movie S1). (D) Same as in (C) but with 5% 1,6
hexanediol. (E,F) Fluorescence microscopy images of the MLL1 core complex assembled
with AlexaFluor 488-labeled WDR5 (E) or RbBP5 (F) subunits (see also supplementary
movies S3 and S4). The conditions were 5.0 µM gel filtration-purified complex (see
1-20
supplementary Fig.S7) in reaction buffer with 10 µM H3 peptide, 250 µM AdoMet,
and 150 mM NaCl.
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Figure 2-11:phase
Enzymatic
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core
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under
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Comparison point
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complex
enzymatic
activity
atsolid
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at
representscore
the mean
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species and
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strength
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species
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7
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purpose
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comparison. Each time point represents the mean concentration of each peptide species
and solid lines show the fit using Scheme 6 (Fig.6) or a modified form of Scheme 6 to
account for trimethylation. The resulting pseudo-first order rate constants are summarized
in Table 5. Peptide species were H3K4me0 (red), H3K4me1 (green), H3K4me2 (blue),
and H3K4me3 (yellow). Note the time scale differences required for the high vs. low
ionic strength.
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Figure 2-12 Phase Separation Model for regulation of MLL1 core complex assembly and enzymatic activity within a
transcription factory.
(Left image) MLL1 N-terminal region (MLL1-N) binds to DNA using its DNA and chromatin-recognition domains. The C-terminal
region (MLL1-C), which contains the SET domain, binds to WDR5 (W) to create the MW sub-complex. The RbBP5, Ash2L, DPY-30
(RAD2) sub-complex binds nucleosomes. When this happens in or near transcription factories (right image), MW can use a “swinging
domain” mechanism within the phase condensate to move the SET domain-WDR5 around within the transcription factory. The high
local concentration in these condensates forces the assembly of the full MLL1 core complex and allows for H3K4 methylation of
nucleosomes within the factory that have RAD2 already bound. This can be repeated multiple times within the factory, resulting in
extensive H3K4 methylation of nucleosomes that go into the condensate. This methylation results in removal of nucleosomes and
recruitment of transcription factors that, in turn, recruit RNA Polymerase II for transcription initiation. Once the chromatin leaves the
factory, the reduction in local concentration results in the loss of the RAD2 sub-complex, as well as a high kinetic barrier to reassembly
of MWRAD2, preventing any ectopic methylation. This figure was created with BioRender.com
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Table 2.1: Summary of apparent dissociation
constants for MLL1 core complex assembly at
different temperatures*
Temperature
Kdapp
Confidence
(°C)
(nM)
interval (1σ)
5
10
15
20
25
30
37

7
7
20
30
62
290
6200

6–9
5 – 11
13 – 30
22 – 39
51 – 72
204 – 417
4900 – 7900

* Dissociation constants and error estimates were
obtained from fitting MWRAD2 concentration
versus signal weight average sedimentation
coefficient (sw) using the A + B ⇋ AB
hetero-association model in SEDPHAT (59).
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Table 2.2: Pseudo-first order rate constants for H3K4 monomethylation (kme1) catalyzed by MWRAD2 at the indicated
concentration and temperature*
Temperature:
5°C
10°C
15°C
20°C
25°C
30°C
37°C
[MWRAD2],
µM

kme1, min-1

kme1, min-1

kme1, min-1

kme1, min-1

kme1, min-1

kme1, min-1

kme1, min-1

0.25
0.5
0.75
1.0
5.0

0.01 ± 0.01
0.06 ± 0.01
0.06 ± 0.01
0.13 ± 0.01
0.13 ± 0.02

0.03 ± 0.02
0.10 ± 0.02
0.16 ± 0.02
0.19 ± 0.04
0.26 ± 0.04

0.03 ± 0.04
0.15 ± 0.03
0.16 ± 0.02
0.25 ± 0.04
0.31 ± 0.04

0.03 ± 0.03
0.18 ± 0.03
0.24 ± 0.02
0.29 ± 0.04
0.32 ± 0.04

0.0 ± 0.05
0.11 ± 0.05
0.12 ± 0.04
0.19 ± 0.04
0.30 ± 0.04

N/Aa
0.03 ± 0.02
0.07 ± 0.05
0.18 ± 0.04
0.28 ± 0.04

N/A
N/A
0.00 ± 0.02
0.07 ± N.D.b
0.13 ± 0.06

* Each is the rate constant +/- the Standard Error determined from duplicate measurements.
a
N/A, Not applicable – no methylation observed under the indicated condition.
b
N.D., error estimates are not defined.
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Table 2.3: Pseudo-first order rate constants for H3K4 dimethylation (kme2) catalyzed by MWRAD2 at the indicated
concentration and temperature*
Temperature:
5°C
10°C
15°C
20°C
25°C
30°C
37°C
[MWRAD2],
µM

kme2, min-1

kme2, min-1

kme2, min-1

kme2, min-1

kme2, min-1

kme2, min-1

kme2, min-1

0.25
0.5
0.75
1.0
5.0

N/Aa
0.01 ± 0.00
0.01 ± 0.00
0.02 ± 0.00
0.03 ± 0.01

N/A
0.01 ± 0.01
0.03 ± 0.01
0.05 ± 0.02
0.08 ± 0.01

N/A
0.02 ± 0.01
0.04 ± 0.01
0.06 ± 0.02
0.09 ± 0.01

N/A
0.03 ± 0.01
0.07 ± 0.02
0.09 ± 0.03
0.12 ± 0.02

N/A
0.01 ± 0.04
0.03 ± 0.02
0.06 ± 0.04
0.12 ± 0.02

N/A
N/A
0.01 ± 0.06
0.04 ± 0.01
0.11 ± 0.02

N/A
N/A
N/A
N/A
0.09 ± 0.06

* Each is the rate constant +/- the Standard Error determined from duplicate measurements.
a
N/A, Not applicable – no methylation observed under the indicated condition.
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Table 2.4: First order rate constants for MWRAD2 irreversible inactivation (kinact)*
Temperature:
5°C
10°C
15°C
20°C
25°C

30°C

37°C

[MWRAD2],
µM

kinact, min-1

kinact, min-1

kinact, min-1

kinact, min-1

kinact, min-1

kinact, min-1

kinact, min-1

0.25
0.5
0.75
1.0
5.0

0.01 ± 0.02
0.01 ± 0.01
0.00 ± 0.01
0.00 ± N.D.a
0.01 ± 0.01

0.02 ± 0.02
0.002 ± 0.01
0.009 ± 0.01
0.01 ± 0.02
0.05 ± 0.02

0.04 ± 0.08
0.01 ± 0.02
0.02 ± 0.01
0.01 ± 0.01
0.00 ± 0.00

0.05 ± 0.05
0.02 ± 0.01
0.03 ± 0.01
0.04 ± 0.02
0.09 ± 0.02

0.08 ± 1.07
0.06 ± 0.04
0.04 ± 0.03
0.04 ± 0.03
0.07 ± 0.03

>1700b
0.09 ± 0.07
0.09 ± 0.08
0.07 ± 0.03
0.07 ± 0.02

>2000b
>390b
0.13 ± 1.00
0.24 ± 0.11
0.21 ± 0.13

* Each is the rate constant +/- the Standard Error determined from duplicate measurements.
a
N.D., error estimates are not defined.
b
kinact lower bound. In Kintek Explorer software, kme1 was fixed to the value predicted by the Arrhenius equation at the indicated
temperature and kinact was floated to estimate the lower bound required for the observed loss of activity.
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Table 2.5: Pseudo-first order rate constants for 5 µM MWRAD2 at 37°C in high (200mM) and low (25mM) NaCl reaction
buffer*
[MWRAD2],
µM
0.25
0.5
0.75
1.0
5.0

k1 (min-1)

k2 (min-1)

k3 (min-1)

kinact (min-1)

[NaCl], mM

[NaCl], mM

[NaCl], mM

[NaCl], mM

200

25

200

25

200

25

200

25

N/Aa
N/A
0.00 (0.02)c
0.07 (N.D.b)
0.13 (0.06)

0.3 (0.01)
1.4 (0.10)
1.5 (0.10)
2.3 (0.20)
8.1 (1.80)

N/A
N/A
N/A
N/A
0.09 (0.06)

N/A
1.1 (0.20)
1.2 (0.09)
1.9 (0.10)
4.5 (0.30)

N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
0.01 (0.01)
0.03 (N.D.)

N/A
N/A
0.13 (1.00)
0.24 (0.11)
0.21 (0.13)

0.00 (N.D.)
0.00 (N.D.)
0.00 (N.D.)
0.00 (N.D.)
0.00 (N.D.)

* Each is the rate constant with Standard Error determined from duplicate measurements in parentheses.
a
N/A, Not applicable – no methylation observed.
b
N.D., error estimates are not defined.
c
rates below 5 x 10-3 were rounded to 0.00.
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2.9 Supplementary figures and tables

Hierarchical assembly of the MLL1 core complex within a biomolecular condensate
regulates H3K4 methylation

Kevin E.W. Namitz1, Song Tan2, Michael S. Cosgrove1*
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Figure S1: Determination of expected sub-complex S values for Bayesian analyses.
Figure
S 2.1: Determination of expected sub-complex S values for Bayesian analyses
SV-AUC analysis of 5 µM MLL1 core complex was performed at 25°C with the resulting c(s) plot shown in the top two
panels. The analysis
position of theof
holo-complex
(MWRAD )core
at 7.2 Scomplex
is indicated. The
range
of positions forat
the25°C
unidentified
SV-AUC
5 µM MLL1
was
performed
with the resulting
sub-complex peaks X and Y S are shown in the dotted rectangles. Since each sub-complex peak represented ~ 5% of
c(s)
plotabsorbance,
shown we
inestimated
the topthese
two
panels. toThe
position
of the
) at
the total
sub-complexes
be present
in the sample
at aholo-complex
concentration of ~0.25(MWRAD
µM.
2
We then mixed stoichiometric amounts of individual subunits for each of the indicated sub-complexes at a final
of 0.25 µM and
performed
at 25°C. The for
resulting
plots for each of the
indicated sub7.2concentration
S is indicated.
The
rangeSV-AUC
of positions
thec(s)unidentified
sub-complex
peaks X and Y
complexes are shown. While unambiguous assignment of the sub-complex peaks could not be determined from direct
S are
shown
in
the
dotted
rectangles.
Since
each
sub-complex
peak
represented
~ 5% of
comparison of c(s) plots, the peak positions can serve as powerful restraints in Bayesian analyses of putative assembly
schemes. The position of the largest peak in each sub-complex run was used as a prior expectation in the Bayesian
theanalyses
totalreported
absorbance,
we estimated these sub-complexes to be present in the sample at a
in Fig. 5. The peak positions of each sub-complex or subunit at 5, 1 and 0.25 µM are summarized in
Table S2.
concentration
of ~0.25 µM. We then mixed stoichiometric amounts of individual subunits
for each of the indicated sub-complexes at a final concentration of 0.25 µM and
performed SV-AUC at 25°C. The resulting c(s) plots for each of the indicated subcomplexes are shown. While unambiguous assignment of the sub-complex peaks could
not be determined from direct comparison of c(s) plots, the peak positions can serve as
powerful restraints in Bayesian analyses of putative assembly schemes. The position of
the largest peak in each sub-complex run was used as a prior expectation in the Bayesian
analyses reported in Fig. 2.5. The peak positions of each sub-complex or subunit at 5, 1
and 0.25 µM are summarized in Table S 2.2.
2

103

Figure S2 – Namitz, Tan and Cosgrove

MLL1(3745-3969) IUPred

A

Win

B

SET

ordered disordered

ordered disordered

1.0

0.5

0.0
3750

3800

3850

3900

WDR5 IUPred
WD-40 repeat

1.0

0.5

0.0

3950

0

100

Residue position

C
1.0

0

100

200

300

400

E

100

200

300

400

500

Figure S2: Each MLL1 core
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predicted intrinsically disordered
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disorder predictions (71) for
individual MLL1 core complex
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full-length proteins. Uniprot subdomain boundaries are shown in the
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Figure S 2.2: Each MLL1 core complex subunit has regions of predicted
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IUPred disorder predictions (71) for individual MLL1 core complex subunits:
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(A), WDR5 (B), RbBP5 (C), Ash2L (D), and DPY-30 (E). All WRAD2
components were full-length proteins. Uniprot sub-domain boundaries are shown in the
schematic above each panel and are summarized in Table S 2.7.
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Figure S 2.3: Concentration dependence of MLL1 core complex oligomerization at
Figure S3: Concentration dependence of MLL1
low ionic strength
core complex oligomerization at low ionic
MLL1 core complex was dialyzed
against
(with
no NaCl),
strength. MLL1
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for the
slower Note, the c(s)
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which
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polydispersity induced by dextran.
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Figure S8: Up to six methylation events are
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strength methyltransferase assays.
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Figure S 2.8: Up to six methylation events are observed on the same peptide in low
ionic strength methyltransferase assays
Methyltransferase assays were conducted as described in methods in reaction buffer
containing 25 mM NaCl. (A) MALDI TOF spectra of time points with each 14 Da shift is
indicated. (B) Calculated concentrations of each peptide species were plotted with colors
corresponding to that of the labeled peaks in (A).
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Movie S 2.1: DIC microscopy movie of 5 μM MWRAD2 in reaction buffer and 7%
Dextran
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Movie S 2.2: Fluorescence microscopy of 5 μM M(W*)RAD2 in 7% Dextran
shows localization to phase condensates
Movie of M(W*)RAD2 from which Figure 9E is taken.
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Movie S 2.3: fluorescence microscopy of 5 μM MW(R*)AD2 in 7% Dextran
shows localization to phase condensates
Movie of MW(R*)AD2 from which Figure 9F is taken.
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Table S 2.1: Summary of the amount of holo-MLL1 core complex from SV-AUC experiments at the
indicated concentrations and temperaturesa
[MWRAD2]
5°C
10°C
15°C
20°C
25°C
30°C
37°C
(µM)
0.25
83 (3.0)
79 (2.0)
63 (9.0)
56 (3.0)
48 (1.0)
8 (0.7)
3.0 (2.0)
0.5
86 (0.6)
88 (3.0)
85 (1.0)
81 (2.0)
68 (5.0)
43 (2.0)
1.0 (0.3)
0.75
91 (0.7)
90 (0.4)
89 (0.4)
86 (3.0)
78 (0.0)
55 (1.0)
0.9 (0.1)
1.0
90 (0.5)
83 (3.0)
82 (2.0)
81 (1.0)
76 (0.5)
56 (5.0)
1.3 (0.5)
5.0
88 (0.3)
92 (0.4)
81 (4.0)
88 (2.0)
91 (0.4)
57 (6.0)
2.1 (2.0)
a

Each value represents the mean percent (±S.D.) of holo-MLL1 core complex signal sedimenting between 6.87.6 S out of the total integrated signal of all species at each of the indicated loading concentrations and
temperatures. Each experimental condition was conducted in duplicate or triplicate.
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Table S 2.2: Summary of S-values for MLL1 core complex subunits and
sub-complexes from SV-AUC experiments at 25°C
Protein
s20,w
s20,w
s20,w
(5 µM)
(1 µM)
(0.25 µM)
MWRAD2
7.2
7.2
6.9
WRAD2
5.5
5.2
4.4
RAD2
5.2
5.2
4.4
MWR
4.8
3.6
3.3
WR
4.1
3.3
3.2
AD2
4.1
4.1
4.1
MW
3.9
3.8
3.0
M
2.3
2.3
2.3
W
3.2
3.2
3.2
R
3.4
3.4
3.4
A
3.7
3.7
3.7
D2
1.9
1.9
1.9

116

Table S 2.3: Liquid-Liquid Phase Separation (LLPS) prediction
scores for the SET1 H3K4 methyltransferase family
Protein
MLL1
MLL2
MLL3
MLL4
SETd1A
SETd1B

PScorea
4.63
5.49
4.64
5.25
5.00
4.25

CatGRANULEb
1.58
1.45
1.37
1.52
1.08
0.95

a

: Per Vernon et al. (106), PScore scores ~4.0 or larger are considered strong
candidates for phase separation.
b
: Per Bolognesi et al. (107), CatGRANULE scores ~1 or larger are enriched in
granule-forming (LLPS) proteins.
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Table S 2.4: Liquid-Liquid Phase Separation (LLPS) prediction
scores for the MLL1 core complex individual subunits,
sub-complexes and MWRAD2
Protein
PScorea
CatGRANULEb
MLL1
0.54
0.32
WDR5
0.11
0.44
RbBP5
0.67
0.80
Ash2L
1.80
1.07
MW
0.58
0.76
RAD2
1.76
1.23
MWRAD2
1.78
1.36
a

: Per Vernon et al. (106), PScores >1 show possible candidates for
LLPS.
b
: Per Bolognesi et al. (107), CatGRANULE scores ~1 or larger are
enriched in granule-forming (LLPS) proteins.
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Table S 2.5: Summary of density, viscosity and partial specific volume estimatesa
Temperature
Partial Specific Volume
Density
Viscosity
(vbar)
(°C)
5
1.0129
0.01569
0.724
10
1.0126
0.01351
0.726
15
1.0120
0.01176
0.728
20
1.0111
0.01035
0.730
25
1.0099
0.00920
0.733
30
1.0085
0.00824
0.735
37
1.0062
0.00714
0.738
a

Density and viscosity values were derived from inputting buffer components into
SEDNTERP at the indicated temperatures. vbar at each temperature was calculated from
the MWRAD2 amino acid sequence using SEDNTERP.
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Table S 2.6: Sub-domain boundaries for human SET1/MLL family histone methyltransferasesa
MLL1
(Q03164)

MLL2
(O14686)

MLL3
(Q8NEZ4)

MLL4
(Q9UMN6)

PHD

1431 – 1482b
1479 – 1533
1566 – 1627
1931 – 1978

170 – 218
226 – 276
273 – 323
1377 – 1430
1427 – 1477
1504 – 1559
5090 – 5137

283 – 331
341 – 391
388 – 438
464 – 520
957 – 1010
1007 – 1057
1084 – 1139
4460 – 4507

1201 – 1252
1249 – 1303
1335 – 1396
1639 – 1686

Bromo
AT Hooks

1703 – 1748
169 – 180
217 – 227
301 – 309
1147 – 1195
2018 – 2074 5175 – 5235
3666 – 3747 5236 – 5321

34 - 46

37 – 44
110 – 117
357 – 365
959 – 1006
1727 – 1783
2411 – 2492

(Uniprot #)

SETd1A
(O15047)

SETd1B
(Q9UPS6)

84 – 172
1492 – 1497
1568 – 1685
1691 – 1707

93 – 181
1745 – 1750
1827 – 1944
1950 – 1966

Domainb

CXXC
FYRN
FYRC
RRM
Win
SET
Post-SET
a
b

3762 – 3767 5337 – 5342
3829 – 3945 5397 – 5513
3953 – 3969 5521 – 5537

4545 – 4605
4606 – 4691
4707 – 4712
4895 – 4911
4895 – 4911

2508 – 2513
2575 – 2691
2699 – 2715

Protein names and Uniprot # are listed in the topmost row.
Amino acid residue range marking the beginning and end of each sub-domain, which were compiled from Uniprot.
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Table S 2.7: Sub-domain boundaries for WRAD2 sub-complex membersa
WDR5
RbBP5
Ash2L
DPY30
(Uniprot #)
(P61964)
(Q15291)
(Q9UBL3-3)
(Q9C005)
Domainb
WD40
Hinge

43 – 333

22 – 331
330 – 366

PHD
SPRY
DD

23 – 56
266 – 489
45 – 99

a

Protein names and Uniprot # are listed in the topmost row.
Amino acid residue range marking the beginning and end of each sub-domain, which were
compiled from Uniprot.
b
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3.1 Abstract
Mixed Lineage leukemia protein-1 (MLL1) catalyzes histone H3 lysine 4
methylation, which is important for transcription during hematopoiesis and development.
MLL1 interacts with WDR5, RbBP5, Ash2L and two copies of DPY-30 (WRAD2) to
form the minimal core complex required for maximal methylation of histone peptides in
vitro. However, the molecular mechanisms by which the MLL1 core complex recognizes
its major physiological substrate, the nucleosome, is not well understood. Here we report
on the interaction of reconstituted human MLL1 core complex with the nucleosome core
particle. We find that the RbBP5 and Ash2L subunits dominate the interaction, consistent
with recent cryo-EM studies of this complex and its homologs. Small angle X-ray
scattering (SAXS) and analytical ultracentrifugation (AUC) analyses show that the MLL1
core complex wraps around the nucleosome core to form a globular-shaped particle that
is independent of the histone tails. This binding also alters histone-DNA interactions in a
cooperative manner making the N-terminal tails more accessible for methylation or
binding to other non-histone proteins. We propose a model in which the DNA binding
domains of RbBP5 and Ash2L compete with the H3 N-terminal tail for binding
nucleosomal DNA, which leads to a catalytically competent state of the nucleosome in
which the H3 tail is able to swing freely from active site to active site for the stepwise
assembly of different modification patterns, or for interaction with other non-histone
proteins. This “swinging arm” model suggests a possible reason for the length constraint
in the evolution of histone tails and suggests a novel mechanism for regulation of
modification patterns within the nucleosome core particle.
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3.2 Introduction
Access to the genetic information underlying eukaryotic chromatin is regulated by
enzymes that catalyze posttranslational modifications (PTMs) of the flexible N-terminal
tails of histones. Current models suggest that the histone N-terminal tails, which protrude
away from the globular disc-shaped nucleosome core, are highly conserved in all
eukaryotes because they are responsible for localization of histone modification enzymes
to chromatin, a process which can be further modulated by additional PTMs and/or
effector subunits (1). Commonly, these histone PTM enzymes are found in large
macromolecular complexes with different enzymatic activities recognizing overlapping
amino acid sequences – raising further questions about how such complexes compete for
their target substrates within nucleosomes. Despite these questions, much of what we
understand about the biochemistry of histone PTM enzymes is derived from assays using
individual histone modification enzymes/complexes and histone peptides as substrates,
but how well these reactions model the incorporation of PTMs within chromatin is not
well understood.
The Mixed Lineage Leukemia (MLL, SET1) family of histone methyltransferases
catalyzes H3K4 methylation, a reaction that is thought to be required for epigenetic
maintenance of transcriptionally active states of chromatin in eukaryotes (2). MLL1 is
required for stem cell differentiation processes such as hematopoiesis (3,4) and post-natal
neurogenesis(5), and is frequently mutated in cancer and developmental disorders (6,7).
MLL1 (ALL1, HRX, KMT2A) contains an evolutionarily conserved SET domain that
catalyzes monomethylation of H3K4, a reaction required for subsequent di- and
trimethylation and transcriptional activation in eukaryotes (8,9). While the mechanisms
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that regulate the degree of H3K4 methylation are not well understood, it is known that diand trimethylation by SET1 family enzymes requires a sub-complex called WRAD2
(WDR5, RbBP5, Ash2L, and two copies of DPY-30), which when bound to MLL1 is
known as the MLL1 core complex (also known as human COMPASS) (9-12). Despite
recent cryo-EM and X-ray structures of SET1 family complexes in the presence and
absence of nucleosomes (13-18), central questions still remain about the roles of MLL1
and WRAD2 in the regulation of the degree of H3K4 methylation and in nucleosome
recognition.
Prior to the determination of the MLL1 core complex/nucleosome core particle
structure, recognition of the H3 N-terminal tail by the SET domain of MLL1 was thought
to dominate the binding energy for targeting the MLL1 core complex to nucleosomes.
Consistent with this hypothesis, peptides derived from the N-terminus of histone H3 are
readily methylated by the MLL1 SET domain or the MLL1 core complex in vitro.
However, this model does not explain why the isolated MLL1 SET domain shows
sharply decreased catalytic activity with a nucleosome substrate, when compared to
activity with histone peptide or histone octamer (19). The requirement for the interaction
of MLL1 with WRAD2 for nucleosome methylation suggests more complex interactions
are involved. In addition, the current model also does not address the observation that the
MLL1 core complex uses a non-processive (or distributive) kinetic mechanism for
multiple methylation of histone peptides, where the H3K4me1 intermediate is released
from the active site before rebinding to the complex for further methylation (9,20). The
significance of non-processive mechanism for nucleosomal H3 methylation is unknown,
but the observation that WRAD2 possesses a cryptic methyltransferase activity that is

125

independent of the MLL1 SET domain suggests that the complex uses more than one
active site for multiple methylation (9,19). A non-processive mechanism would allow the
H3 substrate to visit each active site to build up the different methylation states required
for further biological processes. A non-processive mechanism would also allow
opportunities for regulation between methylation events. However, how these results
translate to recognition and methylation of histone H3 within the context of nucleosomes
is unknown.
In this investigation, we sought to define the molecular mechanisms for how the
MLL1 core complex interacts with the Histone H3 N-terminal tail within the context of
its physiological substrate, the nucleosome core particle. Combining our data using
biological small angle X-ray scattering (Bio-SAXS), analytical ultracentrifugation
(AUC), enzymatic and binding assays, we find that the MLL1 core complex forms
defined complexes with nucleosomes by wrapping around the globular core domains. We
found that the interaction does not require histone tails, the MLL1 SET domain, or
protein free-linker DNA. Instead, we found that the RbBP5 and Ash2L subunits dominate
binding to the nucleosome core and also compete with the Histone H3 tail for binding
nucleosomal DNA. These data have allowed us to propose a model in which binding of
RbBP5 and Ash2L to the nucleosome core liberates the H3 N-terminal tails into
catalytically competent “swinging arms” for stepwise assembly of different posttranslational modification states and patterns. A mechanism in which a histone tail can
swing from active site to active site within a macromolecular complex reconciles the nonprocessive kinetics of histone peptide methylation, the presence of two actives within the
MLL1 core complex, and the monomethylation product specificity of the isolated MLL1
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SET domain. In addition, it provides a framework for understanding how multiple PTM
enzymes with overlapping recognition sequences can co-exist in the same complex.
Lastly, a swinging arm mechanism suggests a novel form of regulation by which the
histone code may be implemented.
3.3 Results
3.3.1 The MLL1 core complex binds cooperatively to mononucleosomes
We reconstituted the human MLL1 core complex (MWRAD2) by combining fulllength WDR5, RbBP5, Ash2L, and DPY-30 (WRAD2) with a human MLL1 construct
(M) containing amino acid residues 3745-3969, as previously described (9,21). To
characterize the binding of the MLL1 core complex to nucleosomes, we incubated
various concentrations of MWRAD2 with mononucleosomes reconstituted with
recombinant histones and a 147 bp Widom 601 DNA fragment (Nuc147). Binding was
measured using an electrophoretic mobility shift assay (EMSA) (Fig. 3.1A). We observed
that increasing amounts of MWRAD2 shifts the electrophoretic mobility of Nuc147 in a
concentration dependent manner to progressively slower migrating bands that just clear
the well at the highest concentrations. We used densitometry to quantitate nucleosome
shifting and found that MWRAD2 binds Nuc147 in a cooperative manner. The
concentration of MWRAD2 that shifts 50% of the nucleosome substrate (K50) was 8.2 ±
0.3 µM and the Hill coefficient was 2.5 ± 0.3 (Fig. 3.1C).
Previous studies have shown that protein-free linker DNA dominates the binding
energy for the PRC2 complex and MeCP2 interactions with nucleosomes (22,23). In our
studies, we also noticed that the free DNA band was shifted in an MWRAD2–dependent
manner (Fig. 3.1A), raising the possibility that the interaction with nucleosomes may also
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be mediated by linker DNA. To test this hypothesis, we assembled mononucleosomes
with a 197 bp Widom 601 DNA fragment (Nuc197), containing an additional 25 bp of
linker DNA on each end and compared binding to MWRAD2 with that of Nuc147.
Titration of Nuc197 with MWRAD2 showed little difference in K50 (6.5 ± 0.2 µM)
compared to that of Nuc147 (Fig. 3.1B and C) but showed a higher Hill coefficient of 3.9
± 0.4 µM, suggesting an increase in the minimum number of binding events. To
determine if protein-free linker DNA alters enzymatic activity of the MLL1 core
complex, we compared Nuc147 and Nuc197 substrates for methylation by MWRAD2.
We observed no appreciable difference in enzymatic activity when Nuc147 or Nuc197
were used as substrates (Fig. 3.1D).
Together, these results suggest that, unlike the observations for the PRC2
complex and MecP2, the affinity of the MLL1 core complex for nucleosomes is not
dominated by protein-free linker DNA. However, surprisingly, EMSA assays with free
147 bp and 197 bp DNA fragments reveal that the MLL1 core complex binds free DNA
with slightly lower K50 values of 4.4 ± 0.1 µM and 4.2 ± 0.2 µM, respectively (Fig. S
3.1A-C). These results are consistent with the new structural determinations that proteinDNA interactions within the nucleosome core likely drive a large part of the interaction
affinity (15-18).
3.3.2 Histone H2B-ubiquitylation does not alter MLL1 core complex-nucleosome
binding or methyltransferase activity
Mono-ubiquitylation of histone H2B has been shown to be stimulatory for H3K4
multiple methylation by the SET1 complex in yeast (24), but is not absolutely required
for all H3K4 methylation, as first suggested (25). To determine if H2B-Ub alters MLL1
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core complex binding, we compared binding of MWRAD2 to nucleosomes assembled in
the presence or absence of histone H2B mono-ubiquitination (Nuc147-Ub) using the
EMSA assay (Fig. 3.2A and B). Surprisingly, titration of Nuc147-Ub with MWRAD2
showed little difference in K50 compared to that of Nuc147 (Fig. 3.2C). To determine if
H2B-Ub alters the enzymatic activity of the MLL1 core complex, we incubated Nuc147
or Nuc147-Ub in the presence of MWRAD2 and varying amounts of 3H-AdoMet and
compared methylation activity. Like that observed with the binding assays, no difference
in enzymatic activity was observed when Nuc147-Ub or Nuc147 were used as substrates
(Fig. 3.2D). These results suggest H2B-ubiquitylation is not required for overall rate of
nucleosome methylation by the MLL1 core complex. This is in keeping with the
enzymatic assays performed with MWRAD2 and Nuc147-Ub in recent structural studies,
which showed a modest increase in activity when Ubiquitin was present (16,17). They
interpreted their results as being evidence of stimulation of activity, but the results in the
current study suggest that any Ubiquitin-dependent cross-talk does not occur at the level
of MLL1 core complex binding or overall H3K4 enzymatic activity.
3.3.3 Mononucleosomes bind multiple copies of the MLL1 core complex
The electrophoretic mobility of the MWRAD2-nucleosome complex showed
concentration dependence with several discretely shifted bands (Fig. 3.1A, C). We
hypothesize that each discrete band represents the addition of one extra MWRAD2
molecule to the same nucleosome. To test this hypothesis, we performed sedimentation
velocity analytical ultracentrifugation (SV-AUC) at several different MWRAD2-Nuc147
ratios. The diffusion-free sedimentation coefficient distributions (c(s)) reveal that free
MWRAD2 and free Nuc147 each sediment as relatively monodisperse species with s20,w
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values of 7.2 and 11.7, respectively (Fig. 3.3A). When MWRAD2 was mixed with
Nuc147, surprisingly, the peak corresponding to the free nucleosome did not shift, even
with a 20-fold excess of MWRAD2, but increased in overall area under the peak (Fig.
3.3B). These results suggest that the expected increase in sedimentation associated with
the increased mass of the complex is offset by the altered hydrodynamic shape of the
MWRAD2-Nuc147 complex. To test this hypothesis, we used multisignal SV-AUC
(MSSV), which takes advantage of the distinct spectral properties of MWRAD2 and
Nuc147 and deconvolutes their relative contributions to the overall signal (26). We first
collected SV-AUC data for both proteins separately at two UV wavelengths (260 nm and
280 nm) and globally fit the data to determine the extinction coefficients at e260 and e280 for
each species. These extinction coefficients give a spectral discrimination parameter
(Dnorm) value of 0.6114, well above the established cutoff for successful spectral
discrimination of species in MSSV (26).
We then collected MSSV data for the Nuc147 at a 0.5 µM concentration in the
presence of increasing amounts of MWRAD2 (0-10 µM). Global multiwavelength
analysis fit the experimental data well (Fig. 3.3C and D; Table S 3.1) and the resulting
multiwavelength component sedimentation coefficient distributions (ck(s)) give the molar
signal increment ekl for each species in the mixture. Integration to determine the area
under each peak gives the molar concentrations of MWRAD2 and Nuc147, thus reporting
on their relative contributions to the overall signal under each peak. Consistent with
successful MSSV experiments, integration of the whole distribution gave concentrations
that matched, within error, the expected loading concentrations for each protein (Table S
3.1). In addition, control experiments run with the individual components revealed very
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little spectral contamination between the chromophores (Fig. 3.3E and F). When
MWRAD2 was mixed with Nuc147, ck(s) distributions revealed that both proteins are
present in the complex peak that sedimented with an s20,w value of ~11.5 (Fig. 3.3G-I),
but with a stoichiometry dependent on the concentration of MWRAD2. When both
species were mixed at an equimolar concentration of 0.5 µM, ~ 20 % of the nucleosome
was bound by MWRAD2, which increased to ~50% when the proteins were mixed at a
1:2 Nuc147:MWRAD2 molar ratio (Fig. 3.3G and H, respectively). In contrast, when
Nuc147 was mixed with an 8-20-fold molar excess of MWRAD2, the concentration of
MWRAD2 that sedimented at an s20,w of 11.5 exceeded that of the Nuc147 by ~3-4-fold
(Fig. 3.3I), suggesting up to 4 molecules of MWRAD2 are bound to the nucleosome. To
further test this stoichiometry, the global reduced c2 parameter was used to compare fits
to the same data with different molar ratio constraints. Models producing test c2 values
(ct2) that exceeded the best fit c2 value from the unconstrained analysis by a value of 2s
(95% confidence interval) were deemed rejected (red line in Figure 3.3J). The only model
that was not rejected according to these criteria was the 4:1 MWRAD2:Nuc147 (Fig.
3.3J). These results are consistent with those observed in the EMSA experiments and
suggest that the nucleosome binds multiple MWRAD2 molecules in a cooperative
manner.
3.3.4 The MLL1 core complex undergoes a conformational change when bound to
the nucleosome
To better understand the unexpected sedimentation behavior of the complex, we
divided each ck(s) plot into two segments corresponding to free MWRAD2 (0.2-9.0 s) and
the MWRAD2-Nuc147 complex (9.2-25s) and compared the best-fit frictional ratio (f/f0)
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derived from fitting each segment in a global analysis. The frictional ratio, which is
derived from the ratio of the experimental frictional coefficient (f) of a macromolecule to
the minimum frictional coefficient (f0) derived from a perfect sphere of the same mass,
gives information on the shape asymmetry of a particle (27). The best fit f/f0 for the
segment corresponding to free MWRAD2 varied from 1.7 to 1.8, consistent with an
elongated particle in solution. In the absence of MWRAD2, f/f0 for the segment
containing free nucleosomes was 1.3, consistent with a relatively globular shape in
solution. In contrast, when MWRAD2 was mixed with nucleosome, the best fit f/f0 for
the segment between (9.2-25s) ranged from 1.3-1.6 in a MWRAD2 concentration
dependent manner. These results indicate that the hydrodynamic shape of the MWRAD2Nuc147 complex is more elongated compared to free nucleosomes but is more compact
compared to that of the free MLL1 core complex. These results likely account for the
unexpected sedimentation behavior and are consistent with the MLL1 core complex
becoming more compact upon binding nucleosomes.
3.3.5 Histone tails contribute little to MWRAD2 nucleosome binding affinity, but are
required for cooperativity
Binding of more than two molecules of MWRAD2 to the nucleosome is surprising
given that each has only two copies of histone H3. Possible explanations for this
observation are that the MLL1 core complex forms dimers when bound to each H3 tail,
or tetramers when bound to the nucleosome. However, there is no evidence for
oligomerization of the MLL1 core complex in SV-AUC experiments in the presence or
absence of histone peptides (Fig. 3.4A), arguing against the dimerization hypothesis. In
addition, a stable higher-order oligomer of the core complex bound to the nucleosome is
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inconsistent with the observed SV-AUC data, which according to simulations using the
program SEDNTERP would require a much larger frictional ratio or s20,w value to
account for the sedimentation behavior of a complex with 3:1 or 4:1 stoichiometry. This
suggests that the sedimentation behavior is more complex than expected for 1:1
interaction between the nucleosome and monomer-, dimer- or tetramer-MLL1 core
complex, and likely reflects multiple modes of binding at different timescales. Consistent
with this hypothesis, we found in enzymatic assays that, while methylation activity
increased from a 1:1 to a 2:1 MWRAD2:nucleosome ratio, there was little difference in
enzymatic activity when assays were conducted with complexes with higher ratios of
MWRAD2 to nucleosome (Fig. 3.4B). Together, these results indicate that the
nucleosome can bind multiple copies of the MLL1 core complex – likely using distinct
modes of binding, a subset of which are bound in a catalytically-competent conformation.
In the absence of MLL1 core complex oligomerization, an alternative explanation
for cooperative binding is that the nucleosome undergoes a conformational change upon
the initial binding events that facilitates binding of additional MWRAD2 molecules using
distinct mechanisms. Previous studies have shown that the positively charged histone
tails can be shielded by interaction with nucleosomal or linker DNA. We therefore
hypothesized that MWRAD2 binding to the nucleosome core domains disrupts the
intramolecular interactions between the nucleosomal DNA and the H3 N-terminal tails,
thus freeing the H3 tails for interaction with additional MWRAD2 molecules. This model
predicts that initial binding events occur in a H3 N-terminal tail-independent manner. To
test this hypothesis, we compared MWRAD2 binding to nucleosomes reconstituted with
full-length histones (Nuc147) or with globular domain histones in which the N-terminal
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tails were truncated (gNuc147). Surprisingly, EMSA assays showed that MWRAD2 binds
to gNuc147 with low micromolar affinity K50 4.6 ± 0.2 µM, similar to that of
nucleosomes assembled with full-length histones (Fig. 3.5A and B). These data indicate
that the globular core domains of the nucleosome dominate the binding interaction with
the MLL1 core complex, and that the flexible N-terminal tails of histones contribute little
to overall affinity. They also provide further support for the core-dominated interactions
of MWRAD2 with nucleosome in the recent structural work (16,17). In addition, these
results are consistent with a model where alterations in the histone tails underlie the
mechanism of cooperative binding of additional molecules of MWRAD2.
To further test the stoichiometry and cooperative binding model, we hypothesized
that a histone H3 peptide would compete with the fraction of MWRAD2 that is bound to
histone tails, but not with the fraction bound to the nucleosome core. To test this
hypothesis, we incubated mononucleosomes with 4-fold molar excess of MWRAD2 in
the presence and absence of 500 µM histone H3 peptide consisting of residues 1-20 (H3120),

which was followed by native PAGE. Ethidium bromide staining showed that the

H31-20 peptide modestly altered the electrophoretic mobility of the MWRAD2-Nuc147
complex band into a slightly faster migrating band (Fig. 3.6A upper panel, compare lanes
2 and 3), consistent with fewer bound MWRAD2 molecules, but with no evidence for
liberation of free nucleosome or free DNA. Coomassie staining of the same gel revealed
that nearly all of the free MWRAD2 was shifted into the MWRAD2-Nuc147 complex in
the absence of the H31-20 peptide (compare lanes 1 and 2). However, in the presence of
H31-20, the MWRAD2-Nuc147 band accounted for only 58% of the total intensity
(reflecting contributions from histones and MWRAD2), whereas the free MWRAD2 band
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accounted for 42% (Fig. 3.6A, lane 3 lower panel, and Fig. 3.6B). To confirm the
stoichiometry, each of the indicated bands from 3.6A (yellow-dotted boxes; lower panel)
were excised from the native gel and loaded onto an 18% SDS gel, which showed that
each MWRAD2 subunit and all four-core histones were present in the MWRAD2-Nuc147
complex band (Fig. 3.6C, lane 1). However, in the presence of 500 µM H3 peptide, while
histone bands in the MWRAD2-Nuc147 complex did not decrease in intensity (Fig. 3.6C,
compare lanes 1 and 2), intensity for each MLL1 core complex subunit was equally
distributed between the free-MWRAD2 and the MWRAD2-Nuc147 complex (Fig. 3.6C,
lanes 2 and 3, and Fig. 3.6D). These results indicate that 500 µM H31-20 competes with
half of the bound MWRAD2 molecules. These results are consistent with the hypothesis
that MWRAD2 has at least two modes of binding to the nucleosome, with one that can be
competed with histone H3 peptide and one that cannot.
To further test the hypothesis, we incubated increasing amounts of H3 peptide
with MWRAD2 in complex with gNuc147 or Nuc147 nucleosomes and compared the
fraction of free MWRAD2 to total signal in each lane after native PAGE. Strikingly, very
little free MWRAD2 was observed when the MWRAD2-gNuc147 complex was incubated
with H31-20 peptide over a 25-500 µM concentration range (Fig. 3.6E, bottom panel lanes
1-6, and Fig. 3.6F blue line). In contrast, when similar concentrations of the H31-20
peptide were incubated with the MWRAD2-Nuc147 complex, the fraction of free
MWRAD2 increased in a saturable manner, but only up to ~50% of the total signal (Fig.
3.6E, lanes 7-12, and Fig. 3.6F, Pink line). Fitting the data revealed that the H31-20
peptide competes with nucleosomes for binding up to 50% of total signal with an IC50 of
85 ± 27 µM (Ki = 31.5 µM). These data are consistent with the proposed stoichiometry of
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up to four MWRAD2 molecules bound to a single nucleosome; with two molecules
bound to the nucleosome core with low micromolar affinity, and two additional
molecules bound to liberated histone tails with an affinity that is approximately an order
of magnitude lower.
3.3.6 RbBP5 and Ash2L subunits are required for nucleosome binding
MLL1 has a SET domain that binds and methylates the histone H3 N-terminal
tail, and both N-terminally-derived peptides and full-length histones are robust substrates
in vitro. In contrast, we previously found that methylation of a nucleosome substrate by
the MLL1 core complex requires interaction between MLL1 and WRAD2 (19). This
previous result combined with the data from the globular nucleosome EMSAs suggest
that nucleosome recognition by the MLL1 core complex involves more than just histone
H3 tail binding by the SET domain. To determine if this regulation occurs at the level of
binding, we compared nucleosome binding by MWRAD2, WRAD2 and the MLL1 SET
domain using the EMSA assay. While WRAD2 bound nucleosomes with a Kdapp similar
to that of MWRAD2, the electrophoretic mobility of nucleosomes did not change when
incubated with a 2-8-fold molar excess of the MLL1 SET domain (Fig. 3.7A and B).
These data suggest that the WRAD2 sub-complex drives nucleosome recognition by the
MLL1 core complex. In addition, like those observed with the SET domain from the
PRC2 complex (23), these results suggest that the histone H3-MLL1 SET domain
interaction contributes little to the overall affinity of the MLL1 core complex for
nucleosomes.
To determine which subunit(s) of WRAD2 are required for nucleosome binding,
we performed EMSA experiments with each subunit and found that RbBP5 and Ash2L
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subunits – but not MLL1, WDR5, or DPY30 subunits – are capable of altering the
electrophoretic mobility of nucleosomes (Fig. 3.7C). A similar conclusion was reached
with globular domain nucleosomes (Fig. 3.7D), suggesting that RbBP5 and Ash2L
interact with the globular core of the nucleosome and not with the histone tails. To
further map the subdomains involved, we purified several sub-constructs of RbBP5 and
Ash2L and compared their ability to shift nucleosomes using the EMSA experiment. The
domain architecture of RbBP5 consists of a seven blade WD40-repeat domain (aa 1-322),
a highly conserved hinge region (aa 323-385) followed by a C-terminal region that is less
conserved (Fig. S 3.2C), but has been observed to contain a nucleosome-recognition
region (28). Constructs containing the WD40 and hinge domains (1-385) or just the hinge
domain (323-385) did not show detectable binding (Figure S 3.2A, lanes 7 and 9),
suggesting the less conserved C-terminal region is important for nucleosome recognition,
as suggested in a recent study by Han et al. (28). This result was in contrast to a recent
Cryo-EM model, which showed several residues of the RbBP5 WD40 domain interacting
with the nucleosome core (17). Further mapping of the C-terminal region of RbBP5
showed that deletion of residues 496-538 slightly altered the electrophoretic mobility of
nucleosomes (Fig. S 3.2A lane 12), whereas deletion of residues 466-538 abolished the
interaction (Fig. S 3.2A lane 5).
The domain architecture of Ash2L includes an N-terminal Plant HomeoDomain
(PHD), a Winged-Helix (WH) domain, a C-terminal SPRY domain and an SDI domain
(which is required for interaction with DPY-30) (Fig. S 3.2D). Most of the Ash2L
constructs interacted with nucleosomes to some level, except for the Ash2L325-534
construct, which contains only the SPRY and SDI domains (Fig. S 3.2B). When we
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deleted the PHD region in the Ash2L143-534 construct, we still observed binding to
nucleosomes, suggesting that the PHD region is not essential for this interaction.
However, the Ash2L276-534 construct – a construct which lacks both the PHD region and
the WH domain – can still interact with nucleosomes to some degree. This suggests that a
region outside of the WH domain contributes some nucleosome binding activity. Based
on these results, we conclude that the PHD, SPRY and SDI domains of Ash2L are not
required for binding nucleosomes, but the sequence between 143-325, which contains the
WH domain is responsible for this nucleosomal interaction.
Taken together, these results suggest that the nucleosome binding domains
identified here (a.a. 143-325 of Ash2L and a.a. 464-495 of RbBP5) are required for
nucleosome recognition – and subsequently, methylation – by the MLL1 core complex.
To test this hypothesis, we compared nucleosome methylation activity of MLL1 core
complex assembled with the RbBP5 (1-385) construct, the Ash2L (276-524) construct, or
both. The results show that the activity towards nucleosomes is significantly decreased
for each complex assembled with RbbP5 or Ash2l variants, with the double mutant
displaying the greatest reduction (Fig. 3.7E). This indicates both domains are required for
maximal nucleosome methylation by the MLL1 core complex.
3.3.7 Bio-SAXS solution structure of the nucleosome-MWRAD2 complex
The recent Cryo-EM models of the MLL1 core complex bound to nucleosomes
show a substantial degree of variability, including different binding modes (16,17). While
this may be a consequence of the crosslinking and/or freezing methodologies required to
obtain the Cryo-EM data, it is equally plausible that there are multiple types of
MWRAD2 binding to nucleosomes in solution, only a few of which are currently
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modeled in these structures. To explore the interactions between MWRAD2 and the
nucleosome core particle further, we used small angle X-ray scattering (SAXS), which is
a solution-based technique that can give information on the stoichiometry and lowresolution structure of the complex. We first performed SAXS measurements with free
MWRAD2 and Nuc147 at several different concentrations. The obtained data were
plotted as Guinier curves (scattering intensity I versus square of the scattering angle q),
which for all datasets showed linearity at low q angles, indicating that the samples were
free of aggregation, radiation damage or interparticle effects over the concentration range
used (Fig. 3.8A and D). The radius of gyration (Rg) – obtained from the slope of the
linear portion of the Guinier curves – showed minimal concentration dependence,
indicating that the oligomerization state of MWRAD2 or Nuc147 did not change over the
concentration range tested (Fig. 3.8B and E). Linear extrapolation of Rg values plotted at
different concentrations to infinite dilution gave interference-free Rg values of 54.3 ± 0.26
Å and 44.0 ± 0.34 Å for MWRAD2 and Nuc147 molecules, respectively. The Rg value of
44.0 Å for Nuc147 is in good agreement with the value predicted from the crystal
structure (43.5 Å with a c2 of 1.05).
The real space pair-distance distribution function (P(r)) computed from SAXS
data for Nuc147 showed that it has a symmetric bell-shape curve, typical for globular
proteins, with a single peak at ~50 Å and a maximum dimension (Dmax) of 121.9 Å (Fig.
3.8E; camo green line). In contrast, the P(r) function for MWRAD2 shows an asymmetric
curve- indicative of an elongated protein, with a local maximum of ~50 Å, a modest
shoulder at ~105 Å, and with a Dmax of 197 Å (Fig. 3.8E; black line). The peak at the
shorter distances is indicative of the ellipsoid shape of the subdomains, whereas the peak
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at the longer distance reflects the relative disposition of ellipsoids (29). P(r) functions
collected at each concentration for MWRAD2 were essentially superimposable,
suggesting the complex does not oligomerize over this concentration range (Fig. S 3.3).
Comparison of P(r) distributions from the SAXS data collected with 5 µM
Nuc147 and 0 – 20 µM MWRAD2 revealed that the Nuc147-MWRAD2 complex is still
relatively elongated with a similar overall Dmax compared to that of free MWRAD2 (Fig.
3.8E; intermediate distributions). In contrast, the shape of each P(r) curve changed such
that the shoulder at 105 Å disappeared at each concentration, which is indicative of a
change in the average interatomic distances between subdomains in the overall complex.
The lack of a shoulder in the P(r) distribution is consistent with a model in which the
MLL1 core complex wraps around the nucleosome core and argues against a model in
which the MLL1 core complex binds exclusively to the histone tails.
Three-dimensional ab initio molecular envelopes for both MWRAD2 and Nuc147
were calculated from the SAXS data each collected at 5 µM complex concentrations (Fig.
3.8F and G). The crystal structure of the nucleosome core particle (PDB code: 1KX5) fits
well into the Nuc147 molecular envelope (Fig. 3.8G). The refined average molecular
envelope for MWRAD2 is an asymmetric elongated particle with a flattened concave
surface, which is highly similar to that of a SAXS-derived ab initio molecular envelope
of the human MLL3 core complex (30), and can reasonably accommodate a recently
determined Cryo-EM structure of the MLL1 core complex (Fig. 3.8F) (13,14).
To characterize the interaction of the MLL1 core complex with
mononucleosomes, we titrated 0-20 µM MWRAD2 into a fixed concentration (5 µM) of
Nuc147 and collected scattering curves. Each Guinier curve displayed linearity at low q
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angles, indicating that the solutions were free of aggregation over the concentration range
used (Fig. 3.9A). The Rg value of the MWRAD2-Nuc147 complex increased linearly
with increasing concentrations of MWRAD2 until the components were equimolar, and
only increased modestly with higher concentrations (Fig. 3.9B). Surprisingly, the Rg of
the MWRAD2-Nuc147 complex never exceeded that of free MWRAD2 (Fig. 3.9B;
compare red points to black points), suggesting that the MLL1 core complex becomes
more compact upon binding the nucleosome, which is consistent with the frictional ratio
analysis derived from the sedimentation velocity studies. These results suggest that
MWRAD2 does not interact exclusively with the histone tails, but instead wraps around
the nucleosome core. Consistent with this interpretation, SAXS data collected from
titration of MWRAD2 into nucleosomes in which the histone N-terminal tails have been
removed (gNuc147) produced Rg values that were essentially superimposable with that
obtained with Nuc147 at each MWRAD2 concentration (Fig. 3.9B; blue points). These
results are consistent with the EMSA assays showing that the histone tails are not
required for the interaction of the MLL1 core complex with the nucleosome, and with the
recent structural information showing extensive globular core and DNA contacts (16,17).
3.3.8 Crosslinking – Mass Spectrometry (CX-MS) of the MWRAD2:Nuc147 complex
shows linkages consistent and inconsistent with the current structures
To obtain more information about the protein-protein interaction surfaces
involved, we performed crosslinking coupled to liquid chromatography: tandem mass
spectrometry (CX – LC:MS/MS). Several crosslinks were observed between members of
the complex and the nucleosome core particle. These could be further classified into
intra- and intermolecular crosslinks. By and large, we observed that the intramolecular
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crosslinks were consistent with the Cryo-EM data, but the intermolecular crosslinks were
not (Data not shown). This suggests alternative binding modes for the complex on the
nucleosome. There are even some that suggest the nucleosome can adopt a conformation
where the DNA is peeled back from the dyad, a process that would also allow for several
added degrees of freedom for H3 tail movement, as its base is normally constrained
between the DNA at the dyad. This type of “open” DNA conformation on the
nucleosome has previously been posited as a stable form of the native nucleosome core
particle (31), so it will be interesting to further study this interaction to determine what
additional modes of binding are present between MWRAD2 and the nucleosome.
3.4 Discussion
In this study, we analyzed the MLL1 core complex interaction with the
unmodified 147-bp, 197-bp and ubiquitylated 147-bp nucleosomes. We found similar
apparent binding constants for MWRAD2 with each of these substrates, suggesting that
linker DNA and ubiquitylation do not appreciably alter the interaction mechanism
between these two complexes. Interestingly, we observed evidence for binding events
between multiple MWRAD2 molecules and a single nucleosome core particle, regardless
of any linker DNA or previous modification (i.e. ubiquitylation). This was further
validated through the use of MSSV-AUC, which showed that MWRAD2 interacts with
nucleosomes with up to 4:1 stoichiometry. This oligomerization is not observed with the
MLL1 core complex and histone H3 N-terminal peptides, demonstrating a requirement
for the globular core of the nucleosome for multiple binding events. This is further
demonstrated through binding studies performed with nucleosomes that do not have any
histone tails, as they also bind the MLL1 core complex with similar affinities to wild-type
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nucleosomes. In addition, this H3 peptide could be used as a competitor for the
nucleosome interaction, but only for ~50% of those bound molecules, indicating that half
of the MWRAD2 molecules are bound through an H3 tail-independent mechanism.
Further delineation of the complex interaction through individual subunit binding studies
showed that RbBP5 and Ash2L contain the bulk of the nucleosome binding ability.
Finally, BioSAXS and AUC experiments independently show that the MLL1 core
complex has an elongated structure on its own but adopts a more compact conformation
when bound to the nucleosome.
These results all point to multiple interaction interfaces for the MLL1 core
complex on the nucleosome core particle. We hypothesize that two MWRAD2 molecules
bind symmetrically to each face of the globular core. There is evidence for this
symmetrical binding in one of the recent structural studies, where density for a second
molecule of MWRA appeared in nearly one quarter (23%) of all particles picked (17).
Based on our previous findings that the nucleosome is a poor substrate for the MLL1
SET domain alone (19), it appears that this binding of the full complex is a requirement
to liberate the H3 tails from their electrostatic interactions with the nucleosomal DNA.
This release then makes the tails available for binding by additional MLL1 core
complexes in solution, thus allowing for a 4:1 MWRAD2:Nuc147 stoichiometry.
Furthermore, since we have demonstrated that these “tail-bound” MWRAD2 molecules
can be titrated off by competition with a histone H31-20 peptide, it suggests that their
interaction with the nucleosome is entirely restricted to this interface. It has yet to be
determined if this degree of MWRAD2 binding occurs in-vivo or is only a consequence of
the large molar excess of MLL1 core complex used in these EMSA assays.
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Taken together, these data are in keeping with our new phase separation model for
multiple methylation of H3K4 by the MLL1 core complex (paper submitted). In it, we
hypothesize that MWRAD2 is able to enter into phase separated regions – such as
transcription factories – to achieve a local concentration that overcomes its native,
disassembled state. Methylation then occurs through highly increased enzyme kinetics
and a “swinging domain” mechanism, allowing multiple nucleosomes to be methylated in
rapid succession. With the new evidence presented in this study, we can now expand
upon that model to include multiple interactions of MWRAD2 to each nucleosome during
the methylation of histone H3 tails in these biomolecular condensates. Given the local
concentrations anticipated in these phase separation particles, it is reasonable to suggest
that the 4:1 MWRAD2:Nuc147 stoichiometry could be maintained; however, based on
the proximity of the MLL1 SET domain to the H3 tails in the Cryo-EM models (16,17)
and the low calculated abundance of MLL1 molecules in cell nuclei (32) we are inclined
to support a 2:1 stoichiometry as the preferred in-vivo interaction. This tandem binding
would allow for liberation of both H3 tails and subsequent methylation of those tails by
either MWRAD2 molecule (as both would be within the ~60Å of H3 tail length).
It has long been accepted that histone-modifying enzymes and complexes need to
recognize and bind to the N-terminal tails of the nucleosome to effect their chemical
modifications. This has led to an assumption in the field that binding to the tails is an
important part of the interaction for these enzymes and complexes with the nucleosome
core particle and provides a sizable proportion of the binding energy. However, recent
studies (including this one) suggest nucleosomal interactions are dominated by other
interactions for some enzymes and complexes. Two recent studies have shown that
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protein-free linker DNA is crucial for interaction of the Polycomb Repressive Complex 2
(PRC2) H3K27 methyltransferase complex with nucleosomes, and that the SET domain
subunit (EZH2) contributes little to the binding energy (23,33). Similarly, the DNA
binding activity conferred by subunits of the REST corepressor (CoREST) is required for
efficient demethylation of histone H3 lysine 4 by the LSD1-CoREST complex (34). A
similar mechanism appears to be at play in the interaction between the MLL1 core
complex and chromatin. While the MLL1 SET domain readily methylates H3K4 within
the context of peptides, full-length histone H3, or the histone octamer, it does not
appreciably methylate H3 within the context of the nucleosome unless bound to WRAD2
(19). Furthermore, we have now shown that MWRAD2 is perfectly capable of binding to
nucleosomes without any histone tails (g-Nucs) with similar binding affinity,
predominately through interactions with RbBP5 and Ash2L. These data support the
current Cryo-EM structural models for the complex interaction with the nucleosome,
where the bulk of the interaction is mediated by RbBP5 and Ash2L interactions with
nucleosomal DNA and the histone octamer. They also support the current explanation
for the loss of H3K4 methylation with certain nucleosome point mutations in yeast (35),
as the Cryo-EM model of K. lactis COMPASS shows a direct binding with Swd1
(ortholog of RbBP5) at a number of these residues (15).
These results combined with the new structural data and additional work in the
field suggest a possible mechanism for the binding of MWRAD2 to nucleosomes as well
as methylation of H3K4 by the complex. In Figure 3.10, we describe this possible
mechanism in-depth, starting with the unbound nucleosome. The H3 tails have been
shown to associate with the nucleosomal DNA, which keeps them occluded from
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interaction with the modification machinery (Fig. 3.10; 1st panel). We recently postulated
that RAD2 is the sub-complex that interacts with the nucleosome prior to MW addition
(paper in revision) and based on the density observed in the Park et al. Cryo-EM structure
between Ash2L and the nucleosomal DNA near the dyad, it is likely that the interaction
of the H3 tails with the nucleosomal DNA would be disrupted through RAD2 interaction
near those interfaces, thus liberating the tails (Fig. 3.10; 2nd panel). Once the tails are
freed, they could then serve as “lures” for the MW swinging domain present in the
transcription factory. The tail would be bound weakly by the MLL1 SET domain, but
this transient interaction would be enough to “catch” MW and bring it into complex with
the already-bound RAD2 (Fig. 3.10; 3rd panel). This “anchoring” of the core complex on
the nucleosome would greatly enhance both the rate of H3K4 methyltransferase activity
by the complex and the degree of H3K4 methylation deposited, as the activity is maximal
when the complex is fully assembled (Fig. 3.10; 4th panel). While this model is
supported by the current structural studies, it is clear that more investigation into the
thermodynamics of the MLL1 core complex bound to nucleosome will be required to
fully elucidate the mechanism of H3K4 methylation.
3.5 Materials and Methods
3.5.1 Expression and purification of MLL1 core complex
A construct of human MLL1 consisting of amino acid residues 3745 to 3969
(MLL3745), as well as full-length human proteins WDR5, RbBP5, Ash2L and DPY30
were individually expressed in E. coli and purified as described previously (9,21). The
MWRAD2 complex was created by mixing equimolar amounts of each recombinant
component and purifying on a gel filtration column. Sedimentation velocity analytical
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ultracentrifugation (SV-AUC) was used to assess complex formation as well as the purity
of complex as described previously (9). Various RbBP5 and Ash2L constructs were
synthesized by PCR amplification from full length RbBP5 and Ash2L plasmid DNA.
PCR fragments of these constructs were cloned into the pHis parallel vector. All RbBP5
and Ash2L constructs were overexpressed in E. coli and induced with 0.25 mM IPTG at
15°C for 16-18 hrs. The cells were lysed using a microfluidizer in a lysis buffer
containing 50 mM Tris (pH 7.4), 300 mM Sodium Chloride, 30 mM Imidazole, 3mM
DTT, 1µM Zinc Chloride and 1.5% sarkosyl. The protein was purified by nickel affinity
chromatography as described previously (21).
3.5.2 Nucleosome reconstitution
Nucleosome reconstitution was performed from recombinant histone proteins and
Widom-601 147 or 197bp DNA as previously described (36).
3.5.3 Electrophoretic mobility shift assay
Electrophoretic mobility shift assays were carried out by mixing 1µM nucleosome
and variable concentrations of protein. The protein-nucleosome mixes were run on a 5%
native TBE gel in 0.2X TBE buffer at 4⁰C and 150V for 2 hours. The gels used for the
assays were pre-run with 0.2X TBE buffer for 90 minutes. The shift in nucleosome
position was detected by staining the gel with 0.002% ethidium bromide solution in 0.2X
TBE buffer and also with Coomassie blue.
3.5.4 Multi-signal Sedimentation Velocity Analytical Ultracentrifugation (MSSVAUC)
MWRAD2, Nuc147 and various mixtures of the two were loaded into AUC cells
containing a 3mm Epon charcoal centerpiece sandwiched between sapphire windows.
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The cells were then loaded into a Ti-60 titanium rotor in a Beckman Coulter ProteomLab
XL-A analytical ultracentrifuge pre-equilibrated to the experiment temperature of 10ºC.
Vacuum was established and the samples were allowed to equilibrate for a minimum of 3
hours before a 3000RPM wavelength scan was performed. Two wavelengths were
selected for data collection (260nm and 280nm) and then a method scan of 200 scans/cell
with 0-minute time intervals and two collection wavelengths was begun and allowed to
proceed overnight. With data collection at A260 and A280 nm, the extinction
coefficients at each wavelength for both species could be determined through separate
experiments with MWRAD2 or Nuc147 alone. Initial processing of the SV-AUC data
was performed in the program SEDFIT (37) and multi-signal analysis was performed in
SEDPHAT (38) according to the methods established by Padrick et al. (26). Dnorm
parameters were well above the cutoff for spectral discrimination of the two species.
Multicomponent sedimentation coefficient (ck(s)) distributions were calculated at several
different MWRAD2 -Nuc147 ratios and the results were exported to the software program
GUSSI for generation of publication-quality figures (39).
3.5.5 Methyltransferase activity assay
3.5.5.1 [3H]-methyltransferase assays
Histone methyltransferase activity assays were carried out by combining 5µg of chicken
core histones (Millipore) and 1µCi of 3H-methyl s-adenosylmethionine (3H-Adomet, MP
Biomedicals) in the presence of the MWRAD2 at a final concentration of 4.3 µM. The
reaction buffer contained 50 mM Tris (pH 8.5), 200mM NaCl, 3 mM DTT, 5mM MgCl2
and 5% glycerol. Reactions were incubated at 15°C for 8 hours and quenched by dilution
with 5x SDS loading buffer. Reactions were separated by 18% Tris-glycine PAGE or 4-
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12% Bis-Tris PAGE (Invitrogen). Gels were soaked in autoradiography enhancer
solution (ENLIGHTNING, Perkin Elmer Life Science) for 30 minutes, dried and exposed
to film at -80°C overnight or for up to 4 days.
3.5.5.2 Enzyme Kinetics
Enzymatic reactions (5µL) were initiated by the addition of 4 µM enzyme to
reaction mixtures containing a fixed concentration of 3H-AdoMet (Perkin Elmer, specific
activity 78 µCi/mM) and variable concentrations of nucleosome substrate in assay buffer
(50 mM Tris (pH 8.5), 200 mM NaCl, 3 mM DTT, 5mM MgCl2 and 5% glycerol). The
reactions were incubated at 15°C for 4 hrs and then stopped by the addition of 1 µL of 5×
SDS loading buffer. Quenched reactions were separated by 4-12% Bis-Tris PAGE and
stained with Coomassie Brilliant Blue R. Histone H3 bands were excised from the gel
and dissolved in 500µl of SolvableTM (Perkin Elmer) at 50°C for 3 hrs. The extracted
peptide solution was mixed with 5 ml of scintillation cocktail (ULTIMA GOLD XR,
Perkin Elmer) and counted using a Beckman Coulter LS6500 scintillation counter. Initial
rates were plotted as a function of the variable substrate and fitted to the MichaelisMenten equation using the non-linear least squares regression analysis in SigmaPlot.
3.5.6 SAXS data collection and analysis
SAXS data were collected and analyzed as described previously (30). Basically,
MWRAD2 and nucleosome core complex were individually exposed to synchrotron
radiation at concentrations between 0.5 – 20 µM or 0.5 – 10 µM, respectively. Each
complex was then held fixed at 5 µM while the other complex was titrated in to observe
the stepwise alterations of the P(r) distribution. The rotationally averaged molecular
envelopes for each complex and the mixture were also calculated.
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3.5.7 Mass-spectrometry sample preparation
3.5.7.1 BS3 cross-linking:
20 μg of MWRAD was incubated with an equimolar concentration of Xenopus
nucleosome at 4 degrees for 4 hours on a rotator to allow binding between the complexes.
Next, proteins complexes were crosslinked with 2 mM and 4 mM BS3 for 4 hours at 4
degrees and frozen at -20 degrees until further processing for LC-MS/MS.
3.5.7.2 Trypsin digestion
BS3-crosslinked samples were thawed at room temperature and an equal volume
of trifluoroethanol was added, and the sample was incubated at 60 degrees for 30 min to
denature the proteins. The proteins were then reduced by addition of 5 mM TCEP for 30
min at 37 degrees followed by alkylation with iodoacetamide at a 10-mM final
concentration for 30 min in the dark at room temperature. The sample was diluted 10-fold
with 20 mM triethanolamine, and the proteins were digested with 1 μg of trypsin
(Promega) overnight at 37 degrees. The peptides were further purified on C18 spin
columns (Nest Group), dried and resuspended in 5% acetonitrile/0.1% TFA solution and
then analyzed by LC-MS/MS.
3.5.7.3 Mass-spectrometry analysis and identification of cross-linked peptides
BS3–cross-linked peptides were analyzed on a Thermo Scientific Orbitrap Elite or
Lumos with HCD fragmentation and serial MS events that included one FTMS1 event at
30,000 resolution followed by ten FTMS2 events at 15,000 resolution. Other instrument
settings included: MS mass range greater than 1,800; m/z value as masses enabled;
charge-state rejection: +1, +2, and unassigned charges; monoisotopic precursor selection
enabled; dynamic exclusion enabled: repeat count 1, exclusion list size 500, exclusion

150

duration 30 s; HCD normalized collision energy 35%, isolation width 3 Da, minimum
signal count 5,000; and FTMS MSn AGC target 50,000. The RAW files were converted
to mgf files and analyzed by analyzed by the cross-link database–searching algorithm
pLink2 under default settings: (i) up to three miscleavages; (ii) static modification on
cysteines (+57.0215 Da); (iii) differential oxidation modification on methionines
(+15.9949 Da); (iv) differential modification on the peptide N-terminal glutamate
residues (−18.0106 Da) or N-terminal glutamine residues (−17.0265 Da), (v) 5% FDR.
All possible tryptic peptide pairs within 20 p.p.m of the precursor mass are used for
cross-linked peptide searches. The cross-linked peptides were considered confidently
identified if at least four consecutive b or y ions for each peptide were observed.
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3.7 Main-Body Figures and Tables

Figure 3-1: Nucleosome core particles with 147bp (Nuc147) and 197bp (Nuc197)
bind to MWRAD2 with similar affinities
Electrophoretic Mobility Shift Assay (EMSA) titrating MWRAD2 (0.5 – 20 μM) into 1
μM Nuc147. Note the multiple discrete bands that appear in the higher MWRAD2
concentrations. (B) EMSA titrating MWRAD2 (same concentrations as (A)) into 1 μM
Nuc197. As in (A), there is evidence of multiple, discrete bands as [MWRAD2]
increases. (C) Quantification of the nucleosome shift by densitometry of the Nuc147
band in (A) and the Nuc197 band in (B). The apparent Kd and the Hill coefficient of each
nucleosome type are shown in the table above the graph. (D) methyltransferase assay
examining overall rate of methylation between Nuc147 and Nuc197 with increasing
3
concentrations of H-SAM
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Figure 3-2: Nucleosome core particles without (Nuc147) and with (Nuc147-Ub)
Ubiquitin bind to MWRAD2 with similar affinities
(A) Electrophoretic Mobility Shift Assay (EMSA) titrating MWRAD2 (0.5 – 20 μM) into
1 μM Nuc147. Gel stained with Ethidium bromide (top) and Coomassie Brilliant Blue
(bottom) (B) EMSA titrating MWRAD2 (same concentrations as (A)) into 1 μM Nuc147Ub. Gel stained and pictured as in (A). (C) Quantification of the nucleosome shift by
densitometry of the Nuc147 band in (A) and the Nuc147-Ub band in (B). (D)
methyltransferase assay examining overall rate of methylation between Nuc-147 and
3
Nuc-147-Ub with increasing concentrations of H-SAM.
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Fig. 2
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Figure 3-3: Nucleosomes can bind up to four MWRAD2 molecules
simultaneously
(A) c(s) distributions for MWRAD2 alone (blue) and Nuc147 alone (purple). (B) SV-AUC
concentration series of 0.5 μM Nuc147 with 0 (purple), 1 (blue) and 10 μM (red) MWRAD2.
Note the position of the Nuc147 peak does not appreciably change over the series. (C) 280nm
absorbance for the 0.5 μM Nuc147:10 μM MWRAD2 MSSV-AUC run, with fit lines and
residuals. (D) Same as (C), but at 260nm absorbance. (E) Multisignal analysis of 0.5 μM
Nuc147 with no MWRAD2. (F) Multisignal analysis of 10 μM MWRAD2 alone, with no
Nuc147. (G) Multisignal analysis of 0.5 μM Nuc147 with 0.5 μM MWRAD2. (H) Same as
(G), but with 1 μM MWRAD2. (I) Same as (G) and (H), but with 4 μM MWRAD2. (J) Test
2

chi-square results (ct ) for stoichiometry of MWRAD2:Nuc147 based on the multiwavelength
variate analysis.
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Figure 3-4: MWRAD2 does not oligomerize on H3 peptide and shows no increased
activity past a 2:1 MWRAD2:Nuc147 ratio
(A) c(s) distributions of 5 μM MWRAD2 with 10 (purple), 50 (blue) and 100 μM (cyan)
1-20

H3 peptide demonstrates the lack of oligomerization with H3 peptide alone. (B)
Methyltransferase assay of Nuc147 with increasing MWRAD2 concentration. (C)
Quantification of the 7hr autoradiogram from (B), showing the ~2-fold increase in
activity from 1:1 to 2:1 MWRAD2:Nuc147 ratio and the lack of increasing activity with
increasing [MWRAD2] beyond that.
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Figure 3-5: Nucleosomes with no N-terminal tails (gNuc147) bind MWRAD2 with
similar affinity to wild-type Nuc147
(A) EMSA comparing gNuc147 shifting (Lanes 1-6) and Nuc147 shifting (Lanes 7-12)
with increasing [MWRAD2]. (B) quantification of the nucleosome band shifting from
(A). The apparent dissociation constants and the Hill coefficients are shown in the table
above.
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Figure 3-6: MWRAD2 binding to nucleosome can be competed off ~50% by H31-20
peptide but cannot be competed from tailless nucleosomes (gNuc147)
(A) EMSA showing migration of MWRAD2 alone (Lane 1), MWRAD2 with Nuc147
1-20

(Lane 2) and MWRAD2, Nuc147 and H3 peptide (Lane 3). (B) Quantification of the
highlighted bands from (A) bottom panel. (C) Bands from (A) extracted and run on SDSPAGE. (D) quantification of MWRA subunits from Lanes 1, 2 and 3 from (C). (E) EMSA
of MWRAD2 with tailless nucleosomes (gNuc147 – Lanes 1-6) and wild-type Nuc147
(Lanes 7-12) with increasing concentrations of H3 peptide. (F) Quantification of the
protein bands from the Coomassie panel in E, demonstrating the lack of competition from
the H3 peptides for the tailless nucleosomes.
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Figure 3-7: RbBP5 and Ash2L contain the bulk of the nucleosome binding ability of
MWRAD2, while the SET domain has no appreciable binding
(A) EMSA showing the binding ability of WRAD2 (Lanes 2-5), MWRAD2 (Lanes 6-9)
and MLL1 alone (Lanes 10-12). (B) Quantification of the nucleosome bands shown in
(A). (C) EMSA of Nuc147 with each MWRAD2 subunit individually, showing that
RbBP5 (Lane 4) and Ash2L (Lane 5) provide the bulk of the interaction. (D) EMSA with
gNuc147 also shows that RbBP5 (Lane 4) and Ash2L (Lane 5) are the only subunits with
nucleosome binding ability. (E) Quantification of a methyltransferase assay with wildtype MWRAD2 and complexes made with RbBP5 and Ash2L truncations, demonstrating
a loss of activity on nucleosome substrate.
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Figure 3-8: BioSAXS analysis of MWRAD2 and Nuc147 show no aggregation over a
large range of concentrations
(A) Guinier plots from MWRAD2 BioSAXS analysis at concentrations of 0.5 μM - 20
μM show no sign of aggregation. (B) Radii of gyration determined from the BioSAXS
experiments in (A) show no change over the concentration series. (C) Pairwise distance
distribution (P(r)) plots from free nucleosome (army green) free MWRAD2 (black) and
titrations of MWRAD2 into 1 μM Nuc147 (intermediate lines). (D) Guinier plots for
concentrations of Nuc147 from 0.5 μM - 10 μM. (E) Radii of gyration determined for the
BioSAXS samples shown in (D) show no signs of aggregation. (F) 5 μM MWRAD2
BioSAXS envelope contoured at 20Å with the Cryo-EM structure of the MLL1 core
complex (PDB: 6PWV) fit inside. (G) Nuc147 BioSAXS envelope contoured at 20Å with
a nucleosome core particle crystal structure (PDB: 1KX5) fit inside.
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Figure 3-9: MWRAD2 titrated into Nuc147 shows an increase in Rg but does not
reach the Rg of MWRAD2 alone, even at the highest concentration
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Figure 3-10: Updated version of the “swinging domain” hypothesis shows multiple
RAD2 sub-complexes bound to individual nucleosomes within biomolecular
condensates
(1) Image of the unbound nucleosome (H3 tails drawn in as orange dashed lines,
suggesting the tails fold down and interact with the nucleosomal DNA). (2) Binding of
the RAD2 sub-complex to the nucleosomal DNA liberates the H3 tails and allows them to
move freely. (3) This free movement provides a “lure” to “catch” the MW swinging
domain (paper submitted) and then the tail swings in and MW binds to the RAD2 subcomplex. (4) Once the full complex is formed, the H3K4 methyltransferase activity can
occur.
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3.8 Supplementary figures and tables

The MLL1 core complex interacts with the core domains of the nucleosome and
regulates accessibility of the histone H3 N-terminal tail
Anamika Patel**, Kevin E. W. Namitz**, Ashley J. Canning, Song Tan and Michael S.
Cosgrove
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Figure S 3.1: nucleosomal DNA of 147base-pairs (147bp) and 197 base-pairs (197bp)
both show similar binding to MWRAD2
(A) Electrophoretic Mobility Shift Assay (EMSA) titrating MWRAD2 (0.5 – 20 μM) into 1 μM 147bp
nucleosomal DNA. Gel stained with Ethidium bromide (top) and Coomassie Brilliant Blue (bottom) (B)
EMSA titrating MWRAD2 (same concentrations as (A)) into 1 μM 197bp nucleosomal DNA. Gel stained
and pictured as in (A). (C) Quantification of the nucleosome shift by densitometry of the Nuc147 band in
(A) and the Nuc147-Ub band in (B).
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Figure S 3.2: Truncations of RbBP5 and Ash2L show the regions of nucleosomal
DNA binding within these subunits
(A) Electrophoretic Mobility Shift Assay (EMSA) of wild-type RbBP5 (Lane 3) and
truncation mutants show a loss of nucleosome interaction with truncations of the hinge
region. (B) EMSA of wild-type Ash2L (Lane 1) and truncation mutants show loss of
interaction with N-terminal truncations.
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Figure S 3.3: Pairwise distance distributions (P(r)) plots of MWRAD2 at multiple
concentrations show a maintenance of gross hydrodynamic shape
P(r) plots for multiple concentrations of MWRAD2 alone.
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Table S 3.1: Multi-signal Sedimentation Velocity – Analytical Ultracentrifugation (MSSV) data for Nuc147 with increasing
[MWRAD2]
Protein
Nuc147
MWRAD2
Total
Total
Total Expected Integrated
Total Expected Integrated
concentration concentration local
Local
Global
concentration concentration (μM)
(μM)
RMSD RMSD reduced f/f0
f/f0 free
Nuc147 MWRAD2 (μM) Nuc147 (μM) Nuc147 MWRAD2
MWRAD2
260
280
CHI2
Nuc147 MWRAD2
0.5
0
0.5
0.425
0
0
0.011
0.0094 1.05
1.39
0.5
0.5
0.5
0.45
0.5
0.323
0.0085 0.0078 0.6696 1.441
2.148
0.5
1
0.5
0.46
1
1.18
0.00658 0.00657 0.4321 1.419
1.704
0.5
2
0.5
0.523
2
3.797
0.0094 0.0077 0.716
1.367
1.965
0.5
10
0.5
0.5342
10
12.59
0.0095 0.011
1.0577 1.574
1.835
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4.1 Abstract
Multiple methylation of H3K4 is associated with actively transcribed genes and
dysregulation of these epigenetic marks is frequently observed in diseases. One enzyme
responsible for depositing and maintaining H3K4 methylation states is the Mixed
Lineage Leukemia 1, or MLL1, protein, via its SET domain. MLL1 is one of six
members of the SET1 family of H3K4 methyltransferases, that includes MLLs 2-4 and
Setd1A and B. On its own, MLL1 is a slow, predominately monomethyltransferase,
requiring an interaction with the conserved sub-complex of WDR5, RbBP5, Ash2L and
two copies of DPY30 (WRAD2) to confer a faster monomethyl rate as well as additional
methylation reactions. This complex is referred to as the MLL1 core complex. The
prevailing theory is that the SET domain of MLL1 is responsible for all methylation of
H3K4 performed within the core complex. This model, though, fails to take several
important, incongruous, pieces of data into account. In this study, we again posit the
existence of a second active-site within the MLL1 core complex, providing new
supporting evidence for concurrent mono- and dimethylation of H3K4 through a novel
“dual-substrate” competition assay. In addition, we also present a point mutation,
F3885W that completely abrogates binding of H3 peptide to the SET domain, resulting in
loss of monomethylation by the complex; however, dimethylation is able to proceed at
near wild-type levels. These results are further evidence that the SET domain is not the
sole source of H3K4 methylation in the MLL1 core complex.
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4.2 Introduction
Histone H3 lysine 4 (H3K4) can be mono-, di-, or tri-methylated, with each
methyl state associated with different regions of the genome and/or different
transcriptional outcomes (1). The bulk of H3K4 methylation in mammalian cells is
performed by the six SET1 family histone lysine methyltransferases: MLL1 – 4 and
Setd1a and b (2). Each SET1 family member has a SuVar, E(z), Trx (SET) domain at its
extreme C-terminus, which is the conserved methyltransferase domain (3,4).
Dysregulation of H3K4 methylation through alteration of these SET1 proteins results in a
multitude of human disease states, including mixed-lineage leukemia and Kabuki
syndrome (5,6). Biochemical studies using a C-terminal SET domain construct from
each human SET1 family member shows only slow monomethylation of H3K4 on H3 Nterminal peptides in-vitro (7). For maximal activity, the SET1 family members all
require interaction with a conserved sub-complex of proteins: WDR5, RbBP5, Ash2L,
DPY30 (2 copies) (WRAD2) (7-9). The SET1 family paralogs further separate into three
distinct clades, based on both their sequence similarity and their H3K4 product
specificity when in complex with WRAD2: MLL1 and MLL4 (also called MLL2), which
are predominately mono- and dimethyltransferases; MLL3 and MLL2 (also called
MLL4), which are predominately monomethyltransferases; and Setd1a and Setd1b which
catalyze mono-, di- and trimethylation of H3K4 (7).
It has long been assumed that all possible methylation events for these different
core complexes take place within the SET domain, as this is the only canonical
methyltransferase domain found within each SET1 family core complex. This
assumption, however, fails to consider several pieces of data regarding the activity of
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SET1-WRAD2 complexes that we and others have obtained. Firstly, single-turnover
experiments performed with SET1 family core complexes suggest multiple methylation
occurs via a non-processive (distributive) mechanism, whereby the substrate is
methylated once, leaves the active site and then returns to the complex for subsequent
methylation (7). Second, the MLL1 core complex has been shown to retain substantial
activity towards H3K4 when an MLL1 mutant (N3906A) that cannot bind the co-factor,
S-adenosylmethionine (SAM) is used (9). This result suggests that the complex harbors a
second SAM-binding site that is unaffected by this mutation. Finally, the WRAD2 subcomplex has been demonstrated to house an H3K4 methyltransferase activity in the
complete absence of a SET1 family SET domain (9,10). This result provides the
strongest evidence for multiple methyltransferase domains within SET1-WRAD2
complexes and provides the basis for the “two active-site” hypothesis, wherein H3K4me0
goes first to the SET domain for monomethylation and then is released to a second, noncanonical H3K4 methyltransferase domain within WRAD2 for subsequent methylation
events.
In this study, we present further evidence for the two active-site model. We also
provide evidence for a distributive mechanism by the MLL1 core complex for multiple
methylation of H3K4. Further, using a novel, multiple substrate activity assay, which we
have named the “dual-substrate assay”, we show that both mono- and dimethylation can
occur simultaneously within the complex. This is in direct contradiction to the “one
active-site” hypothesis, which requires both methylation events to occur within a single
active site. Finally, we have also created a histone-binding mutant in MLL1 – F3885W –
that shows no evidence of H3K4 mono- or dimethylation on its own and also cannot
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perform monomethylation in the core complex. In the context of MWRAD2, though, this
mutant complex demonstrates near-wild-type levels of dimethylation when provided a
previously-monomethylated substrate. These results provide further evidence for a
second active site within the MLL1 core complex and suggest the presence of a second
active site for all SET1 family core complexes.
4.3 Results
4.3.1 Pulse-chase experiments further demonstrate a non-processive (distributive)
mechanism for multiple methylation of H3K4 by the MLL1 core complex
Non-processive kinetics have been observed for the MLL1 core complex (9), as
well as paralogous (7,11) and orthologous (12) SET1 complexes. The intermediate
observed in single turnover experiments is consistent with a non-processive mechanism
in which the substrate is released from the active site before rebinding for the
dimethylation reaction. However, it is also possible the substrate remains bound and the
accumulation of an intermediate is due to a conformational change that is both slower
than the rate of monomethylation as well as a requirement for the dimethylation reaction.
It is also possible that the accumulation of intermediate H3K4 peptide is due to a slow
step within the kinetic mechanism after the chemistry step of the monomethylation
reaction is performed but before the dimethylation reaction and the release of the
substrate from the active site. This could include a slow release of the cofactor product,
S-adenosyl-homocysteine (SAH) or a slow re-binding of SAM after the first methylation
event, all while the peptide remains bound to the SET domain. Furthermore, the
accumulation of H3K4me1 could be the result of a slow conformational change within
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the MLL1 core complex, again leaving the peptide bound during a slow step after the first
chemistry event.
To distinguish these possibilities, we performed pulse-chase experiments to test if
the H3 tail peptide substrate remains bound between methylation events. Pulse-chase
experiments use two similar substrates, but the pulse substrate is visible during the
reaction and the chase substrate is not, so that effects on the pulse substrate can be
observed following the addition of a large excess of chase. The pulse substrate is added
first, at a concentration high enough to occupy most of the active sites. The chase
substrate is added after, when there should be few active sites available for it to bind.
This experiment is ideal to determine the presence of a non-processive mechanism
because the pulse substrate will continue to be modified unless the substrate leaves after
the first reaction. Only then would the chase substrate be able to compete with the pulse
substrate and reduce the observed activity. Such pulse-chase experiments have been used
to investigate the processivity of SET domain-containing enzymes previously (13,14).
We performed pulse-chase experiments using a 20-fold molar excess (100µM) of
H3K4me0 biotinylated peptide for the pulse and a 200-fold molar excess (1mM) of
H3K4me0 non-biotinylated peptide for the chase. The methyltransferase reaction was
initiated with 3H-S-adenosyl-methionine (3H-SAM) and allowed to proceed for one
minute, at which point the 1mM chase was added (or an equivalent volume of ddH2O for
the negative control) and the activity against the biotinylated pulse peptide was checked
every additional minute for seven minutes. If the mechanism of H3K4 multiple
methylation is processive, then the methylation observed in the assay would not be
disrupted by the addition of the chase but would continue unimpeded. Conversely, if the
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mechanism is non-processive, then the addition of the chase peptide would result in
strong competition for the active site once it was vacated by the pulse peptide. This
would result in near-complete inhibition of the methylation reaction once the chase
peptide is added. We found that the non-biotinylated chase peptide was able to almost
entirely outcompete the biotinylated H3K4me0, which resulted in only minimal
methylation of that substrate following the chase addition (Fig. 4.1). This result could
only happen if the biotinylated H3K4me0 peptide leaves the site of the first methylation
event after it occurs. This result strongly argues for a non-processive kinetic mechanism
for the MLL1 core complex, with the H3 tail binding for one methylation event and then
releasing and re-binding to the complex for the second methylation event.
4.3.2 Is WRAD2 activity due to contamination by the MLL1 SET domain?
With the processivity question further solidified, we next sought to further
investigate the proposed second active site within the WRAD2 sub-complex. It has been
postulated that the activity observed for WRAD2 is due to a small amount of SET domain
that contaminates the purified protein complex through the use of the same purification
system. These contamination levels would be too small to observe through Coomassie or
even silver-staining of the protein complex but could result in significantly increased
activity against H3K4 when the core complex is formed. We previously attempted to
dispel this possibility through performing methyltransferase assays on the individual,
purified subunits and sub-complexes, all of which showed no activity (outside of the
WRA/WRAD2 sub-complexes) (10). In addition, we have since performed serial
dilutions of the wild-type MLL1 construct and seen a precipitous loss of both H3K4
methylation activity and the previously-identified C3882 automethylation activity (15)
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when it reaches sub-micromolar concentrations (Fig. S 4.1). This suggests that even
minimal dilution of the SET domain results in protein misfolding or aggregation and
therefore loss of activity. However, to further test whether such contamination could be
present in our protein preparations, we designed a “dominant-negative” assay to
outcompete any wild-type MLL1 SET domain present with a catalytically inactive
mutant. The SET domain mutant utilized (MLL1N3906A) is one that we have previously
characterized as having lost all SAM binding ability, both on its own and in complex with
WRAD2, using radioactive methyltransferase assays and UV crosslinking experiments
(7,9,10). This SET domain mutant was titrated into our previously reconstituted WRAD2
sub-complex and then allowed to react for several hours. If there are infinitesimal levels
of wild-type, active MLL1 SET domain co-purifying through our system with the
WRAD2 components, then a large excess of the SAM binding mutant will compete for
binding to WRAD2 and result in a loss of H3K4 methylation activity that is dependent on
MLL1N3906A concentration. Instead, what we observe is a marked increase in the overall
H3K4 methylation activity of the complex as MLL1N3906A is added (Fig. 4.2; compare
lane 1 to lanes 2 – 4). This is in keeping with previously published results from the
laboratory, where addition of the MLL1N3906A mutant to WRAD2 showed improved
H3K4 methylation activity for the WRAD2 enzyme (9). As previously noted, we have
determined that the SAM binding ability of MLL1N3906A is not rescued by formation of
the core complex with WRAD2 (7), which means that any stimulation of activity
observed upon addition of the mutant would have to be due to an increase in second
active site activity. These results provide further evidence for the two active site
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hypothesis while also arguing against the possibility of minute SET domain active site
contamination in our WRAD2 stocks.
4.3.3 A “Dual-Substrate Assay” (DSA) supports the two active-site model for
multiple H3K4 methylation by the MLL1 core complex
With this increased evidence of a second active site within the WRAD2 subcomplex, we sought an experimental method that could distinguish between a one versus
two active-site model for the methyltransferase activity for the MLL1 core complex. We
devised a “dual-substrate assay” (DSA) where both the unmodified (me0) and the
monomethylated (me1) substrate are assayed simultaneously at the start of a MALDITOF methyltransferase activity assay. Each peptide has a distinct mass – to – charge
ratio (m/z) (Table 4.1) allowing for simultaneous observation of each peptide’s
methylation state throughout the entire course of the assay, so that rates for each
methylation event can be determined for each peptide. Each substrate was held in a ~20fold molar excess to [MWRAD2] to ensure all active sites would be occupied throughout
the course of the reaction. We hypothesized that if the MLL1 core complex only has one
active site, then there will be competition between the two substrates during the DSA,
resulting in a reduction of methyltransferase activity against one or both substrates. If,
however, there are two active sites present in the complex that predominantly catalyze
mono- and dimethylation, respectively, then there would be little to no inhibition due to a
lack of competition for active site occupancy. Models of expected rates of H3K4me0
depletion by MWRAD2 as either a one active site or two active site enzyme complex can
be seen in Fig. 4.3.
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The results of the dual-substrate assay are more in keeping with the second
scenario, where two active sites within the complex independently perform their
preferred methyltransferase activity. Looking at the methylation rate of the me0 to me1
conversion in both a single and dual substrate experiment, it is clear that the presence of
the me1 substrate is not strongly inhibitory for the me0 peptide (Fig. 4.4A and Table 4.2).
As a positive control for the inhibition expected in a one active site model, we performed
a dual-substrate assay with two H3K4me0 peptides: one biotinylated at the C-terminus
and the other non-biotinylated, to make their masses sufficiently distinct for analysis with
MALDI-TOF MS. Each peptide was previously characterized alone to examine
differences in enzyme kinetics due to a binding preference for one substrate over the
other; what we observed was little difference between the methylation rates of the two
peptides (Fig. S 4.2). When each of these peptides were provided simultaneously as
substrates, there is almost total possible inhibition of each rate (note: the maximum
reduction in rate expected for the DSA is 2-fold, due to each substrate being present in a
1:1 ratio) (Fig. 4.4B). These results strongly suggest that the complex contains two
active sites that preferentially perform the H3K4me0 to H3K4me1 and H3K4me1 to
H3K4me2 methylation reactions and that function more or less independently of the other
active site. (Of note, we do see strong inhibition of the me1 substrate in this same DSA
experiment, but this is most likely due to the rapid accumulation of additional me1
substrate from the monomethylation activity, resulting in a similar substrate inhibition as
that observed with the me0/me0 DSA (Fig. S 4.3)).
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4.3.4 CX-MS of MWRAD2 with unmodified and previously monomethylated H3
peptide shows two distinct binding regions
Having observed this lack of competition between the me0 and me1 H3 peptides,
we next performed crosslinking mass spectrometry (CX-MS) between MWRAD2 and
each peptide in separate reactions, to identify binding regions for each substrate on the
complex. Using BS3 crosslinker, we observed several crosslinks between the MLL1 core
complex and the peptides. Intriguingly, when they were all mapped onto the cryo-EM
structure, the linkages to the unmodified and monomethylated peptides segregated into
two distinct binding regions. The unmodified peptide was identified having crosslinked
exclusively to the MLL1 SET domain, with no additional crosslinks to any of the other
complex components (Fig. 4.5; black spheres). In contrast, the monomethylated H3
peptide was never identified crosslinking to the SET domain, but was found crosslinked
to multiple fragments of WDR5, RbBP5 and Ash2L across two regions of the complex
(Fig. 4.5; red spheres). This suggests that the monomethylated intermediate spends little
to no time bound to the SET domain but is instead in an equilibrium between two distinct
regions of the WRA sub-complex. Additionally, the distance between the H3 tail and the
monomethyl linkages suggests that the complex may adopt a more compact conformation
than any of those seen in the current structural studies.
4.3.5 A SET domain H3 binding mutant (MLL1(F3885W)) completely abrogates the
H3K4 monomethylation activity of MWRAD2 but dimethylation is unaffected
To further examine the nature of these two active sites within MWRAD2, we
looked to design a histone binding mutation within the SET domain active site that would
block any possible interaction with the H3 tail, using structure-guided approaches. Such
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a mutation would allow for a decoupling of the two methylation events from each other,
in a manner similar to the N3906A mutation, but with an even more disruptive amino
acid alteration. If the activity of the SET domain were disrupted in a such a way, but
dimethylation could still occur, then this would be strong evidence for each methylation
event occuring at different active sites within the complex. Figure 4.6A shows the
mutant selected (MLL1(F3885W); in gray)) and all the steric clashes (red discs) that are
predicted with the H3 peptide (yellow sticks) for every possible rotamer. This suggests
that the H3 substrate binding to the SET domain active site will be severely disrupted by
this mutation. The mutant was generated, expressed and purified, at which point we
performed a methyltransferase assay using 3H-SAM with the mutant and wild-type
MLL1 SET domain in the presence of H3 peptide. While the wild-type enzyme is able to
methylate the H3 peptide substrate (Fig. 4.6B; H3 band of lane 1), the mutant MLL1
construct cannot perform any substrate methylation (Fig. 4.6B; H3 band of lane 2). The
F3885W mutant is still able to perform robust automethylation of cysteine 3882 (15)
(Fig. 4.6B; MLL1 band from lane 2), which is strong evidence that the protein is still
folded properly and that this mutation has not resulted in any gross structural alterations
of the active site. Prior work in our lab demonstrated that inhibition of MLL1
automethylation occurs through competition for the methyl group from SAM between the
H3 tail substrate and the cysteine automethylation site (15). The presence of H3 peptide
in the MLL1(F3885W) reaction does not inhibit this automethylation activity at all, in
contrast to the reduction we observe in the WT automethylation (Fig. 4.6B; compare
MLL1 bands from lanes 1 and 2). This suggests that the binding of the H3 substrate to
the mutant SET domain has been strongly reduced, leading to a loss of this inhibition.
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Given these results, we are confident that we have generated an H3 binding mutant that
has completely decoupled the SET domain active site from MWRAD2’s
methyltransferase activity.
Having this newly generated mutant in hand, we next asked what happens to the
methyltransferase activity of the full MLL1 core complex when assembled with this
MLL1(F3885W) construct. Unsurprisingly, the monomethylation activity of MWRAD2 was
still completely absent, just as it had been in the isolated SET domain experiments (Fig.
4.7A) demonstrating that the H3 binding ability of MLL1 has not been restored through
interaction with the WRAD2 sub-complex. Remarkably, though, the dimethylation
activity of the complex was at or near wild-type MWRAD2 levels for the duration of a 3hour MALDI-TOF methyltransferase assay time course (Fig. 4.7B). This could only be
possible if the binding and methylation of an H3K4me1 substrate occurs at a different site
within MWRAD2 than the canonical SET domain. This result is strong evidence that the
SET domain of MLL1 is not responsible for the dimethyltransferase activity of the MLL1
core complex, which instead occurs within a non-canonical H3K4 methyltransferase
active site in WRAD2 that has yet to be elucidated.
4.4 Discussion
In this study, we further tested the non-processive kinetics and the two active site
hypothesis that we have previously postulated as mechanisms of MWRAD2 multiple
methylation (9,10,15). We provided further evidence that the MLL1 core complex
performs mono- and then dimethylation via a distributive kinetic mechanism, with the
monomethylated intermediate leaving the active site and then re-binding to the complex
for the second methylation event. We also demonstrated that the inherent WRAD2
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methyltransferase activity is not due to contamination with trace amounts of MLL1 SET
domain, as a dominant-negative assay titrating in enzymatically dead MLL1(N3906A)
mutant does not reduce this activity through competitive exchange of SET domain
binding to WRAD2. On the contrary, there is an uptick in methyltransferase activity,
suggestive of a SET domain surface that stabilizes the second active site.
We have also created a novel method to confirm the presence of a second active
site in this and other multiple active-site enzyme complexes with our “dual-substrate
assay”, or “DSA” that provides both H3 substrates simultaneously and then tracks the
methylation rates of each one individually to assess alterations in the enzyme kinetics of
either or both peptides, due to competitive inhibition. Our results suggest that such
inhibition is minimal between the H3K4me0 and H3K4me1 substrates, when compared
to an me0/me0 DSA, supporting our hypothesis that the MLL1 core complex has two
distinct active sites for the me0 to me1 and me1 to me2 reactions, respectively. Finally,
we also generated a novel histone binding mutant in the MLL1 SET domain
(MLL1F3885W) that does not appear to disrupt the gross three-dimensional structure of our
MLL1 construct, as evidenced by its ability to automethylate C3882; however, the
monomethylation activity of the SET domain is completely lost. Astonishingly, while the
H3K4me0 to H3K4me1 activity is not restored by the formation of MWRAD2 with the
F3885W mutant, the rate of dimethylation activity of this mutant MLL1 core complex is
nearly wild-type. All of these results combine to provide our strongest evidence to date
for two, distinct active sites within the MLL1 core complex that perform the mono- and
dimethylation reactions simultaneously.
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Our findings are in agreement with our previously hypothesized model for
multiple methylation by the MLL1 core complex, with the first methylation event
occurring in the SET domain active site, and the second methylation event occurring at a
non-canonical H3K4 methyltransferase active site somewhere within the WRAD2 subcomplex, with several non-SET domain MLL1 residues contributing to that active site’s
binding and/or methyltransferase activity (7). This study’s contribution to the model are
two-fold: first, we provide additional evidence for the non-processive kinetics of H3K4
multiple methylation by the MLL1 core complex through the use of a pulse-chase
experiment. This strengthens our initial assertion that the H3 substrate leaves the site of
the first methylation event and proceeds to a different active site for dimethylation.
Second, the creation of a SET domain histone binding mutant has demonstrated an ability
to decouple the mono- and dimethylation activities of the MLL1 core complex, which
strongly supports the existence of a second, independent active site within MWRAD2 that
does not require binding of the H3 substrate to the canonical SET domain active site.
The cross-linking results also provide evidence for this second, independent site,
as the two substrates were identified bound solely to the SET domain (me0) or the
WDR5-RbBP5 (WR) interface (me1). This interface provides a logical location to begin
testing for disruption of dimethyltransferase activity by the core complex. In addition,
the distances observed from the SET domain to the WR interface are such that the H3 tail
should not be able reach in the current structures. This suggests that the complex may
need to adopt a more compact conformation in order to allow the H3 tail to reach over to
the WR interface.
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With this new information, we here provide an updated version of our model for
multiple methylation of the H3 N-terminal tail by the MLL1 core complex (Fig. 4.8).
The results of the DSA suggest that there is little to no competition between substrates
when presented to MWRAD2 simultaneously, further strengthening our hypothesis that
each methylation event is happening in one of two distinct active sites within the
complex. Finally, an active-site mutation that completely abrogates the monomethylation
activity of the MLL1 SET domain, both on its own and in complex with WRAD2, has
little to no effect on the dimethylation activity of the complex. Such a sharp decoupling
of the me0 to me1 (completely absent over 3 hours) and the me1 to me2 (near WT levels
for the same time course) reactions within the MLL1 core complex only seems possible
in the context of a two active site enzyme and is strong additional evidence for two active
sites within MWRAD2.
Given our current results and the rapid influx of structural studies using both
human SET1 core complexes (16,17) and the orthologous COMPASS complex from
various yeast species (12,18-20), we had thought it possible there would be structural
evidence for the histone H3 tail binding to a second site within the core complex in one
or more determined structures. It was not surprising, though, to see that none of the
structures showed any histone tail density, outside of some ambiguous electron density
observed in the SET domain active site. There are several possible reasons for why the
tails would only be seen in the SET domain for each of the structures determined thus far,
the most likely of which is that the nucleosome substrates used for structure
determination were not previously monomethylated, and so the H3 tail would
predominantly be bound to the SET domain, based on our current results. In that same
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vein, even structures obtained with S-adenosyl-methionine were crosslinked prior to
SAM addition (19), so it is likely that little to no H3K4 methylation occurred. Even if
some monomethylation did occur and there was a movement of the H3 tail from the SET
domain to the proposed second active site, it would be too sporadic to allow for a
sufficient number of particles for high-resolution structure determination. It could also
be the case that the second active site we observe evidence for in MLL1 is not present in
the highly diverged yeast orthologs that have been utilized for several of these SET1
structural studies. It is intriguing to note, however, that enzymatic assays performed with
the Kluyveromyces lactis COMPASS complex did show evidence of non-processive
kinetics for multiple methylation of H3K4 (12), suggesting that two active sites within
the SET1 core complex may be a highly-conserved mechanism for multiple methylation
of H3K4 within eukaryotic organisms.
4.5 Materials and Methods
4.5.1 Protein expression and purification
The MWRAD2 proteins were expressed as previously described (9). Briefly, All
MLL1 WT and mutant proteins were expressed from the pGST parallel vector (21) and
all WRAD2 sub-complex proteins were expressed individually from the pHis parallel
vector (21) in Rosetta pLysS cells. MLL1 contained a glutathione-S-transferase (GST)
tag upon expression, and so was flowed over a 5mL GSTrap column (GE) in column
buffer (50mM Tris, pH 7.5; 300mM NaCl; 30mM Imidazole; 3mM DTT; 1µM ZnCl2),
eluted with elution buffer (the same as column buffer, except for 500mM Imidazole) and
then the tag was excised with ~2mg GST-tagged tobacco etch virus (TEV) protease
during three 1 liter, 6+ hour dialyses against the column buffer. Each WRAD2
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component had a 6xhistidine tag upon expression, and so these were purified over
individual 5mL HisTrap columns (GE) and then the tag was excised with ~2mg GSTTEV during the same length dialyses. The cleaved proteins were flowed back over their
respective affinity columns as a negative purification step and then they were
concentrated down to ~5mLs for injection over an S200 size-exclusion chromatography
column (GE) and buffer-exchange into gel filtration buffer (20mM Tris pH 7.5; 300mM
NaCl; 1mM TCEP; 1µM ZnCl2). The pure proteins were finally concentrated to:
2mg/mL (MLL1 WT and mutant); 12mg/mL (WDR5 and RbBP5); 10mg/mL (Ash2L)
and 16mg/mL (DPY30) and flash-frozen in liquid nitrogen in the gel filtration buffer and
stored at -80°C until used. MLL1 core complex was made by reconstitution with
stoichiometric amounts of each component on ice at least 30 minutes prior to use in
enzymatic assays, to allow for equilibration.
4.5.2 Pulse-chase experiment
MWRAD2 was reconstituted as described above and reactions were set up as
follows: first, a 10x stock of assay buffer (final concentrations: 50mM Tris, pH 8.5;
200mM NaCl; 5mM MgCl2; 5% glycerol) was added 1:10 to a mixture of 78 µM Sadenosyl-methionine (1:32 hot:cold ratio), 4 µM MWRAD2 and MS-grade H2O to
volume. This was then placed in a 15°C water bath for 5 minutes to equilibrate to the
reaction temperature. 100 µM H31-20K4me0 peptide (1:40 biotinylated:non-biotinylated)
was added to initiate the reactions, which were allowed to proceed for 1 minute. The
reactions were then chased with 1mM final concentration of non-biotinylated H3120

K4me0 or an equivalent volume of MS-grade H2O and 10µL timepoints were taken at

1.25, 2, 3, 4, 5, 6, 7 and 8 minutes. These 10 µL aliquots were immediately mixed with 5
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µL of 0.5M EDTA to quench the reaction and stored on ice until all eight timepoints
could be acquired. Once completed, 185 µL of gel filtration buffer, supplemented with
0.1mg/mL Bovine Serum Albumin (BSA – to prevent non-specific interactions) was
added to each 15 µL timepoint and the entire 200 µL sample was loaded into a well of a
96-well Scintillation Proximity FlashPlate (PerkinElmer). The wells of these plates are
coated with both scintillant and streptavidin to allow for binding of the biotinylated
substrate. This places them in proximity to the scintillant and allows for analysis of the
radiolabeled methyl group(s) without requiring purification from unincorporated 3HSAM. The biotinylated peptide was held at 2.5 µM out of the 100 µM pulse peptide
concentration as the binding capacity for these plates is only ~3 µM. The plates were
placed at 4°C for 24 hours to allow binding of the biotinylated peptides to the
streptavidin, then the plates were placed in a plate reader (Hidex) and allowed to
equilibrate to room temperature for 10 – 15 minutes. The plates were then counted, with
10 second counts of each well. The data reported are the averages from two independent
experiments ± S.D.
4.5.3 Dominant-negative assay
The WRAD2 sub-complex was pre-assembled in a 25 µM stock solution, which
was brought to volume with gel filtration buffer and allowed to pre-equilibrate for 1 hour.
This stock was then diluted to 12 µM and added to a mixture of 1x assay buffer (same as
described in previous experiment), 250 µM H3K4me01-20 biotinylated peptide and 0, 3, 6
or 9 µM MLL1(N3906A) to serve as a competitor for WRAD2 binding for any
contaminating WT MLL1 that may have entered our WRAD2 protein preps through
purification on the same gel filtration column. The reactions were then initiated by the
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addition of 0.6 µM 3H-SAM and the reactions were allowed to proceed in a water bath
pre-cooled to 15°C for 6 hours, at which point they were quenched with 5 µL of a 5xsodium dodecyl sulfate (SDS) gel loading solution. The entire 25 µL reaction sample
was then loaded onto a 4-12%, 12-well, 25 µL gel (Novex) which was run for 30 minutes
at 200 volts. The gel was stained with Coomassie brilliant blue for 30 minutes and then
that was poured off and a destain solution (5% Ethanol; 10% acetic acid) was added,
which the gel sat in with gentle rocking for ~16 hours.
The destain was removed and the gel was then covered in Enlightning solution
(PerkinElmer Life Sciences) to enhance it for autoradiography and rocked gently for 30
minutes. The enhancer was then discarded, and the gel was then prepared for drying
through excision of its wells and thick bottom portion. The gel was then adhered to filter
paper (Whatman) and placed on a pre-heated (70°C) slab gel dryer, where it was allowed
to dry for 2 hours under constant vacuum. Once dry, the gel was placed in an
autoradiography cassette and exposed to film (Kodak Biomax MS film), first for 17
hours, then that film was developed, and another film was placed for 72 hours.
4.5.4 Dual-substrate and MLL1(F3885W) MALDI-TOF assays
A 15 µM MWRAD2 or M(F3885W)WRAD2 stock was reconstituted and allowed to
equilibrate on ice for 1 hour, then this stock was diluted to 7 µM in a mixture of 250 µM
SAM (Cayman Chemicals), 1x MALDI-TOF methyltransferase assay buffer (50mM Tris,
pH 9; 200mM NaCl; 1µM ZnCl2; 3mM DTT; 5% glycerol) and MS-grade H2O to
volume. The reactions were initiated with 100 µM H3K4me01-20, 100 µM biotinylated
H3K4me11-20 or a 1:1 mixture of each peptide (200 µM final concentration of peptide –
dual-substrate assay only) and then incubated at 15°C in a water bath, with 2 µL
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timepoints taken at 5, 10, 15, 30, 60, 90 120 and 180 minutes. Each timepoint was
quenched by mixing with an equal volume of 1% trifluoroacetic acid (TFA) and stored at
-20°C until they could be spotted for MALDI-TOF analysis.
For spotting, a 1:1 mixture of 100% acetonitrile (ACN) and 0.1% TFA was made and
used to resuspend a super-saturating amount of a-cyano-4-hydroxycinnamic acid (aCCA) (this amount was ~ 1mg/100 µL ACN:TFA). This spotting matrix was vortexed
for 5 minutes then spun down at 16,300 x g for 5 minutes and wrapped in aluminum foil
to avoid exposure to light. The timepoints were thawed at room temperature and spun
down for 30 seconds at 16,300 x g then 1 µL of timepoint was mixed with 4 µL of matrix
and 2 µL was placed in a single spot on a 384-spot MALDI-TOF ground steel plate
(Bruker). The spots were analyzed in a Bruker Autoflex III in reflectron mode (State
University of New York College of Environmental Sciences and Forestry, Syracuse,
NY). Each spot had 200 laser flashes/shot and at least 5 shots were taken in five different
positions within the spot. The data acquired were quantified using MassAnalysis
(Bruker) and the resulting progress curves were fit using KinTek Explorer software
(Kintek corp.) (22,23).
4.5.5 MLL1(F3885W) radioactive gel assay
2 µM wild-type MLL1 and MLL1(F3885W) were incubated in 1x radioactive assay
buffer (same as for the dominant negative assay), 100 µM H31-20 me0 peptide and 0.6 µM
3

H-SAM for 6 hours at 15°C. Gel electrophoresis, drying and autoradiography were all

performed as described for the dominant negative assay.
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4.7 Main-Body Figures and Tables

Figure 4-1: Pulse-chase experiment demonstrates the non-processive (distributive)
mechanism of multiple methylation for the MLL1 core complex
(1-20)
MWRAD2 was incubated with a 100μM biotinylated/non-biotinylated H3K4me0
(1-20)

mixture for 1 minute, then a 1mM non-biotinylated H3K4me0
chase or MS-grade
H2O was added in and timepoints were taken from 1.25 – 8 minutes. The MS-H2O chase
shows the reaction continuing over the time course tested (orange points and linear
regression fit line). The 1mM non-biotinylated peptide chase shows a near-complete loss
of methyltransferase activity over the same reaction time course (blue points and linear
regression fit line). This strongly suggests that the H3 peptide substrate leaves the SET
domain active site after monomethylation occurs.
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Figure 4-2: A catalytically dead MLL1 mutant (N3906A) enhances the
activity of the WRAD2 active site
A methyltransferase activity assay using 3H-SAM shows WRAD2 alone
(1-20)

has weak monomethylation activity against an H3K4me0
peptide (lane
(N3906A)
1). Addition of a SAM-binding SET domain mutant (MLL1
) results
in an increase in this activity when titrated into WRAD2 (lanes 2 – 4).
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Figure 4-3: A model of the Dual-Substrate Assay (DSA) predicted results for the
“one active site” and “two active site” hypotheses
(Left) A cartoon of MWRAD2 as a one active site complex shows a steric clash between
unmodified (me0) and monomethylated (me1) peptides. The graph below shows the
normal rate of me0 depletion over time (blue line) and the inhibition of that rate that
would occur with both substrates (orange line). (Right) A cartoon of MWRAD2 as a two
active site complex shows that both peptides can be accommodated simultaneously. This
would appear as a smaller change in me0 depletion rate between the one substrate (blue
line) and two substrate (orange line) reactions.

194

Figure 4-4: A dual-substrate assay shows a lack of inhibition for monomethylation
of H3K4 when previously monomethylated me1 substrate is present
1-20
(A) Monomethylation of H3K4me0 in the absence (blue) and presence (orange) of
1-20
previously monomethylated H3 peptide.
1-20
(B) Monomethylation of H3K4me0 in the absence (blue) and presence (orange) of a
1-20
biotinylated, unmethylated H3 peptide. Note the significant inhibition present in this
experiment compared to (A).
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MLL1 (3870) – me0 (K4)
WDR5 (67) – me1 (K9)
WDR5 (221) – me1 (K9)
RbBP5 (60) – me1 (K9)
Ash2L (299) – me1 (K14)

Figure 4-5: Crosslinking of unmodified and monomethylated H3 peptides
shows two distinct binding regions
Unmodified H3 peptide was only found crosslinked to the SET domain (black
spheres), while monomethylated H3 peptide was identified crosslinked to WDR5,
RbBP5 and Ash2L (red spheres), with two distinct regions of occupation: the WR
interface and the MRA interface (red and blue dashed circles, respectively) PDB ID
6KIU (17) .
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A

B

Figure 4-6: An MLL1 mutant (F3885W) designed to disrupt H3 binding does so
without significantly altering SET domain structure
A. Predicted steric clashes between the F3885W mutant tryptophan side chain (gray) and
the H3 peptide (yellow) provide the reasoning behind choosing this mutation as a
potential histone binding mutant. B. Comparison of WT (lane 1) and F3885W (lane 2)
MLL1 in a radioactive methyltransferase assay. Note the complete loss of H3
methylation in the mutant, and the retained automethylation at C3882, suggesting the
protein is still folded properly.
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Figure 4-7: The MLL1(F3885W)WRAD2 complex shows no
monomethylation activity but can dimethylate with only a ~2-fold
rate reduction
(Upper panel) Comparison of WT (blue) and mutant (orange) MWRAD2
monomethylation under the same conditions. There is no observable rate
for the mutant complex. (Lower panel) Comparison of WT (blue) and
mutant (orange) MWRAD2 dimethylation. This substrate shows a robust
(though not wild-type) level of methylation, suggesting this mutation has
only slightly altered the dimethyltransferase activity of the complex.
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Figure 4-8: MWRAD2 methyltransferase activity occurs in two distinct active sites that can be uncoupled through SET
domain mutations
(Left image) surface representation of MWRA bound to ubiquitylated nucleosome (in ribbon representation) (17) (Lower panel) 90°
rotation shows the active site of MLL1 (with SAH molecule shown – circled in black) as well as the predicted second active-site
location with the MLL1-RbBP5-Ash2L interaction region (circled in gray). The expected path for the H3 N-terminal tail to both
active sites is shown with the yellow dashed line. Created with BioRender.com.
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Table 4.1: H31-20 peptides used for the dual-substrate assay
Peptide
Amino acid sequence
1-20
H3 me0
ARTKQTARKSTGGKAPRKQLGGK-biot.
biotinylated
H31-20me0
ARTKQTARKSTGGKAPRKQLGGK
non-biotinylated
H31-20me1
ARTK(me1)QTARKSTGGKAPRKQLGGK-biot.
biotinylated
H31-20me1
ARTK(me1)QTARKSTGGKAPRKQLGGK
non-biotinylated
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Mass (Daltons)
2651
2182
2665
2196

Table 4.2: H3K4me0 to me1 methylation rates for H3K4me0 + H3K4me1 and
H3K4me0 + H3K4me0 experiments
Peptide(s)

Rate (μM-1 min.-1)

me0 + me1 DSA

1.45

me0 + me0 DSA

0.70
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Table 4.3: H3K4me0 to me1 and me1 to me2 methylation rates for MWRAD2 and
M(F3885W)WRAD2
Complex

me0 rate (μM-1 min.-1)

me1 rate (μM-1 min.-1)

MWRAD2

0.70

0.25

M(F3885W)WRAD2

N/A

0.15
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4.8 Supplementary figures and tables

A novel “dual-substrate” competition assay supports the existence of a second
active-site within the Mixed Lineage Leukemia 1 (MLL1) core complex

Kevin E. W. Namitz, Nilda L. Alicea-Velázquez, Jamil Mahmud, Bruce A. Knutson,
Michael S. Cosgrove
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Figure S 4.1: Serial dilution of WT MLL1 alone shows a loss of stability
and H3K4 methylation at sub-micromolar concentrations
2μM MLL1 (Lane 1) was subjected to three, 10-fold serial dilutions and its
activity against the H3 N-terminal tail was assayed. Both H3K4 methylation
and MLL1 automethylation were almost completely lost after the first dilution.
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B H3K4me0 to me1 methylation rates for
untagged and tagged H3 1-20 peptides
Peptide

Rate (μM-1 min.-1)

Untagged H3K4me0 1-20

0.70

Tagged H3K4me0 1-20

0.57

Rate difference

1.23

Figure S 4.2: There is only a slight reduction in monomethylation rate between the
non-biotinylated and biotinylated H3 peptide substrates
A. Graph showing the untagged (blue) and tagged (orange) unmodified H3 peptide loss
over the course of the methyltransferase reaction. B. A table showing the fitted rates for
each substrate from the time course shown in (A) and the ratio between those rates.
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B H3K4me0 to me1 methylation rates for
untagged and tagged H3 1-20 peptides
Peptide

Rate (μM-1 min.-1)

H3K4me1 alone

0.25

H3K4me1 DSA

0.14

Ratio
(me1 alone)/(me1 DSA)

1.79

Figure S 4.3: There is substantial inhibition of dimethylation in the dual substrate
assay
A. Graph showing the H3K4me1 peptide alone (blue) and in the presence of unmodified
H3 peptide (orange). The DSA shows a larger rate reduction than was observed for the
me0 substrate (see figure 4). B. Table showing the fitted dimethylation rates and the
ratio of those rates.
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Chapter 5: Discussion – A summary of findings, futures directions and the possible
implications of results

Kevin E.W. Namitz1

1 SUNY Upstate Medical University, Department of Biochemistry and Molecular
Biology, Syracuse, New York.

Author contributions: K.E.W.N. wrote this chapter as a summary of his primary
research chapters (Chapters 2-4) and to present possible future directions to be taken in
light of his results. This chapter also includes conjecture on the implications of this
work.
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5.1 Goals for the discussion chapter
Each of the previous three Chapters focused on a different, but related, aspect of
the MLL1 core complex: its assembly/disassembly and physical state, its interaction with
the nucleosome core particle and its mechanism for multiple H3K4 methylation (i.e. one
vs. two active sites). In this final chapter, I will take the results and current thinking on
each of those topics, as well as the current literature and formulate an overarching model
for MWRAD2 within the nucleus of cells. Before coalescing these different projects into
a single, unified theory, I will summarize the results of each chapter.
5.2 MWRAD2 Assembly/Disassembly and Phase Transition: the “Swinging
Domain” mechanism
Chapter two dealt predominately with SV-AUC and MALDI-TOF
methyltransferase experiments I performed with wild-type MLL1 core complex. These
experiments demonstrated something unexpected about the MLL1 core complex: it does
not stay assembled at low (sub-micromolar) concentrations and/or temperatures
approaching the physiological temperature of 37ºC. Instead, the complex separates into
two sub-complexes, which we were able to identify as MW and RAD2. The activity of
the complex towards H3 peptides also diminishes as concentration is decreased and
temperature is increased, to the point where no activity can be observed. However, we
also determined that NaCl concentration of the buffers used greatly alters the
hydrodynamic shape and H3K4 methylation rate of the complex, with [NaCl] < 100mM
showing oligomerization of the complex by AUC and greatly enhanced (up to 40-fold)
methylation of H3K4. This reduction in [NaCl] was enough to rescue the H3K4
methylation activity of the complex at 37ºC and was suggestive of a mechanism by which
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the complex was stabilized at these low NaCl concentrations. Looking at samples of the
MLL1 core complex under these low salt conditions, we observed phase-separated
particles, suggesting that MWRAD2 phase transition could be an important mechanism
for MWRAD2 assembly in-vivo.
Based on these results, we hypothesized that the MLL1 core complex is not
regularly a complex at all in the nucleus, but rather forms its sub-complexes of MW and
RAD2, only fully assembling within regions of high local concentration, such as those
found in phase-separated regions like transcription factories. These regions would allow
MWRAD2 to overcome its tendency towards the disassembled state and allow for
assembly and activity on the chromatin substrate. Such precise spatiotemporal control of
the MWRAD2 H3K4 methyltransferase activity, would be an elegant mechanism for
regulating the activity of the MLL1 core complex. This would be done through an
interaction of the RAD2 sub-complex with nucleosomes first, via the nucleosomal DNAbinding of the RbBP5 and Ash2L subunits (elucidated in chapter 3). With these subunits
already present on nucleosomes within the transcription factory, the C-terminal SET
domain of MLL1 and WDR5 would be able to “swing” to interact with RAD2 on the
nucleosome, using the long, flexible region N-terminal to the SET domain in MLL1. The
fully assembled complex could then perform H3K4 methylation of a nucleosome,
followed by the MW sub-complex dissociating and swinging to a different nucleosome
with RAD2 already bound. This would allow for multiple sites of H3K4 methylation
within the transcription factory, while the MLL1 N-terminal region stays fixed at a site
on chromatin that its many DNA- and histone PTM-binding domains recognize.
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5.3 MWRAD2 mechanism of nucleosome binding: globular core interactions
The third chapter of this thesis deals with the MWRAD2:nucleosome core particle
(NCP) interaction, both with unmodified, recombinant, 147 base-pair (bp) nucleosomes
and with different types of nucleosomes (197 bp; ubiquitylated) to see if one is preferred
over the others. We observed a small preference for binding to 197bp nucleosome
substrate, but did not see any appreciable changes in the methylation activity between any
of them (though we cannot rule out the possibility of changes in product specificity). We
also performed titrations of MWRAD2 into fixed concentrations of the nucleosome to try
and determine stoichiometry of the interaction. Based both on EMSAs and on Multi
Signal SV (MSSV)-AUC analysis, we determined that the final stoichiometry of complex
bound to a single nucleosome was ~4:1.
Roughly 50% of these molecules could be competed off of the nucleosome with
H3 N-terminal peptides, suggesting two different modes of interaction: one where
MWRAD2 binds to the histone tails alone and one where it binds to the globular core.
We were able to confirm this hypothesis through the use of globular nucleosomes
(gNucs) that do not have any histone tails; these nucleosomes were able to bind to the
MLL1 core complex with similar affinity, based on EMSAs. Additionally, we were able
to demonstrate that the bulk of the binding was to the DNA, as nucleosomal DNA (both
147bp and 197bp) alone could be shifted in EMSAs by MWRAD2. Given these results,
we then determined which subunit or subunits provided the bulk of the binding energy.
By performing EMSAs with each subunit individually, we were able to identify RbBP5
and Ash2L as the two subunits responsible for binding to the nucleosome.
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With this base knowledge of the MWRAD2:NCP interaction in hand, we then
performed BioSAXS to obtain low-resolution, structural data for the MLL1 core complex
bound to the nucleosome. The molecular envelopes calculated from these data were
more in keeping with a globular structure, compared to the elongated structure observed
for MWRAD2 alone. This was in good agreement with the biochemical data we had
obtained previously, as well as the new Cryo-EM structures of this complex that have
recently come out. Finally, we performed CX-MS and found crosslinks between
MWRAD2 components and histones that supported these current structures as well as
ones that did not, suggesting that the dynamics of the MLL1 core complex on the
nucleosome need further elucidation.
Based on these binding, activity and structural data, we created a model for the
MWRAD2:nucleosome interaction that was also in keeping with our previous findings
that the complex is mostly disassembled at physiological temperature (chapter two). In
this model, we suggest that the tails of the nucleosome are constrained in the unbound
nucleosome, either through interactions with the nucleosomal DNA or histone H2A’s
acidic patch (chapter three; Fig. 3.10). Binding of the RAD2 sub-complex would then
occur first (based on both chapter two’s determination that the complex disassembles into
MW and RAD2 and this chapter’s finding that RbBP5 and Ash2L provide the bulk of the
interaction to the globular core). This binding would liberate the H3 tails, providing
access to H3K4 which could then be bound by the MW “swinging domain”. This would,
in essence, “catch” the swinging domain and provide enough binding energy for MW to
find the RAD2 sub-complex and interact. The full complex now being assembled on the
nucleosome would then allow for robust H3K4 methylation and once that was completed,
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the MW sub-complex would dissociate and start the process over again with a different
nucleosome that has RAD2 pre-bound.
Such a mechanism might imply that the tails are required for MW interaction with
the nucleosome, and thus the experiments performed with tailless nucleosomes should
show an absence of MW in the interaction. However, such a mechanism (if accurate)
would not be elucidated by this experiment, due to the artificial assembly of MWRAD2
prior to incubation with the nucleosome substrate. This removes the requirement for
“snaring” MW, as it were, from solution to interact with the RAD2:NCP complex. It is
possible that a repeat of the tailless nucleosome EMSAs with lower concentrations of
MWRAD2 or MW and RAD2 sub-complexes might demonstrate a sub-stoichiometric
level of MW due to a lack of this histone tail “snaring”.
5.4 Mechanism of multiple methylation by MWRAD2: the “dual-substrate” assay
The final experimental chapter for this dissertation details work we performed to
further examine a hypothesis that the lab has been pursuing for over a decade: that the
MLL1 core complex uses two, distinct active sites to perform multiple methylation of
H3K4. This hypothesis originally stemmed from work demonstrating that the WRAD2
sub-complex had activity against H3K4 without the canonical methyltransferase domain
– the SET domain – of MLL1 (1). In this new work, we sought to further support this
hypothesis through various methods, the first of which was a pulse-chase assay. This
results in a loss of visible activity if the enzyme uses non-processive (distributive)
kinetics for multiple reactions. Our results showed that the H3 peptide did indeed leave
the site of monomethylation prior to additional methylation occurring, as all activity was
lost upon addition of the chase. This demonstrates successful competitive inhibition of
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the biotinylated pulse peptide for the monomethylation site (the SET domain) by the nonbiotinylated chase peptide.
To see if the WRAD2 activity observed previously was just due to a small amount
of contaminating MLL1, we performed a “dominant-negative” assay, where we titrated a
catalytically dead mutant of the MLL1 SET domain (N3906A) into the WRAD2 subcomplex to compete off any WT contaminating MLL1 already bound. If the activity was
indeed due to WT MLL1 present in the sample, we would have expected to see the
activity decrease with increasing mutant MLL1: instead, we saw the opposite, with a
slight increase as the N3906A mutant increased in concentration. Furthermore, we found
no evidence of contaminating MLL1 through probing of WRAD2 stocks with MLL1
antibody or through mass spectrometric analysis of said stocks.
We next used a novel “dual-substrate” assay, where two different substrates for
methylation – unmodified histone H3 N-terminal peptide and a peptide previously
monomethylated at H3K4 – are provided to the MLL1 core complex simultaneously and
the resultant methylation of each substrate can be monitored through MALDI-TOF MS.
Since one of these substrates is biotinylated and the other is not, their masses never
conflict with any masses from the other substrate, regardless of the total number of
methylation events that occurs. We hypothesized that if there were two active sites in the
complex – one that performs monomethylation and one that performs dimethylation –
then there should be little to no competition between the substrates and thus little to no
reduction in their respective methylation rates. Our findings were in strong support of
this hypothesis: the me0 peptide was able to be methylated at essentially the same rate in
the presence of the me1 peptide as it was able to be methylated alone. This is in stark
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contrast to the me0 + me0* experiment, where the two me0 substrates reduced the rate of
monomethylation a full 2-fold, which is the maximum amount possible for the
experimental set up. This suggests that the monomethylation and dimethylation of H3K4
are being performed in two distinct sites within MWRAD2 as they can proceed
simultaneously with little disruption of either reaction.
Finally, we used a mutant that disrupts peptide binding to the SET domain of
MLL1(F3885W) to see if we could decouple the two active sites of MWRAD2, completely
abrogating monomethylation while retaining near-WT dimethylation. This mutant
showed characteristic automethylation (2), but was unable to perform any H3K4
methylation, even in an extremely sensitive 3H-SAM methyltransferase assay. When
assembled in the full core complex, we still saw no monomethylation of H3K4.
Astoundingly, we observed dimethylation activity that was close to WT levels over three
hours. This mutant provides what may possibly be the strongest evidence yet for two
independent active sites within the MLL1 core complex. Based on these results, we were
able to rule out the one active site hypothesis. We are currently following up on
crosslinking results with unmodified and monomethylated H3 peptides that suggest
distinct binding sites within MWRAD2 for each substrate. This provides a new avenue to
explore in the search for the second active site location.
5.5 Common thread: regulation of H3K4 methylation at several levels
5.5.1 Facultative disassembly of the MLL1 core complex in cell nuclei
While each of these topics may at times seem disparate, there is a common theme
between them all: regulation of H3K4 methylation by the MLL1 core complex. This is
first evidenced in chapter two, where we demonstrate a loss of activity against H3
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peptides as complex concentration decreases and reaction temperature increases up to
physiological temperature. This, along with the AUC data showing disassembly, was our
first clue that the complex may not be predominately assembled in the nucleus but could
spend the majority of its time divided into the MW and RAD2 sub-complexes. We have
previously shown that MW has very little activity against H3 peptides, and no discernible
activity against nucleosomes (1,3), suggesting that a spatial and temporal mode of
regulation for the placement of H3K4 methylation is to keep the complex disassembled
in-vivo. Only placement in a region of high local MW and RAD2 concentration would
allow the complex to overcome the kinetics of assembly and form fully active MWRAD2:
this can be thought of as the basal level of regulation for H3K4 methylation by
MWRAD2. We hypothesize that the same mode of regulation is used for the other five
members of the SET1 family in mammals, based on similarities we have observed with
complex associations across family members (4), but this has yet to be extensively tested.
5.5.2 Assembly on the nucleosome substrate: LLPS and the “swinging domain”
mechanism
The second mode of regulation we hypothesize has stemmed from the work
performed in both the second and third chapters of this dissertation. Based on the
requirement for high local concentration, we tested the MLL1 core complex’ ability to
form and/or enter into liquid-liquid phase separation (LLPS) droplets in-vitro. We
observed accumulation of both MWRAD2 and H3 tail peptides within these droplets,
suggesting that the complex would be able to join in biomolecular condensates – such as
transcription factories (5) – in vivo. There is already evidence for the core complex in
RNA Polymerase II (Pol II) – containing transcription factories, as the two most abundant
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core complex subunits (WDR5 and DPY30 (6)) have been identified in these
compartments (7). This can be thought of as the second mode of regulation for H3K4
methylation in cells: the spatial and temporal control of complex assembly only in these
regions of high local concentration creates small windows where robust methylation can
actually occur.
Once the complex components have entered into a transcription factory (in their
respective sub-complexes of MW and RAD2, we surmise), RAD2 is then able to interact
directly with the globular nucleosome core, based on our discoveries from chapter three
that RbBP5 and Ash2L provide the majority of the binding energy through their
interactions with the nucleosomal DNA. These interactions are also supported by the
recent Cryo-EM structures of the MLL1 core complex (8,9), the MLL3 core complex (9)
and the yeast SET1 COMPASS complex (10,11) with nucleosomes. Since the RAD2
sub-complex components are found at a minimum of ~600-fold excess over the MLL1
subunits in cell nuclei (6), we hypothesize that there would be multiple nucleosomes
within a single transcription factory pre-bound by this sub-complex. In addition, given
our determination in the third chapter that the complex can have stoichiometries of up to
4:1 on a single nucleosome, we also anticipate that many of the nucleosomes within these
transcription factories would have RAD2 sub-complexes bound to each face of the
nucleosome core (as modeled in chapter three; Fig. 10). These interactions with the
nucleosome globular core would liberate the H3 tails, which are suggested to be bound
either to the nucleosomal DNA (12) or the H2A acidic patch (13).
Once the equilibrium was shifted to the H3 tails predominately being exposed to
solution, they could then serve almost like fly casters to “catch” the MW complex. This
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catching would be necessitated by the MLL1/WDR5 sub-complex acting like a
“swinging domain” within the transcription factory, due to the SET domain’s location at
the extreme C-terminus of an otherwise largely unstructured “linker” region. This
permits the small number of MLL1 molecules in the nucleus to “camp” – using their
multiple DNA- and PTM-binding domains within the N-terminal fragment – at specific
locations within or adjacent to the transcription factory. The MLL1 C-terminal fragment,
bound to WDR5, would then be free to “swing” within these factories to multiple
nucleosomes, where they would first bind to the H3 tails and thus be brought into close
proximity with the pre-bound RAD2 sub-complex. This high local concentration would
allow for the formation of stable MWRAD2 on the nucleosome substrate. This can be
thought of as the third mode of regulation for H3K4 methylation within the cell:
sequential binding of sub-complexes to nucleosome, with RAD2 binding first required to
free the H3 tails and recruit the MW swinging domain to the nucleosome.
5.5.3 Regulation of multiple H3K4 methylation steps through the use of two active
sites
The final mode of regulation for H3K4 methylation is one that we are still
struggling to understand, but the work performed in chapter four of this dissertation
provides further evidence for its validity: the separation of mono- and dimethylation of
H3K4 to two distinct and (potentially) independent active sites within the MLL1 core
complex. The active site that we hypothesize performs the first methylation event is the
canonical methyltransferase domain – the SET domain – of MLL1. This is based off of
extensive experimentation we have performed in the past that looks at MLL1 SET
domain activity alone (slow monomethylation) (1) and inhibition of SET domain
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automethylation by unmodified substrate but not previously monomethylated substrate
(2).
The second active site is located somewhere within the WRAD2 sub-complex,
with a contribution to its formation from non-active site SET domain residues. This has
been determined through experiments that look at WRAD2 activity on its own (it shows
activity against unmodified H3K4) (1,3). We have also shown that non-active site SET
domain mutations alter the interaction with the RA heterodimer, and reduce H3K4
methylation (14). Based on these data, we hypothesize this active site resides somewhere
within the MLL1 – RbBP5 – Ash2L interaction region. Having two independent active
sites within the MLL1 core complex suggests it is the final mode of regulation for H3K4
methylation, as it results in a built-in “break” between the monomethylation event and the
dimethylation event. This break may be required for the sequential deposition of PTMs
on the H3 tail, some of which may require H3K4me1 to be added prior, while others may
require H3K4me2 or H3K4me3 for their addition. This final mode of regulation, where
the H3 tail is released after monomethylation lends itself to a new hypothesis, not just for
MLL1 or SET1 family histone lysine methyltransferases, but for the entire field of
“histone code” epigenetic gene regulation (15).
5.6 Histone tail “swinging arms”: a “Waddington’s landscape” model for sequential
post-translational modifications of histone tails
Work performed with the Polycomb repressive complex 2 (PRC2) (16,17) and the
REST corepressor (coREST) (18) suggests that several histone-modifying enzymes use
nucleosomal and extranucleosomal DNA to bind to the chromatin substrate, just as we
observed in chapter three. This provides the bulk of their binding energy, with little to no
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additional binding through the “writer” domain. This suggests that interaction with the
histone tails is dispensable for nucleosome interaction by these modification enzymes;
however, this presumption ignores the “reader” domains within many of these proteins
and protein complexes. Since many of these “reader” and “writer” domains are
comingled within the same histone modification “super-complexes” (19), it stands to
reason that this recruitment and subsequent modification may not be the sole method for
histone code regulation. It is also possible that one purpose of a “reader” domain is not to
recruit the complex to the nucleosome, but to recruit the histone tail to its accompanying
modification active site. For instance, the H3 tail has many possible combinatorial
modification states and the MLL1 “super-complex” has many known histone “readers”
(MLL1) “writers” (CBP/p300; HDAC1, 2) and “remodelers” (members of the human
SWI/SNF nucleosome-remodeling complex) associated with it in cell nuclei (19). It
follows that a reader domain could interact with an initial H3 tail modification, such as
H3K4me1, and then help usher the tail to the next writer domain in the sequence. This
ushering would happen a predetermined number of times, based on the super-complex
associated with that particular nucleosome, as the nucleosome was guided through a
“Waddington’s landscape” of potential epigenetic outcomes, until the desired, unique
combination of PTMs was present on that tail. It is also possible that this cross-talk
extends to every other tail on the nucleosome as well; indeed, there is currently data
supporting cross-talk between H4R3 symmetric dimethylation and MLL2 (also called
MLL4) H3K4 methylation (20). Such complex cross-talk would be made more
streamlined if all the writers, readers and remodelers required for a specific
transcriptional outcome were co-recruited to chromatin in the form of these super-
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complexes. Without them, the histone code becomes a messy “free-for-all”, where any
writer could bind and act on a given nucleosome first. If this is not the correct first
modification in the sequence, then subsequent modifications would potentially be
inhibited or become completely impossible to add, due to steric clashes.
Given all of this information, we propose a model in which RAD2 binding to the
nucleosome liberates histone tails, turning them into “swinging arms” – tethered, flexible
domains that can dip into successive “reader” and “writer” domains of histone
modification super-complexes to establish desired patterns of posttranslational
modifications that promote gene activation. This removes the uncertainty of navigating
the multitude of other possible epigenetic outcomes for any given nucleosome (the
Waddington landscape) by constraining the modification machinery to add each PTM in
a precise, defined manner. This helps prevent aberrations in epigenetic state and thus
potential aberrant transcriptional outcomes for the genes controlled by those
nucleosomes. This model is supported by the fact that histone peptides often bind weakly
to these “reader” and “writer” domains – but a tethered “swinging arm” would increase
the affinity by increasing the local concentration. It may also help in regulation by
protecting intermediate modification states. This mode of interaction allows the histone
H3 tail to swing freely from active site to active site for the stepwise assembly of
different modification patterns, or for interaction with other non-histone proteins.
For example, if a newly synthesized nucleosome had just been deposited on DNA
during replication, the multiple modifications the parent strand’s nucleosome had would
need to be replicated onto this new nucleosome as well. In order to do this, it seems
likely that cells use a “deposition code” – a temporal constraint on the combinatorial
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histone code – to add the correct modification in the proper sequence. This suggests that
some “readers” may have the function of regulating the active sites that the histone tails
visit and the order in which they visit them – thereby directing the tails into distinct
modification pathways. This would make sense, as the binding affinities of effector
domains for cognate modified substrates are often weak, potentially too weak for
localization of a complex to nucleosomes, but perhaps strong enough to recruit the
liberated histone tail – the “swinging arm” – of interest to a particular active site for
subsequent modification. This “deposition code” is intriguing but, as of yet, requires a
great deal of additional supporting data.
5.7 Future directions
5.7.1 MWRAD2 assembly in biomolecular condensates: individual subunit
contributions and in-vivo experiments
Chapter two dealt extensively with the assembly/disassembly thermodynamics of
the MLL1 core complex, as well as the possibility of it overcoming the concentration
barrier to complex formation through incorporation in LLPS droplets. While we showed
multiple instances of the complex forming droplets in-vitro, we only performed
preliminary experiments looking at individual subunits and their propensities to phase
separate on their own (data not shown). Through observation of these drops over time, I
was able to see a difference in the time before droplets began to appear for different
subunits. For instance, Ash2L (the subunit with the highest LLPS propensity, based on
the results of PScore and CatGRANULE in chapter two; table S2.4) began showing phase
separated droplets immediately upon observation, while WDR5 and DPY30 both took
much longer to show any LLPS formation. This is an exciting result, as it is the subunit
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we hypothesized would be most amenable to phase separation on its own, but the
procedure has not been optimized and the results have not yet been replicated. Because
of this, we felt it best to omit this information from the final chapter and present it in the
appendices as preliminary work that can be taken up in the future for this project.
Besides the need to determine the MWRAD2 subunit that seeds its LLPS abilities
in-vitro, we also have not begun an investigation into the presence of MWRAD2 in
transcription factories in-vivo. Questions that need to be addressed include whether
MWRAD2 localizes to transcription factories (using fluorescence microscopy), if the
complex is fully assembled outside of transcription factories or other LLPS droplets and
if the activity of the complex is stimulated in these regions. The Cosgrove lab now has a
cell culture setup up and running, as well as experienced personnel to perform the cell
work, so it may soon be possible for us to begin looking for MWRAD2 in phaseseparated droplets in cell nuclei. The first step that should be taken once we have the
capabilities is a repeat, in essence, of the transcription factory isolation performed by
Melnik et al. (7). Since the focus of our probe would only be members of the MLL1 core
complex, we could set parameters for the LC-MS/MS to look specifically for peptides of
MWRAD2 members. The Cook lab has already written a protocol paper for this
technique (21), so hopefully we would be able to replicate their isolation with little
incident.
In addition to looking for subunits of MWRAD2 in transcription factories through
isolation and mass spectrometry techniques, we could also attempt to observe their
incorporation directly through the use of fluorescent labelling of complex components.
Labeling with a fluorescent protein has become fairly commonplace, but the technique
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would require optimization experiments once the fluorescent labels had been introduced
to make sure they didn’t disrupt complex interactions, nuclear localization and so forth.
Another alternative would be the use of antibodies against the complex members with
fluorescent secondaries, a technique that has been used for MLL1 (22), Ash2L (23) and
DPY30 (24).
Aside from looking at inclusion of complex components in LLPS droplets, there
are a number of additional conclusions from this work that could be evaluated in-vivo.
One possibility is the determination that the complex favors the disassembled state and is
broken into the MW and RAD2 sub-complexes at physiological temperature. It is
possible that simple pull-downs out of nuclear extract with a tagged subunit would be
able to distinguish if the full complex was assembled the majority of time, but a better
option would most likely be to try and characterize this in fixed cells through
fluorescence, looking at overlap between components of each sub-complex. Our
hypothesis would be that MW and RAD2 are dissociated from each other throughout the
nucleus, except in designated LLPS droplets, like RNA Pol II transcription factories;
however, circumstances within the nucleus that we cannot replicate in-vitro may result in
it forming a full complex constitutively in-vivo. There is evidence that post-translational
modification of RbBP5 increases the stability of the RbBP5/Ash2L interaction and
increases the activity of the complex (25,26), so it is possible that PTMs alter the kinetics
of assembly and disassembly.
Another reason the complex may be fully assembled in nuclei is that regions of
MLL1 N-terminal to the SET domain construct we utilize in our lab could be required for
stable assembly of MWRAD2 in-vivo. This scenario has, to my knowledge, not been
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explored, as there are currently no papers detailing an interaction of a SET1 family
methyltransferase with the WRAD2 sub-complex outside of their Win motifs (27,28) and
SET domains (14,29). To test this in cells, it could potentially be as simple as
transfecting our SET domain construct into cells that have MLL1 deleted and looking for
colocalization with WRAD2 components through fluorescent antibodies.
The complex may also be assembled in cells due to interactions with molecular
chaperones, such as Hsp90. There is evidence in Drosophila melanogaster that Trithorax
(the ortholog of MLL1 in flies) and Hsp90 colocalize at transcription puffs during heat
shock stress (30). Preliminary work I performed to look at Hsp70 interactions with the
MLL1 core complex indirectly through MWRAD2 H3K4 methylation actually showed a
slight, but replicable, decrease in methyltransferase activity when the chaperone and ATP
were added (Appendix: Fig. 6.8). This work requires extensive optimization, but it is a
project that could easily be picked up by a new student in the lab, as we have both Hsp70
and Hsp90 in the freezer.
5.7.2 Validation of multiple MLL1 core complexes bound to one nucleosome
Chapter three demonstrated our finding that MWRAD2 can bind to the
nucleosome multiple times in-vitro (up to 4 molecules per nucleosome). This multiple
binding scenario has yet to be investigated in nuclei, or even on a more realistic
chromatin mimic: a nucleosome array. I think this would be a good first step to look at
multiple binding of MWRAD2, as it is biochemical and biophysical work that we are well
set up to do in the Cosgrove lab. I can envision SV- and SE-AUC experiments, as well as
MSSV-AUC to try and determine stoichiometries of complex binding to the array. AUC
would also provide information about the hydrodynamic shape of the nucleosome array
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and inform on whether it became more compact or elongated following MWRAD2
titration. This type of AUC has been performed by others looking solely at how
oligonucleosomes self-associate (31,32), but I am certain that it could be performed and
interpreted with the MLL1 core complex titrated in to alter the oligonucleosome
landscape.
In addition, now that we have demonstrated both the proclivity of MWRAD2 to
bind to nucleosomes multiple times, as well as the discovery from chapter two that the
complex favors the dissociated MW + RAD2 state at physiological temperature, the next
logical step would be to observe cell nuclei for either or both of these phenomena. Based
on our AUC results, it seems that full MWRAD2 is binding to nucleosomes in up to a 4:1
ratio; however, in a cell, where the complex may be constitutively disassembled, it is
likely that RAD2 would interact with the nucleosome first. If this is the case, would there
be a difference in the number of molecules that could be bound to a single nucleosome?
I hypothesize that there would be, based on the work we presented in chapter
three, particularly the H3 peptide titration experiments. In them, we bound ~4 MWRAD2
molecules to one nucleosome (through an 8:1 molar ratio of MWRAD2:Nuc147) and then
titrated H3 N-terminal peptide into the sample, all the way up to 500 μM. We observed
that up to ~50% of the bound complex could be titrated off, but no more than that, even
with that large excess of peptide. This suggests that two of the four complexes are bound
to the nucleosome core and are not interacting with the H3 tails at all, while the other two
complexes are bound near-exclusively to the tails through the active site (or active sites)
of the complex. We do not currently think that the H3 peptide interaction with RAD2 is
stable on its own, so we envision that the complexes bound to the tails of the nucleosome
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would not be present with the RAD2 sub-complex, thus reducing the possible
stoichiometry of the interaction to 2 RAD2 molecules per nucleosome, bound only to the
core.
EMSA experiments with RAD2 and H3 peptide titration would be easy to
perform, as we have all of the necessary reagents, gels, subunits, etc. and it would
potentially provide additional information as to the binding mechanism of the MWRAD2
complexes that can be titrated off with H3 peptide (i.e., whether or not the RAD2 subcomplex is able to bind to the nucleosome in a manner that can be titrated away with H3
peptides). Additionally, now that there are several Cryo-EM models of this
MWRAD2:nucleosome complex available (8,9), it would also be possible to perform
some of the validation experiments that were lacking in those papers, particularly the
generation of point mutations that would be expected to interrupt the interactions of the
complex with the nucleosome core.
Finally, we recently hypothesized that DNA at the nucleosome dyad may be
peeled back to allow more degrees of freedom for the H3 tail. This peeling back would
presumably be performed by the Ash2L winged-helix (WH) domain, which has DNAbinding activity (33,34). I recently expressed and purified a construct of Ash2L that is
missing the first half of the protein, including this domain (Ash2L276-534). We have begun
a collaboration with the Wolberger lab at Johns Hopkins to use Cryo-EM to investigate
this possibility further. They will also be performing FRET experiments with labeled
nucleosomes to see if the DNA does indeed peel back from the nucleosome core with the
WT complex. If so, they will then test to see if MWRAD2 assembled with the 276-534
truncation is no longer able to perform this DNA peeling.
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While these experiments are ongoing, however, we still have a supply of this
Ash2L construct available to us. It would be well within our purview to perform AUC
experiments with the MLL1 core complex assembled with this truncation, along with
nucleosomes, to see if the binding or stoichiometry of the interaction has been disrupted.
We could also perform methyltransferase assays using 3H-SAM to determine if H3K4
methylation on nucleosomes is reduced with this mutant. We anticipate that it would be,
based on these preliminary structural studies, as the base of the H3 tail is constrained
between the DNA at the dyad in unbound nucleosome structures (35,36). Such a
constraint would limit the degrees of freedom of the flexible H3 tail substantially, but if
the DNA is indeed peeled back by Ash2L as part of the mechanism of MWRAD2 H3K4
methylation, then that would provide a great deal more flexibility to the tails. This
additional flexibility may be required for the tail to reach the hypothesized second active
site I discussed in detail in chapter four, in which case there would be a loss of only
dimethylation, but not monomethylation due to this truncation. It is an intriguing
possibility that requires additional testing.
5.7.3 Locating the second active site
Chapter four dealt with our redoubled efforts to distinguish the two current
models for MWRAD2 multiple H3K4 methylation: the “one active-site” vs. the “two
active-site” models. In the “one active-site” model, all H3K4 methylation events
performed by MWRAD2 occur in the canonical methyltransferase domain located at the
C-terminus of MLL1. This seems like the logical choice, but there are several pieces of
evidence that cast this interpretation into doubt. One such item is the fact that MLL1 –
and all mammalian SET1 family members, for that matter – have a tyrosine residue at a
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position in their active sites that is known to limit the product specificity of other SET
domains to monomethylation only (1,37). Having the tyrosine residue suggests that all
the human SET1 family members should be monomethyltransferases, and we
demonstrated that each isolated SET domain is a slow monomethyltransferase on its own
(4). However, the same study showed that the MLL1, MLL4, SETd1a and SETd1b core
complexes are able to perform multiple methylation of H3K4 (4).
The largest sticking point with the “one active-site” hypothesis, though, is the fact
that the WRAD2 sub-complex shows an intrinsic H3K4 methyltransferase activity in the
absence of MLL1 (1,3). This activity cannot be competed away by titrating in a
catalytically dead mutant of MLL1 (as demonstrated in chapter four): on the contrary, the
activity is actually modestly increased. Furthermore, we identified a mutant of MLL1
that completely decouples the H3K4 monomethyltransferase activity of MWRAD2 from
its dimethyltransferase activity. This was accomplished by replacing a phenylalanine
with a tryptophan in the SET domain active site (F3885W), which has steric clashes with
the position of a bound H3 peptide in every rotamer (see Fig. 4.5A). It is hard to envision
a scenario where the active site changes dramatically enough to rotate that tryptophan out
of the way to allow for a previously monomethylated H3 peptide to bind and be
dimethylated.
With this ever-increasing wealth of experimental data that are inconsistent with
the one active-site model, we again fall back on our “two active-site” hypothesis, wherein
the H3 tail is first monomethylated in the canonical active site – the SET domain – before
leaving that site and moving to an, as yet, unidentified active site located within the
WRAD2 sub-complex. This model reconciles all of the information presented above,
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making it an attractive alternative to the one active-site model. The greatest stumbling
block with this model currently, though, is that there is no conserved methyltransferase
fold within any of the WRAD2 components and we have not yet been able to identify the
location of this hypothesized second active site.
This is clearly where the future directions of this project must be focused – and
have been ever since we first hypothesized the existence of a second active site. In that
time, the lab has obtained exciting additional data to support this theory, including the
loss of C3882 automethylation in MLL1 with an unmodified substrate but not a
monomethylated substrate (2). This result – akin to the one found with the F3885W
substitution – would require a substantial rearrangement of the SET domain to allow for
both robust automethylation of C3882 and dimethylation of the H3 monomethylated
substrate, as the cysteine residue is separated from the SAM molecule by the H3 tail
when it binds (Fig. 5.1).
We also have exciting preliminary data from a former graduate student in the lab,
who used the photosensitive crosslinking ability of SAM to look for binding to the RAD2
sub-complex. He found that both RbBP5 and Ash2L had SAM crosslinked to them after
exposure to UV light, but not without it (data not shown). This suggests that the SAM
binding site of the novel WRAD2 methyltransferase is composed of residues from both of
these subunits. In addition, a former post-doctoral researcher used a photoactivatable
crosslinker (BPA) incorporated into H3 peptides to crosslink them to the RAD2 subcomplex and, while we were unable to positively identify the linkage sites using CX-MS,
she was able to determine that the peptides were binding to the sub-complex using
Western blots (Fig. 5.2A and B). This showcases the extent of additional data we have
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supporting the two active-site model for multiple methylation of H3K4. Now that the
parameters of complex assembly have been addressed by work in this dissertation, the lab
can more confidently decipher these data, having knowledge of the complex’ assembly
state.
In order to locate this second site, further work should focus on conditions for
BPA-crosslinking and the subsequent identification of the peptide fragments with LCMS/MS. This is the most straightforward method the lab has found to identify the second
active site thus far. If a crystal or Cryo-EM structure of the complex bound to
monomethylated H3 peptide could be determined, that would be ideal. Given the fact
that both crystal structures and Cryo-EM structures have now been determined for yeast
and human SET1 family complexes, this course of action seems far less intractable than it
did only two years ago. We can produce large enough quantities of MWRAD2 now,
thanks to the polycistronic plasmid constructed for us by the Tan lab, using their pST44
polycistronic vector (38). I have performed extensive optimization of the resultant
complex and can obtain 15-20 milligrams of complex from 1 liter of culture, with a purity
of ~90%, based on AUC experiments (Fig. 2.1).
We are already collaborating with the Wolberger lab at Johns Hopkins for CryoEM studies of the complex and they have preliminary data of the complex bound to
nucleosome, so we know that this polycistronic complex is amenable for structural
studies. The next step would be to obtain enough nucleosome core particle that was
already monomethylated to be used for these structural studies. Now that modified
nucleosomes are commercially available, these experiments have become more feasible.
Given our results with the dual-substrate assay and the F3885W mutant in chapter four,
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we think there is a good possibility that the H3 tail will reside predominately in the
second active site when previously monomethylated at H3K4. The use of GraFix (39)
crosslinking, which was done for each of the previous Cryo-EM structural studies, would
hopefully improve the occupancy of the monomethylated H3 tail in the second active site.
It is, however, anyone’s guess as to whether or not the resolution obtained and/or the
occupancy of the peptide at the correct active site would be enough to model it.
If Cryo-EM studies were able to obtain a structural model for the binding of the
H3 tail to a second location in the complex, we would then have all the information we
would need to begin validation mutagenesis. It is possible that we have already identified
residues involved in this second active site through site-directed mutagenesis we have
performed previously (without the benefit of a structural model). For instance, an RbBP5
tryptophan residue (W329) was identified by a former Master’s student in the lab as
largely disrupting only the dimethylation activity of MWRAD2 when mutated (Melody
Sanders thesis: 2012). Based on this result, we hypothesize that this residue is intimately
involved in the formation and/or activity of the second active site of the MLL1 core
complex. This amino acid is in close proximity to the SET domain active site in the
recent structures (Fig. 5.3 – Top panel), and was even implicated in the activity of the K.
lactis COMPASS complex (W356), based on its crystal structure (Fig. 5.3 – Bottom
panel) (40).
As this residue is in such close proximity to the canonical methyltransferase
domain, these groups suggest that it is required for stabilization of the binding pocket;
however, based on our results, it seems unlikely that such a loss of stabilization would
only affect the dimethylation activity, as Melody observed with point mutations of this
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residue (Melody Sanders thesis: 2012). It could instead be that the SET domain
undergoes a large conformational change after monomethylating H3K4 that then makes
this residue an integral part of the active site. Such a large alteration would essentially
constitute a new, second active site within the complex, but I am doubtful that such an
alteration would be able to overcome the F3885W mutation in the active site to maintain
near-wild-type levels of dimethylation, as we observed in chapter four.
5.8 Final musings on the possible location of the second active site: the HIDDEN
active site
I am in favor of a model where the second methylation event happens on the
outside of the SET-I helix of MLL1 (as first posited in (14)) on the Kabuki Interaction
Surface (KIS) and involves RbBP5 residues of the “Kabuki pocket” (40), including
W329. In Figure 5.4, I detail the region that I think the tail is interacting with: both the
back side of the SET-I lobe and the hinge domain of RbBP5. There is a great deal of
negative charge in this region, almost entirely made up of glutamate residues; I have
labeled several of them in Fig. 5.4 (lower panel). E346 is involved in a salt bridge with
one of the KIS cluster residues Stephen identified: R3864 (shown in Fig. 5.4, lower panel
[H-bond shown in red]). The rest appear to be, by and large, unsatisfied electron
acceptors in the current structural models. Given the strong positive character of the H3
tail, it seems as though this region of dense negative charge would be a suitable binding
spot for it.
In addition, there are a number of aromatic residues near the N-terminal portion of
this region, in the “Kabuki pocket”, as it is named by the Zheng laboratory (residues
circled in Fig. 5.4, lower panel) (40). W329 is among these, and it is in close proximity
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to two phenylalanines in this structure. This suggests that the reason this residue is
important for dimethylation of H3K4 is that it serves as one half of a potential aromatic
cage for cation-π interactions with a strong positively charged residue, such as K4. If the
tail does indeed come in behind the SET-I lobe of MLL1, then this could be a potential
spot for H3K4 to interact for subsequent dimethylation. Such an interaction would be
severely weakened by the removal of one of the aromatic residues, as previously
demonstrated through the use of multiple W329 mutations. Interestingly, when this
amino acid was mutated to a phenylalanine, the dimethylation activity of the complex
was not as significantly diminished (Sanders thesis; 2012). This suggests that
maintaining the aromatic character of the residue in this position is crucial for the
dimethylation activity.
In Shinsky et al. 2014 (14), our laboratory hypothesized that the outside of the
SET-I lobe of MLL1 formed a pocket of the second active site, based on mutations
discovered in MLL2 that are implicated in Kabuki syndrome (41). Stephen characterized
these mutations and determined that they had little effect on the MLL1-WDR5 interaction
(with the exception of R3765L, which is the conserved arginine for the WDR5
interaction, or Win, motif (42-44)). Instead, through the use of SV-AUC experiments,
Stephen determined that the disruption was between MLL1 and the RbBP5-Ash2L
heterodimer. These mutations still all resulted in near-complete loss of H3K4
methylation, except for the T3896M mutation, which was able to completely
monomethylate H3K4 over the 24-hour time course but showed little dimethylation. This
is similar to the results of Melody’s mutagenesis of W329 of RbBP5, where the
monomethylation activity was not as severely affected as the dimethylation activity.
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These residues being either on the outside of the SET-I lobe or on an RbBP5
region that abuts this surface, it does not make sense that they should predominately
affect dimethylation. The explanations others in the field have come up with has to do
with this interaction surface being required to “close” the SET-I lobe down on the peptide
and stabilize it for multiple methylation (45), but this does not take into account more
recent data from our laboratory demonstrating strongly inhibited C3882 automethylation
with an unmodified peptide, but a complete loss of said inhibition with a monomethylated
peptide (2). This residue is located directly across the active site from the methyl-donor
and is normally occluded by the H3 peptide substrate (based on the structural data). This
suggests that the SET domain active site is being occupied by the unmodified peptide, but
not by the monomethylated peptide. Such a result begs the question “how is the
monomethylated substrate binding and being methylated without inhibiting the SET
domain’s automethylation reaction”?
I think that the H3 peptide is being released from the SET domain active site – in
agreement with our determination that the complex does indeed follow a non-processive
mechanism for multiple methylation (Fig. 4.1) – and is then coming over the SET-I helix
to interact with the back side of the SET-I lobe. While here, the multiple glutamate
residues of the hinge domain (which are well-conserved from yeast to humans) interact
with the arginine and lysine residues of the tail to stabilize the binding. Additionally, an
arginine residue, such as H3R2, may enter the potential aromatic cage created by W329
and F336 to form a cation-π interaction, providing additional strength to the H3 tail
binding in this region. I have named this potential RbBP5-MLL1-H3 peptide interaction
surface the “Hinge-SET-I Dimethylation Domain” (HIDD), because I hypothesize this is
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where the binding and (presumably) H3K4 dimethylation activity is located within
MWRAD2. It also means that, if enzymatic activity were identified in this region – as I
suspect it might be – the name could then be altered to the Hinge-SET-I Dimethylation
Domain ENzyme (HIDDEN) active site. That’s just too good of an opportunity to pass
up.
This domain would be comprised of several residues from the SET1 family
member, particularly those associated with the KIS cluster (14). In addition, it would
also require the region of the hinge domain of RbBP5 that is associated with the SET-I
lobe in the current structures. As mentioned earlier, many of the acidic glutamate
residues in this region do not appear to be contacting MLL1/yeast SET1 in any of the
structures out now; however, they are very well conserved throughout evolution. In fact,
only one acidic residue in the hinge region (E358 – position 337 in H. sapiens) has been
altered to something that isn’t acidic in humans (it is a lysine) (see (40); Fig. S3 for a
sequence alignment). Why then would these residues – and particularly this strong acidic
character – be maintained throughout evolution if it is not binding to a highly positive
stretch of protein?
It is of course possible that these residues are involved in binding one of the
missing regions of the MWRAD2 subunits, such as the Ash2L N-terminal domains. I do
not favor this possibility, though, based on the density observed above the DNA at the
dyad in the Park et al. structure (8), which appears to be a large section of that missing
structure. It could also potentially interact with a highly conserved region of the MLL1
protein N-terminal to the Win motif, but there is very little conservation in this region
across mammalian SET1 family members, based on previous sequence alignments we
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have performed, so I do not put a great deal of stock in this possibility either. Finally, it
could interact with the missing C-terminal residues from itself: the C-terminal domain
(CTD) after the hinge. This possibility seems unlikely, given the findings from Han et al.
(46) (as well as our own findings in chapter four), that there is extensive DNA-binding
activity located within the C-terminal domain of RbBP5. The most likely scenario, to
me, would be for it to interact with the H3 tail, which has seven positively charged
residues within its first 20 amino acids (eight, counting the N-terminus peptide amino
group on A1).
Binding of the H3 tail to the “HIDD” would require a slight rotation of the MLL1
SET domain away from the hinge domain of RbBP5, but this appears as though it could
be accomplished without compromising the integrity of the SET domain active site. This
is crucial, as the dual-substrate assay from chapter 4 showed that the complex is capable
of performing both the mono- and dimethylation reactions simultaneously. The only
residue mediating the MLL1 to RbBP5/Ash2L heterodimer interaction on this side of the
SET-I helix (based on hydrogen bonding distance analysis) is R3864. This makes sense,
given MLL1’s inability to form a stable complex with the RbBP5/Ash2L heterodimer,
unlike MLL3 (29,47). This relative weakness in affinity, though, should mean that this
interaction can easily be disrupted, perhaps through the breaking of this hydrogen bond
by the H3 tail as it snakes around the SET-I lobe. This one disruption should be all that is
required to modulate MLL1’s binding to the hinge domain and the Ash2L SPRY domain,
allowing it to displace slightly outwards away from the hinge, where the H3 tail would
then bind and be methylated by an – as yet unknown – dimethyltransferase active site
somewhere near this region.
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All of this speculation on my part is not without some evidence from both our lab
and others, as the previous paragraphs have demonstrated. Despite this, it is clear that a
great deal of additional work will be required to test this presumed binding site of the H3
tail on the hinge region of RbBP5 and the MLL1 SET-I lobe (i.e., the HIDD). I can
envision several experiments to test this hypothesis, the first of which would be to
continue working with the BPA crosslinker-containing H3 peptides that were observed to
crosslink to RbBP5 (Fig. 5.2A and B). Based on this new “HIDD” surface hypothesis, I
would anticipate that this crosslinking was occurring on the hinge domain. It is possible
that the hinge region and H31-20 peptide would interact on their own in-vitro: this is
something the lab has never tested, to my knowledge, but it may be worth considering a
simple pull-down experiment, trying to fish the RbBP5 hinge domain (which is soluble as
a construct on its own) out of solution with biotinylated H3 peptide that is unmodified
and previously monomethylated.
5.9 Final conclusions
In this dissertation, I have reported new data I and others in the Cosgrove lab have
discovered regarding the regulation of H3K4 methylation by the MLL1 core complex in
three major categories: the assembly/disassembly mechanism of MWRAD2, the binding
and oligomerization of the complex on nucleosomes and, finally, the mechanism of
multiple methylation by MWRAD2. I have used this final chapter to summarize all of
these results, as well as provide a possible location for the second active site, based on the
current data in the field and my own results in chapter four. I am intrigued by the HIDD
hypothesis for the monomethyl substrate interaction with MWRAD2 and I think it is well
worth the effort to examine it more closely. The results from all three chapters, though,
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provide crucial information about the maintenance and propagation of H3K4 methylation
throughout the genome, and I think the lab’s push to begin cell biology work in earnest
will begin to provide some very exciting addendums to these current, in-vitro results.
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rotamers of
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Figure 5-1: The automethylation site on MLL1 is directly blocked by H3
binding
Top panel – The MLL1 (magenta) SET domain (PDB ID: 2W5Z) shown with an
H3K4me2 peptide (yellow) and SAH (tan) bound. Bottom panel – zoomed image
from black box above to show the location of C3882 directly across the active site
from SAH and how it is occluded by the H3 substrate.

241

B
2

2

2

A

Figure 5-2: RbBP5 crosslinks to H3 peptide with BPA incorporated
H3 peptide crosslinks to RbBP5 within the RAD2 complex. (A) Western Blot of UV
Crosslinking assay utilizing streptavidin (SA)-HRP conjugate to detect biotinylated
peptide. (B) SA-pulldown assay of UV-crosslinked RAD2 and H3-BPA peptides.
Experiments performed by Dr. Nilda L. Alicea-Velázquez.
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Figure 5-3: RbBP5 W329/Swd1 W356 is near the SET domain of MLL1/SET1
Top panel - MLL1 (magenta) and RbBP5 (blue) are close enough for W329 of
RbBP5 to interact with the SET domain, and the SAH molecule (forest green) in
particular. Bottom panel – SET1 (pink) and Swd1 (medium blue) are again close
enough for the same tryptophan residue (W356 in K. lactis) to potentially stabilize
the SAM molecule (forest green).
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Figure 5-4: The RbBP5 hinge
domain and the outside of the MLL1
SET-I lobe could house the second
active site
Top panel – The MLL1 (magenta)
SET-I lobe and the RbBP5 (blue)
hinge domain have very little
maintaining their interaction. Bottom
panel – There are several unsatisfied
glutamate residues in the hinge region
(labeled in blue). These glutamates
combined with the KIS cluster
residues of MLL1 (in magenta) and
the KIS pocket (circled) suggest that
the second active site could reside on
this surface.

E34
1

244

R390
3

Chapter 6: Appendix

Figures 6.1 – 6.7: These are additional figures for Chapter 2 which have not been
repeated but are nevertheless supportive of the conclusions drawn in that Chapter.
Figure 6.8: This figure shows preliminary work with the HSP70 chaperone,
demonstrating inhibition of MWRAD2 methyltransferase activity when HSP70 and ATP
are present in the solution at sub-stoichiometric concentrations.
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Figure 6-1: Individual MWRAD2 subunits show varying degrees of LLPS
propensity
(Upper row): Individual subunits as labeled above at 5 μM, with 5 μM H3 peptide, 125
μM SAM and 150 mM NaCl. Each subunit shows significant phase separation at this
concentration of Dextran. (Bottom row): Same as the upper row, but with a lower
concentration of Dextran. This shows a lower propensity to phase separate for the MLL1
and DPY30 subunits.
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Figure 6-2: MWRAD2 subunits show a time dependence for LLPS at 3.5% Dextran
(Upper row): At five minutes, MLL1 shows no signs of phase separation, while Ash2L is
already demonstrating such propensity. (Bottom row): After 60 minutes, both subunits
show significant phase separation.
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Figure 6-3: MW and RAD2 sub-complexes both show evidence of LLPS at low
[NaCl]
At 25mM NaCl, both the MW (left) and RAD2 (right) sub-complexes form droplets at
5μM complex concentration.
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Figure 6-4: Nucleosome phase separates in the presence of MWRAD2

249

Figure 6-5: Oligomerization of MWRAD2 is concentration-dependent
(A) At 0mM NaCl, MWRAD2 shows increasing oligomerization as concentration
increases, from 0.25 – 5μM. (B) Upon Integration between 1 and 80S, a plot of the
signal-weighted S-value (SW) as a function of [MWRAD2] shows an upward trend. (C) A
plot of the percentage of signal within the same integration bounds used in (B).
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Figure 6-6: LLPS droplet formation, H3K4 methyltransferase activity and
oligomerization state are all enhanced at sub-physiological NaCl concentrations
(A) Images of the LLPS status (top row – 40x magnification; 10 μm scalebar on 25mM
image), H3K4 methyltransferase activity (middle row) and c(s) distribution of 5 μM
MWRAD2 at six different NaCl concentrations. (B – purple points) A plot of the signalweighted S-value (SW) for each of the c(s) profiles from (A - bottom row), determined
through integrating the curves between 2 and 30S. (B – me1 [red points]; me2 [green
points]; me3 [blue points] all plotted on the right y-axis) Rates of each methylation event
determined at each [NaCl] and reported in μM-1, min-1.
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Figure 6-7: H3 peptide phase separates on its own, but seeds phase separation of
MWRAD2 at lower concentrations
Peptide concentrations of 10 and 25 μM do not show phase separation, but 25 μM peptide
with 5 μM MWRAD2 does phase separate. Higher concentrations of peptide (up to 150
μM) will phase separate with or without MWRAD2 and may seed aggregation of the
complex at the highest concentration tested.
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Figure 6-8: HSP70 may inhibit MWRAD2 methyltransferase activity
(A) 5 μM MWRAD2; 10 μM H3me0 peptide; 250 μM SAM shows full depletion of the
me0 substrate (blue line) and ~60% dimethylation (green line) at 180 minutes. (B)
MWRAD2, H3me0 peptide and SAM at the same concentrations as above, but with the
inclusion of 100nM HSP70 and 2 μM ATP. This shows a reduction in both me0
depletion (from 0% to ~30%) and dimethylation (~60% to ~5%). (C) This inhibition is
due in small part to ATP, as this result without HSP70 shows, but not entirely.
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