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Abstract

The mixed lineage leukemia-1 (MLL1) enzyme is a histone H3 lysine 4 (H3K4) monomethyltransferase and has
served as a paradigm for understanding the mechanism of action of the human SET1 family of enzymes that
include MLL1-MLL4 and SETd1a,b. Dimethylation of H3K4 requires a sub-complex including WRAD (WDRS5,
RbBP5, Ash2L, and DPY-30), which binds to each SET1 family member forming a minimal core complex that is
required for multiple lysine methylation. We recently demonstrated that WRAD is a novel histone
methyltransferase that preferentially catalyzes H3K4 dimethylation in a manner that is dependent on an
unknown non-active-site surface from the MLL1 SET domain. Recent genome sequencing studies have
identified a number of human disease-associated missense mutations that localize to the SET domains of
several MLL family members. In this investigation, we mapped many of these mutations onto the
three-dimensional structure of the SET domain and noticed that a subset of MLL2 (KMT2D, ALR,
MLL4)-associated Kabuki syndrome missense mutations map to a common solvent-exposed surface that is
not expected to alter enzymatic activity. We introduced these mutations into the MLL1 SET domain and observed
that all are defective for H3K4 dimethylation by the MLL1 core complex, which is associated with a loss of the
ability of MLL1 to interact with WRAD or with the RbBP5/Ash2L heterodimer. Our results suggest that amino
acids from this surface, which we term the Kabuki interaction surface or KIS, are required for formation of a
second active site within SET1 family core complexes.

© 2014 Elsevier Ltd. All rights reserved.

Introduction

The enzymatic conversion from monomethylation to
dimethylation of histone H3 lysine 4 (H3K4) is required
for the epigenetic maintenance of transcriptionally
active states of chromatin in eukaryotes [1-6].
The molecular mechanisms involved are not well
understood. Mixed lineage leukemia protein-1 (MLL1,
ALL1, KMT2A, HRX, EC 2.1.1.43) is a histone
methyltransferase that predominantly catalyzes
monomethylation of H3K4 using its evolutionarily
conserved ~130-amino-acid SuVar, E(z), Trx or SET
domain [7,8]. Dimethylation of H3K4 is dependent on
MLL1's interaction with a conserved sub-complex
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called WRAD [WDR5 (tryptophan-aspartate repeat
protein 5), RbBP5 (retinoblastoma-binding protein 5),
Ash2L (absent-small-homeotic-2-like), and DPY-30
(Dumpy-30)], forming the MLL1 core complex [7,9].
The MLL1 core complex regulates expression of
genes required for development [10—12], hematopoi-
esis [13—15], postnatal neurogenesis [16], and tissue
homeostasis [17,18]. MLL1's interaction with WRAD
is critical for these biological processes, but due to the
absence of a high-resolution three-dimensional struc-
ture of the MLL1 core complex, the molecular surfaces
involved are poorly understood. This information is
necessary for comprehending the molecular mecha-
nisms that regulate the degree of H3K4 methylation,
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which, in turn, is crucial for understanding the role of
MLL family members in human developmental disor-
ders and malignancies and for the development of
potential therapeutics.

Recent data indicate that the MLL1 core complex
uses two distinct active sites to catalyze monomethy-
lation and dimethylation of H3K4 in a stepwise
manner. Evidence supporting this “two-active-site”
model includes (1) the demonstration that the isolated
MLL1 SET domain is an intrinsic H3K4 monomethyl-
transferase [7]; (2) the observation that an H3K4me1
intermediate accumulates during the course of the
reaction catalyzed by the MLL1 core complex [7],
indicating that H3K4me1 is released from the first
active site before rebinding to undergo dimethylation;
(3) that WRAD possesses an inherent H3K4 mono-
methyltransferase activity in the absence of MLL1
[7,19]; and (4) the demonstration that WRAD cata-
lyzes H3K4me2 by preferentially monomethylating
the H3K4me1 intermediate within a complex assem-
bled with a catalytically inactive variant of MLL1 [7,20].
These results indicate that WRAD requires a non-
active-site surface from MLL1 to form a second active
site that preferentially recognizes H3K4me1 as a
substrate for dimethylation. The MLL1 surface that
interacts with WRAD to form the H3K4 dimethyltrans-
ferase active site is unknown.

Recent genome sequencing efforts have identified
a large number of nonsense and missense mutations
in several MLL family enzymes that are associated
with human developmental disorders and cancers.
For example, mutations in MLL1 (KMT2A), MLL2
(KMT2D [21], also known as ALR, MLL4), and MLL3
(KMT2C) are associated with Wiedemann-Steiner
syndrome [22], Kabuki syndrome (KS) [23—29], and
Kleefstra syndrome [30], respectively. MLL2 and
MLLS3 driver mutations are also associated with non-
Hodgkin lymphomas [31,32]; pediatric medulloblasto-
mas [33,34]; and lung [35], renal [36], and prostate
carcinomas [37]. While the majority of mutations that
cause disease result from loss-of-function nonsense
mutations or frameshift-inducing indels, most mis-
sense mutations alter evolutionarily conserved amino
acid positions with unknown functions; many of
which are located in the conserved SET domain
[38,39]. To begin understanding the impact of disease-
associated missense mutations on the enzymatic
activity of MLL family enzymes, we mapped known
missense mutations onto the three-dimensional struc-
ture of the MLL1 SET domain and noticed that a subset
of KS de novo dominant missense mutations localize
to a common solvent-exposed surface that is distinct
from the canonical SET domain active-site cleft. Since
these residues are conserved in all MLL family
enzymes, we hypothesized that they may constitute
the unknown MLL1 surface that interacts with WRAD
to form the H3K4 dimethyltransferase active site.

In order to better understand the impact of KS
missense mutations on SET domain function, we

introduced five KS missense mutations into the
MLL1 SET domain and found that all are defective
for H3K4 dimethylation when assembled into the
MLL1 core complex. In one case, loss of activity is
associated with mutation of the conserved arginine
in the MLL1 Win (WDRS5 interaction) motif, which we
and others have previously shown to be crucial for
the interaction between MLL1 and WRAD [40—43].
The other missense mutations cluster on a common
non-active-site SET domain surface (Fig. 1), we term
the Kabuki interaction surface or KIS, and display
impaired interactions with the RbBP5/Ash2L/
DPY-30 (RAD) sub-complex when assembled within
the MLL1 core complex. These results are consis-
tent with the hypothesis that KIS amino acids are
required for formation of the H3K4 dimethyltransfer-
ase active site within the MLL1 core complex. Since
KIS surface amino acids are conserved from yeast to
humans, these results are likely generalizable for all
SET1 family core complexes.

Results

Impact of KS mutations on the structure and
biochemistry of the isolated MLL1 SET domain

To begin understanding how disease-associated
missense mutations affect the biochemistry of SET1
family enzymes, we initially attempted to introduce
KS mutations into a recombinant human MLL2 SET
domain construct, but due to poor expression, we
were unable to obtain enough of each variant for
rigorous biophysical comparisons. We therefore
introduced five MLL2-associated KS missense
substitutions and one non-KS control polymorphism
(observed in population-based sequencing) into a
similar recombinant human MLL1 construct consist-
ing of amino acid residues 3745-3969 (MLL1°%74%).
This construct contains the SET and post-SET
domains and the evolutionarily conserved Win
motif, which is required for interaction with WRAD
[41-43]. MLL1%7%% has 79% sequence similarity to
that of a similarly sized construct of MLL2, and KS
positions are conserved in all SET1 family SET
domains from yeast to humans (Fig. 1). In addition,
superposition of the MLL2 SET domain homology
model with that of the crystal structure of MLL1
(RMSD, 0.24 A for backbone atoms) suggests that
KS amino acid residues occupy similar positions in
the three-dimensional structure of the SET domain
(Fig. 2). Furthermore, a recent study demonstrates
that purified KMT2C and KMT2D complexes display,
like that of the MLL1 core complex, H3K4 mono-
methyliransferase and dimethyliransferase activi-
ty [48], further justifying the use of MLL1 as a
model for understanding the impact of KS missense
mutations on SET1 family core complexes.
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Fig. 1. KS amino acid positions are conserved in SET1 family SET domains and cluster on a common solvent-exposed
SET domain surface. In the center is a schematic of the C-terminal portion of MLL1 domain structure with the Win motif and
SET domain indicated. Above the schematic is a surface representation of the MLL1 SET domain crystal structure (PDB
code 2W5Z [44]) with KS amino acid position indicated in purple. The location of histone H3 (yellow) and co-factor product
S-adenosyl homocysteine (SAH) (green) binding sites are indicated. Below the schematic is a Clustal W [45] sequence
alignment of human MLL1, MLL2 (KMT2D, ALR, MLL4), SET1a, Drosophila Trx, Trr, dSET1, and yeast SET1 proteins.
Missense KS amino acid positions are highlighted in purple. Secondary structure prediction (PSIPRED) [46] is shown
above the sequence alignment and the relative positions of SET-N, SET-l, SET-C, and post-SET sub-domains are
indicated. Below the sequence alignment on the left is a cutaway view surface representation of WDR5 bound to the MLL1
Win motif peptide (PDB code 4ESG [40]) with the position of R3765 indicated. Structure figures were created with the
PyMOL Molecular Graphics System, version 1.5.0.4, Schrddinger, LLC.
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Fig. 2. KS missense amino acids are predicted to occupy similar positions on the MLL1 and MLL2 SET domains and are
solvent exposed. (a) Table summarizing MLL2 (KMT2D, ALR, MLL4) KS amino acid positions in green and corresponding
MLL1 positions in purple. (b) Superposition of the three-dimensional structure of the MLL1 SET domain (purple) with that of
the MLL2 homology model (green), constructed using Modeller [47]. The average RMSD for backbone atoms is 0.24 A.
The positions of the SET-I lobe, histone H3, and AdoHcy are indicted. KS amino acid positions are indicated in purple
(MLL1 numbering) and in green (MLL2 numbering). (c) Stereo diagram of the MLL1 SET domain showing solvent-exposed
KS amino acid positions and their interactions. Carbon atoms from MLL1 are colored pink; nitrogen atoms, blue; and
oxygen atoms, red. Histone H3 is shown with yellow carbon atoms and AdoHcy is shown with green carbons. Hydrogen
bond interactions are shown with the blue broken lines. The side chain of R3864 is modeled as it is disordered beyond the
CP atom in the crystal structure of the MLL1 SET domain (2W5Z) [44].

Our modeling shows that four KS missense
mutations (MLL1 numbering: G3860D, R3864Q,
T3896M, R3903T) map in or near a region in the
MLL1 SET domain structure known as the SET-I lobe,
a region that is thought to contribute to histone
substrate specificity [49,50]. However, based on our
modeling, KS amino acid side chains are located on a
solvent-exposed surface oriented away from the
active-site cleft (Figs. 1 and 2). ltis therefore unknown
how substitution of KS amino acid positions will affect
SET domain enzymatic activity of MLL family com-
plexes. A fifth KS missense mutation replaces the
evolutionarily conserved arginine in the MLL2 Win
motif with leucine (R3765L in MLL1) (Fig. 1). Substi-
tution of the homologous arginine with alanine in the
MLL1 Win motif was previously shown to abolish the
interaction between MLL1 and WDR5 [41-43], which
results in the loss of the H3K4 dimethyltransferase
activity of the MLL1 core complex [40,42]. The MLL1
Win motif adopts a three-dimensional structure that is
similar to that of the MLL2 Win motif when bound to
WDRS5 [40,51]. We hypothesized that substitution of

the Win motif arginine with leucine will likewise impair
core complex assembly.

Several MLL1 KS variants are defective for
methylation of histone H3

To determine if KS substitutions alter the enzy-
matic activity of the isolated SET domain in the
absence of WRAD, we compared histone methyla-
tion activities of each variant with that of wild-type
MLL1 using a radiolabeling assay. In this assay, the
different MLL1 variants were incubated with H3
peptide and 3H-AdoMet, and incorporation of
3H-methyl groups into the H3 peptide was detected
by fluorography. As a negative control, we included
the N3906A variant of MLL1, which was previously
shown to be catalytically inactive due to defective
binding of AdoMet [7,20]. We observed °H-methyl
incorporation into the H3 peptide in reactions
catalyzed by wild-type MLL1 (Fig. 3a, lanes 2 and
12), the R3746H control variant (lane 6), and the
R3765L (lane 8) and R3864Q (lane 16) KS variants.
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Fig. 3. Characterization of KS missense substitutions in the isolated MLL1 SET domain. (a) Comparison of the histone methyltransferase activity of wild type and KS
variant MLL®"#® SET domains. Upper panels show Coomassie blue-stained gels, and lower panels show 2H-methyl incorporation after 8 h as determined by
fluorography. (b) Comparison of wild type and KS variant diffusion-free sedimentation coefficient distributions [c(s)] derived from SV-AUC. (c) Comparison of apparent
K curves for MLL1 catalyzed auto-methylation reactions with different concentrations of AdoMet. Error bars represent the standard deviation from two independent
experiments. Fits were obtained using the Michaelis—Menten equation as described in Materials and Methods. (d) Comparison of histone H3 peptide (1-20) binding to
wild type and KS variant MLL1 SET domains using biolayer interferometry. Biotinylated histone H3 was immobilized on streptavidin-coated sensors. Wild type or KS
variant MLL1 SET domain association is shown between 0 and 2000 s, followed by dissociation between 2000 and 4000 s.
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These results indicate that the R3765L and R3864Q
variants are capable of at least monomethylation of
H3K4. In contrast, no methylation was observed in
reactions incubated with the KS variants G3860D
(lane 10), T3896M (lane 18), and R3903T (lane 20)
under the same conditions.

KS missense mutations do not significantly alter the
SET domain fold

Since loss of enzymatic activity could be due to
protein misfolding, aggregation, defective ligand
binding, or removal of catalytic residues, we com-
pared hydrodynamic and ligand binding properties of
each KS variant with that of wild-type MLL1. To
determine if KS substitutions alter the conformation or
monodispersity of the SET domain fold, we compared
hydrodynamic properties of each variant protein with
that of wild-type MLL1 using sedimentation velocity
analytical ultracentrifugation (SV-AUC). Amino acid
substitutions that induce gross changes in protein
hydrodynamic shape display altered sedimentation
coefficients and frictional ratios in SV-AUC experi-
ments [52]. However, in this investigation, each
variant displayed an experimental sedimentation
coefficient (s* uncorrected for buffer density, temper-
ature, and viscosity) that is identical with that of
wild-type MLL1 at 1.7 s* (Fig. 3b and Table 1),
indicating that KS amino acid substitutions do not
severely alter the hydrodynamic shape of the SET
domain. In addition, while each protein showed an
additional peak with an s* value of 2.2, which likely
represents a glutathione S-transferase (GST) dimer
contaminant, each variant was relatively monodis-
perse with no indication of aggregation. These results
suggest that KS missense mutations do not signifi-
cantly alter the SET domain fold.

All KS mutations bind AdoMet with similar affinities

To determine if KS substitutions alter SET domain
AdoMet binding, we compared MLL1 SET domain
auto-methylation activities of the KS variants with
that of wild-type MLL1. We previously showed that
the MLL1 SET domain undergoes a robust auto-
methylation reaction in the absence of histone H3 with
an apparent K, value for AdoMet that is similar to that
of the histone H3 methylation reaction [20]. As shown
in Fig. 3a, unlike the AdoMet binding defective variant
N3906A, which does not auto-methylate (lanes 3 and
13), each KS variant catalyzes the auto-methylation
reaction at a level that is qualitatively similar to that of
wild-type MLL1 (Fig. 3a, lanes 5,7, 9, 15,17, and 19).
Despite being inactive for the methylation of histone
H3 in the radiolabeling assay, the G3860D, T3896M,
and R3903T variants all display auto-methylation
activity (lanes 9, 17, and 19), with the G3860D and
T3896M variants appearing to have increased ac-
tivity (lanes 9 and 17). However, when we compared

Table 1. Summary of SV-AUC experiments

Sedimentation coefficients (s*?

M MW MWRAD*M MWRAD?*M

wT 17  2.8+0.04 5.3 + 0.02 5.3 + 0.01
MRS746H 1.7 2.8+0.08 5.2 + 0.09 5.3 = 0.03
MRS76e5L 1.7 NCP 4.6 + 0.05 4.3 +0.02
MG3860D 1.7 2.8+0.03 4.7 + 0.04 4.4 +0.01
MRs864Q 1.7 2.8+0.06 4.7 + 0.03 4.4 +0.03
M T3896M 17 28+0.12 4.9+ 0.04 4.7 +0.02
MR3e03T 1.7 2.8+0.09 4.7 +0.03 4.5 +0.02

@ Experimental sedimentation coefficient (s* uncorrected for
buffer density, temperature, and viscosity) + standard deviation
from two experimental replicates.

P NC, no complex observed under the experimental conditions
tested.

apparent AdoMet K, values in auto-methylation
reactions among wild type and all KS variant MLL1
SET domains, no significant differences were ob-
served (Fig. 3c and Table 2, last column). These
results suggest that KS missense mutations do not
alter the ability of the SET domain to bind AdoMet.

Histone H3 binding

To determine if KS substitutions alter the binding of
histone H3 to the MLL1 SET domain, we compared
binding constants to a biotinylated histone H3
peptide containing residues 1-20 using biolayer
interferometry. Biotinylated histone H3 peptide was
loaded onto streptavidin-coated sensors and dipped
into a solution containing 1 or 2 yM MLL1. All wild
type and KS variant SET domains showed histone
H3-dependent association with sensors, with the
G3860D variant showing more than an order of
magnitude slower rate of association (Fig. 3d and
Table 2). The dissociation rate of MLL1 from the
sensors was slow but could be increased by raising
the pH of the dissociation buffer (data not shown),
arguing against irreversible aggregation on the
sensor. Fitting of the association and dissociation

Table 2. Summary of steady kinetics and thermodynamic
binding experiments

SET Ko® K x10™*  Kn®  Ky® AdoMet
domain (nM) s MTs™) (UM)
MWT 107 £+ 14  7.2+0.3 6900 + 915 1.4 +0.3
MAS748H 161+ 29 8.1 +0.8 5500+ 1280 4.1+13
MAS76SL 162+ 28 139+ 3.8 8200+ 1120 2.1x05
ME3860 1580 + 410 8.6+ 0.8 590 = 91 1103
MP884Q 143+ 30 105+ 0.5 8400=2540 3.0x18
MTS89%M 264+ 43 83x1.6 3160=x364 2203
MRS90ST 467 +77  79+06 1780+247 2304

2 Standard error of measurement from three independent
experiments.

P K., + standard error of the fit to the Michaelis—Menten
equation.
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profiles at pH 7.5 revealed that the wild type,
R3746H, R3765L, R3864Q, T3896M, and R3903T
MLL1 variants have similar apparent dissociation
constants (Kgy), which range from 107 to 467 nM. In
contrast, the G3860D variant showed a dissociation
constant that was approximately an order of magni-
tude greater than that of wild-type MLL1 (Table 2).
Thus, all KS variants associate with histone H3, with
one (G3860D) showing weaker binding, which may
at least partially account for its loss of histone H3
methylation activity.

Taken together, these results suggest that the loss
of enzymatic activity observed in the MLL1 variants
cannot be explained by SET domain misfolding,
large conformational changes, defective AdoMet, or
defective histone H3 binding with the exception of
the G3860D variant.

Impact of KS mutations on the assembly and
enzymatic activity of the MLL1 core complex

All KS core complexes are defective for
dimethylation of H3K4

MLL family enzymes interact with a conserved
sub-complex of proteins that include WRAD, which is
required for multiple H3K4 methylation [7,9]. Previous
experiments revealed that the MLL1 SET domain
catalyzes predominantly monomethylation of H3K4
[7]. When WRAD complexes with the MLL1 SET
domain, two significant changes in enzymatic activity
are observed under single-turnover conditions: (1) a
600-fold increase in the rate of H3K4 monomethyla-
tion, which accumulates in a non-processive manner
and rapidly decays due to (2) a significant increase in
the rate of H3K4 dimethylation [7] (Fig. 4). To
determine how KS missense mutations impact
these two activities, we assembled MLL1 core
complexes (MWRAD) with wild type or KS variant
MLL1 SET domains and compared single-turnover
kinetic profiles using quantitative matrix-assisted laser
desorption/ionization (MALDI) time-of-flight (TOF)
mass spectrometry. After reactions were incubated
for 24 h, MALDI TOF spectra showed that MWRAD
complexes assembled with wild type and the control
polymorphism R3746H SET domains converted most
of the histone H3 peptide into the dimethyl form of
H3K4 (Fig. 4a and b), with similar overall reaction
kinetics (Fig. 4h and i) (Table 3). Conversely, all KS
substitutions either abolished or nearly abolished
H3K4 dimethylation by the MLL1 core complex
(Fig. 4c—g). MWRAD complexes assembled with the
R3765L and R3864Q variants displayed slow mono-
methylation activity with pseudo-first-order rate con-
stants (kq) that were each reduced compared to the
wild-type complex by ~170-fold (Table 3). No mono-
methylation or dimethylation activity was detected in
complexes assembled with the G3860D and R3903T
MLL1 variants. In contrast, the T3896M variant, which

was shown to be inactive in the absence of WRAD
(Fig. 3a), showed significantly stimulated monomethy-
lation activity in the presence of WRAD but displayed
only with a small amount of dimethylation activity
after 24 h (Fig. 4f). The first-order rate constant for
monomethylation for the complex assembled with
the T3896M variant was reduced 14-fold compared to
that of the complex assembled with wild-type MLL1
(Table 3).

All KS variants within the SET domain interact with
WDR5

Since differences in enzymatic activity among MLL1
core complexes assembled with KS variants cannot
be fully explained by improper folding of the SET
domain or defective ligand binding, we set out to
evaluate the impact of KS missense substitutions on
MLL1 core complex assembly. We previously estab-
lished the pathway for complex assembly and the
apparent dissociation constants for each interaction
using SV-AUC [7], which is in agreement with the
results from pull-down experiments with other SET1
family complexes [9,54]. The WDR5 subunit engages
in a direct, high-affinity interaction with the MLL1 Win
motif, which serves as a bridge for interaction with
the relatively stable RAD sub-complex [40-43]. To
determine if KS substitutions alter the interaction of
MLL family enzymes with WDR5, we compared
sedimentation coefficients of the MLL1-WDRS5 binary
complex assembled with wild type or KS variant MLL1
SET domains using SV-AUC. As expected, replace-
ment of R3765 with leucine in the MLL1 Win motif
abolishes the interaction between MLL1 and WDR5,
as two non-interacting species are observed in the ¢(s)
distribution with s* values similar to that of unbound
MLL1 (1.7 s)and WDR5 (2.2 s*) (Fig. 5¢). In contrast,
substitution of all other KS variant positions located
within the SET domain did not alter the interaction
between MLL1 and WDRS5, as all displayed sedimen-
tation coefficients that were identical with that of the
wild type and control polymorphism MW complexes at
2.8 s*(Fig. 5a, b, and d—g and Table 1).

Taken together, these results indicate that the loss
of enzymatic activity for complexes assembled with
the KS variants located within the SET domain cannot
be explained by a loss of interaction with WDRS5. In
contrast, replacement of R3765 with leucine in the
MLL1 Win motif abolishes the interaction between
MLL1 and WDR5, which likely accounts for the loss of
the H3K4 dimethylation activity observed by the core
complex assembled with the R3765L variant.

KS mutations alter interaction with the RAD
sub-complex

To determine the impact of KS missense substi-
tutions on the assembly of the holo-MLL1 core
complex, we assembled WRAD with wild type and
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Table 3. Summary of single-turnover rate constants for
core complexes assembled with wild type or variant MLL1
SET domains

Complex Rate constants? (h™")
k1 k2
MYTWRAD 1.68 + 0.10 0.25 + 0.02
R3746H 1.32 + 0.11 0.25 + 0.02
MRS76SLWRAD 0.01 + 0.00° NA°
MC38ED\WRAD NA NA
MR3884QWRAD 0.01 + 0.00° NA
MT28%MWRAD 0.12 + 0.01 NA
MR3OST\WRAD NA NA

? Rate constants from single-turnover experiments were ob-
tained by global fitting the average methylation intensities + the
standard error over time using Dynafit 4.0.

P Sample could not be globally fit, and rate reflects fit to
exponential decay model [Eq. (2)].

¢ NA, no activity observed.

*

KS variant MLL1 SET domains and compared s
values using SV-AUC. The complex assembled with
the MLL1 control polymorphism R3746H sediments
with an s*value of 5.2, which is highly similar to that
of the complex assembled with wild-type MLL1 at
5.3 s*(Fig. 5h andi) (Table 1). Conversely, when the
R3765L MLL1 variant was mixed with WRAD, peaks
at 1.7 s*(data not shown) and 4.6 s*were observed
(Fig. 5j). The peak at 1.7 s* corresponds to free
MLL1, whereas the peak at 4.6 s*is larger than that
expected for the free WRAD complex, which
sediments under similar conditions at 4.2 s* [19].
These data indicate that the peak at 4.6 s* likely
represents an equilibrium mixture between free
WRAD and the MWRAD complex that cannot be
resolved within the signal-to-noise ratio of the data.
Since the R3765L variant does not appreciably
interact with WDR5 in pairwise experiments
(Fig. 5c), it is likely that the shifted WRAD s* value
results from a weak interaction between MLL1 and
the RAD sub-complex. In contrast, KS variants
G3860D, R3864Q, T3896M, and R3903T form
complexes with WRAD, but with altered s* values
that range between 4.7 and 4.9 s*. The magnitude of
these s*value differences between wild type and KS
complexes significantly exceeds the expected vari-
ability of repeated measurements of any individual
complex carried out under identical conditions with
the same instrument, which is typically <0.1 s*units
(Table 1).

These results suggest that KS substitutions either
alter the hydrodynamic shape of the fully assembled
MLL1 core complex or weaken the interaction of the
MLL1 SET domain with WRAD or a sub-complex
thereof. To distinguish these hypotheses, we com-
pared s* values of complexes assembled with wild
type or KS variant MLL1 SET domains at two
different concentrations using SV-AUC. Variant
complexes with altered hydrodynamic shapes but
with unaltered binding equilibria among subunits
display different s* values that are independent of
complex concentration. In contrast, mutations that
alter binding equilibria among subunits display
concentration-dependent s* value shifts. As shown
in Fig. 5andin Table 1, a 2-fold dilution of complexes
assembled with wild-type MLL1 and the R3746H
control polymorphism showed identical values at
5.3 s*(Fig. 5h and i), indicating that these complexes
are stable on the timescale of sedimentation. In
contrast, 2-fold dilution of all complexes assembled
with KS variants showed concentration-dependent
shifts to lower s*values ranging from 4.4 t0 4.7. These
results indicate that one or more binding equilibria
have been altered in each KS variant complex so that
the complexes are no longer stable on the timescale
of sedimentation. With the exception of R3765L in
the MLL1 Win motif, KS substitutions do not alter
the binding equilibrium between MLL1 and WDR5.
We therefore conclude that each KS substitution
within the MLL1 SET domain weakens the binding
interaction between the MW sub-complex and the
RAD sub-complex.

Discussion

The ~130-amino-acid SET domain comprises only
2-12% of the primary sequence of SET1 family
proteins; however, its enzymatic activity has been
suggested to underlie a general mechanism for
chromatin-mediated transcriptional regulation [8]. The
important role of the enzymatic activity of the SET
domain in development was first suggested by the
discovery that the Trithorax (Trx) mutant allele Trx“'",
which results from a single glycine-to-serine substitu-
tion ata conserved position in the Trx SET domain [55],
causes larval/pupal lethality and homeotic transforma-
tions [56]. We recently demonstrated with the recom-
binant Trx SET domain that the Trx“'" G3601S variant
is catalytically inactive [57], suggesting that this

Fig. 4. Impact of KS missense substitutions on the enzymatic activity of the MLL1 core complex. (a—g) MALDI TOF
spectra of enzymatic assays of MLL1 core complexes assembled with wild type or KS variant MLL1 SET domains after
24 h. (h-I) Reaction progress curves showing the kinetic progress of different states of H3K4 methylation under
single-turnover conditions. Each time point represents the mean percentage of total integrated area for each species in
MALDI TOF reactions. Error bars represent the +standard error from duplicate measurements. Data were global fitted to
an irreversible consecutive reactions model [Egs. (1-3)] as previously described [7] using Dynafit 4.0 [53]. The kinetic plots
for the complexes assembled with the G3860D and R3903T variants are not shown because they displayed no

monomethylation or dimethylation activity.
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Fig. 5. Impact of KS missense
substitutions on the assembly of the
MLL1 core complex. (a—g) The c(s)
distributions for the interaction of
wild type or KS variant MLL1 SET
domains with WDRS. (h—n) Compar-
ison of ¢(s) distributions of wild type
or KS variant MLL1 SET domains
when assembled with WRAD. Con-
tinuous line shows ¢(s) distributions
at an MLL1 core complex concen-
tration of 4 yM. Dotted line repre-
sents ¢(s) distributions of the MLL1
core complex at a concentration of
2 UM.
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phenotype may be related to loss of enzymatic activity,
possibly because it is required for histone binding [58].
Likewise, targeted disruption of the murine MLL1 locus
results in posterior homeotic transformations and
altered Hox gene expression patterns similar to that
observed in Drosophila [10]. In addition, although less
severe, comparable phenotypes are observed in mice
lacking the evolutionarily conserved SET domain at
the C-terminus of MLL1 [12]. These results support the
hypothesis that the histone methyltransferase activity
of SET1 family members plays a crucial role in the
maintenance of gene expression in development.

The recent discovery that mutations in MLL2 are
associated with ~70% of cases with the human de-
velopmental disorder KS [23] appears to be consis-
tent with this hypothesis. However, the majority of
identified mutations are nonsense or frameshift-
inducing indels that occur throughout the open
reading frame, making it difficult to distinguish
competing mechanisms for loss of function. For
example, while loss of histone methyltransferase
activity of MLL2 might be a common mechanism for
all KS nonsense mutations that delete the SET
domain, it is also possible that they could disrupt
some other function of MLL2, such as gene targeting
or recruitment of other factors. In addition, it is
unclear if the observed missense mutations result in
a similar loss of function because they alter amino
acid positions of unknown function. The results from
this investigation demonstrate that KS missense
variants located in or around the SET domain display
several functional properties consistent with correct-
ly folded protein; however, all show defects in
enzymatic activity, particularly when assembled
with components of the core complex. These results
suggest that KS amino acid positions are important
for the assembly of SET1 family core complexes.

Since multi-subunit assemblies are required for full
activity, identification of all the protein interactions
that make up the SET1 family core complexes will be
essential for a complete understanding of how H3K4
methylation is regulated in cells. Progress has been
made in the crystallization and structural character-
ization of several MLL1 core complex sub-domains
[41,43,59-62], and domain-mapping experiments
have elucidated the details of key interactions
between MLL1 and WDR5 [42,43], WDR5 and
RbBP5 [63,64], and DPY-30 and Ash2L [65].
Cryo-electron microscopy studies have provided
useful information on the overall shape of the
budding yeast COMPASS (Complex associated
with SET1) and the human MLL1 core complex
[66]. However, in the absence of a high-resolution
crystal structure of the holo-complex, many of the
detailed interactions remain to be elucidated. In
particular, it is still unclear how the SET domain
interacts with RbBP5 and Ash2L and why this
interaction is required for the H3K4 dimethylation
activity of the MLL1 core complex.

The topological order of subunits of the MLL1 core
complex is MLL1/WDR5/RbBP5/Ash2L/DPY-30
(MWRAD), as determined based on pairwise ana-
lytical ultracentrifugation [7] and immunoprecipita-
tion [9] experiments. A similar topology of MLL3 and
MLL4 core complexes was suggested based on
GST pull-down experiments [54]. We and others
previously discovered that WDR5 interacts directly
with MLL1 through recognition of a conserved
arginine-containing sequence called the Win motif
[41-43]. Replacement of R3765 within the MLL1 Win
motif with alanine abolishes the interaction of MLL1
and WRAD in vitro and in vivo [40,42], which results
in loss in the ability to form the H3K4 dimethyltrans-
ferase active site [42] and loss in the ability of the
complex to recognize nucleosomes as a substrate
[19]. The three-dimensional structure of an MLL1
Win motif peptide bound to WDR5 shows that R3765
is inserted into the central tunnel of the WDR5
B-propeller structure [41,43]. The guanidinium moi-
ety of R3765 is positioned between a pair of
conserved phenylalanine residues on WDRS5,
which is stabilized by cation—, van der Walls, and
hydrogen bond interactions. A similar architecture is
observed in crystal structures of WDR5 bound to
MLL2 Win motif peptides [40,51]. However, it was
unclear whether replacement of the Win motif
arginine with leucine, as observed in MLL2 in KS
[23], will have similar effects. Here we show that
substitution of R3765 of MLL1 with leucine abolishes
the interaction between MLL1 and WDRS5 resulting in
the complete loss of the H3K4 dimethylation activity
of the MLL1 core complex. It is likely that the binding
energy of the complex is dominated by the cation—r
interactions between R3765 and the conserved
phenylalanine pair in WDR5. Loss of the cation—r
interaction would explain why the Win motif arginine
cannot be replaced by leucine for insertion into a
relatively hydrophobic pocket on WDR5.

While a direct interaction between MLL1 and
RbBP5 or Ash2L could not be detected in pairwise
experiments [7,54], evidence suggests that they do
interact within the context of the holo-complex. MLL1
monomethylation activity is stimulated by RbBP5 or
the Ash2L/DPY-30 sub-complex in the absence of
WDR5 [59]. RbBP5 modestly stimulates mono-
methylation of H3K4 by ~2- to 6-fold when added
to the MLL1-WDR5 complex [7,59]. Moreover, the
addition of RbBP5, Ash2L, and DPY-30 to the
MLL1-WDR5 complex results in ~600-fold stimula-
tion in the rate of H3K4 monomethylation [7]. In
addition, an interaction between MLL1 and Ash2L is
suggested by our recent demonstration that MLL1
methylates Ash2L in an intra-molecular manner
within the core complex [20]. In this investigation,
we demonstrate that, while the R3765L MLL1 variant
does not show an interaction with WDRY5, it does
show a weak interaction with WRAD, suggesting that
MLL1 interacts weakly with RAD sub-complex in the
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absence of the Win motif-WDR5 interaction. Other
studies with MLL1 paralogs SETd1a,b indicate that
the RbBP5/Ash2L heterodimer remains bound to the
SET domain in the absence of WDR5, which is
stabilized by a KRKK sequence located in the SET-N
region of the SET domain [67]. However, a similar
sequence is absent in MLL1, likely explaining the
requirement for WDR5 for stable association be-
tween MLL1 and the RbBP5/Ash2L heterodimer
[9,42]. The results of this investigation are consistent
with this hypothesis as all KS-associated missense
mutations within the MLL1 SET domain specifically
weaken the interaction with the RbBP5/Ash2L
heterodimer without altering their ability to interact
with WDR5.

One of the common consequences of all KS
mutations studied in this investigation is the loss of
the H3K4 dimethylation activity of the MLL1 core

complex. A conceptual framework that is consistent
with our experimental observations is that KS
mutations disrupt the formation and/or mechanism of
action of the dimethyltransferase active site (Fig. 6).
We have hypothesized that the MLL1 core complex
uses two distinct active sites to catalyze monomethy-
lation and dimethylation of H3K4 in a stepwise
manner, based on non-processive kinetic behavior,
the monomethylation activity of the MLL1 SET
domain, and the demonstration that WRAD catalyzes
H3K4 dimethylation in a complex assembled with a
catalytically inactive variant of MLL1 [7,20]. Consistent
with this hypothesis, we recently showed that auto-
methylation reactions catalyzed by the MLL1 SET
domain are inhibited by unmodified histone H3, but
not by histones previously monomethylated at
H3K4, suggesting that they do not bind to the
SET domain during the dimethylation reaction [20].

Kabuki interaction surface (KIS)
G3860D
R3864Q
T3896M

Win motif
R3765L

Fig. 6. KS missense mutations define a KIS motif that is crucial for interaction with the RbBP5/Ash2L heterodimer and
for the H3K4 dimethylation activity of MLL family complexes. (Upper panel) The two-active-site model for multiple lysine
methylation by MLL family complexes. The MLL core complex monomethylates H3K4 at the canonical SET domain active
site (indicated by the number 1), which is followed by H3K4 dimethylation at a second active site formed at the interface
between MLL and WRAD (indicated by number 2). KIS localized KS mutations in the MLL SET domain weaken the
interaction with RbBP5 and Ash2L resulting in the loss of H3K4 dimethylation activity (lower left panel). Alternatively,
substitution of R3765 with leucine in the Win motif destabilizes the interaction between MLL and WRAD thus also
preventing formation of the dimethylation active site (lower right panel).
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Because WRAD possesses no homology to known
methyltransferases, the location of the second active
has remained elusive. In addition, WRAD catalyzes
only monomethylation of H3K4 in the absence of
MLL1 [7,19] but acquires the ability to preferentially
monomethylate the H3K4me1 substrate when as-
sembled with a catalytically inactive variant of MLL1
[20]. These results suggest that WRAD requires a
surface from MLL1, distinct from the SET domain
active site, to complete formation of a functional
dimethyltransferase active site. Results from this
investigation are consistent with this hypothesis.
Several disease-associated missense mutations
alter conserved amino positions that cluster on a
common solvent-exposed surface oriented away from
canonical SET domain active-site cleft. Substitution of
these amino acids in the MLL1 SET domain all
demonstrate defects in the ability to form a stable
complex with the RAD sub-complex, resulting in the
loss of the H3K4 dimethylation. The fact that these
mutations do not alter the hydrodynamic shape of the
MLL1 SET domain nor do they significantly affect
the ability of MLL1 to bind AdoMet, histone H3 (with
the exception of G3860D), or WDR5 argues against
the hypothesis that the loss of activity is associated
with a global perturbation in the SET domain structure.

While loss of the ability to form the dimethyltransfer-
ase active site provides a plausible explanation for
loss of the H3K4 dimethylation activity of the MLL1
core complex, the reasons for loss of H3K4 mono-
methylation activity in the G3860D and R3903T
variants are less clear. Analysis of the crystal structure
reveals that substitution of G3860 with Asp causes
steric clashes with every possible aspartate rotamer,
suggesting local structural rearrangements. This
would likely have the effect of wedging apart the 34
and (6 strands, limiting SET-I lobe flexibility and
altering the position of the invariant Y3858 side chain
that is oriented in the active site and located two
residues away (Fig. 2c). Indeed, it was previously
shown that replacement of Y3858 with alanine or
phenylalanine significantly reduces activity of the
MLL1 SET domain [59]. Alteration of the position of
Y3858 in the G3860D variant could explain reduced
histone H3 binding and loss of H3K4 monomethyla-
tion activity by the MLL1 core complex. In contrast,
substitution of R3903 with threonine is expected to
disrupt a hydrogen bonding network that stabilizes the
a5—B6 loop and its connection to the a4—B5 loop,
which positions invariant Y3883 for a hydrogen bond
with AdoMet (Fig. 2c). Loss of the hydrogen bond
between Y3883 and AdoMet would be expected to
reduce AdoMet affinity or result in incorrect positioning
of AdoMet for the histone H3 methylation reaction.
The fact that the R3903T variant undergoes a robust
auto-methylation reaction suggests that latter is more
likely. A similar mechanism can be invoked to explain
loss of activity in the T3896M SET domain. The T3896
side-chain hydroxyl forms a hydrogen bond with the

main chain amide of Y3883, an interaction that is
expected to be lost when T3896 is replaced with
methionine. However, in contrast to the R3903T
variant, the defect observed in the T3896M variant is
partially overcome by the addition of WRAD, as the
core complex assembled with the T3896M variant
regains stimulation in monomethylation activity. This
stimulation may be related to the observation that the
complex assembled with the T3896M variant is
hydrodynamically more similar to the wild-type com-
plex compared to the complexes assembled with the
other KS variants (Fig. 5 and Table 1).

We note that the defects observed in the com-
plexes assembled with the G3860D and R3903T
variants are in contrast to what is observed when
WRAD is assembled with the catalytically inactive
N3906A variant of MLL1 [7], which forms a core
complex with a sedimentation coefficient that is
identical with that of wild-type MLL1 [7]. Unlike the
G3860D and R3903T variants, the complex assem-
bled with the N3906A variant displays weak mono-
methylation activity with the H3K4meO substrate,
which we have attributed to the activity of WRAD
within the complex [7]. The lack of similar activity in
complexes assembled with the G3860D and
R3903T variants suggests that the WRAD active
site may be partially occluded within their respective
complexes.

Despite the differences among the KS variants as
outlined above, all KS variants share the properties
that they would be expected to alter a conserved
surface on the SET-I sub-domain that faces away
from the SET domain active-site cleft (Fig. 1). As a
consequence, the complementarity of this surface
for interaction with RbBP5 and Ash2L is likely to be
altered, which may explain why all KS variants
display defects in their ability to interact with the RAD
sub-complex. While a subset of variants may induce
local structural perturbations (G3860D, R3903T,
T3896M) that could induce unexpected allosteric
effects that are propagated to other surfaces on
MLL, a structural basis for this allostery is not evident
from the available crystallographic data. Further-
more, two of the variants (R3765L and R3864Q) that
are not expected to induce structural changes are
indeed similar to wild-type MLL1 in every respect
except for their ability to catalyze H3K4 dimethyla-
tion and to interact with WRAD or RAD, respectively.

In summary, in this investigation, we utilized MLL1
as a model to determine the impact of KS missense
mutations on the biochemistry of SET1 family
enzymes. We found that the KS mutations under
study map to a surface on the SET domain that is
required for correct positioning of RAD within the
core complex (Fig. 6). This conclusion is supported
by our results that show that (1) KS mutations cluster
on a common non-active-site SET domain surface
that is solvent exposed, (2) KS variants have a
diminished ability to interact with RAD, and (3) MLL1
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core complexes assembled with KS variants exhibit
a loss of H3K4 dimethyltransferase activity. Thus,
we have named this MLL1 surface as the KIS
domain. Because RAD interacts only with SET
domains from the SET1 family, it is reasonable for
the interaction to take place at a surface on the SET-I
sub-domain that is unique to the SET1 family. We
therefore conclude that the SET-I sub-domain not
only is required for histone substrate specificity but
also participates in the formation of the unique
interactions that make up SET1 family core
complexes.

Materials and Methods

Protein expression/purification

A human MLL1 construct consisting of amino acid residues
3745-3969 in a pGST vector was subjected to site-directed
mutagenesis (QuikChange Il XL, Stratagene). MLL1 mutants
and full-length wild-type WRAD were individually expressed
in Escherichia coli [Rosetta 2 (DE3) pLysS; Novagen] and
purified by affinity chromatography as previously described
[7,42]. WRAD components were further purified and buffer
exchanged by gel-filtration chromatography (Superdex 200)
using 20 mM Tris (pH 7.5), 300 mM NaCl, 1 mM tris(2-car-
boxyethyl)phosphine, and 1 uM ZnCl,, MLL mutants were
purified by GST affinity chromatography in 50 mM Tris
(pH 7.3), 300 mM NaCl, 3 mM dithiothreitol, 10% glycerol,
and 1 pM ZnCl,. Mutants were dialyzed into the buffer
containing 20 mM Tris (pH 7.5), 300 mM NaCl, 1 mM
tris(2-carboxyethyl)phosphine, and 1 yM ZnCl,.

Peptides

Biotinylated histone H3 peptides (hereafter referred
to as “H3 peptide”) were synthesized by Pi Proteomics,
LLC, and contained residues 1-20 of histone H3
(ARTKQTARKSTGGKAPRKAQL) followed by GG(K[biotin]).
The peptides were also amidated on the C-terminus making
the molecular mass 2651.144 and were >95% pure.

MALDI TOF mass spectrometry methyltransferase
assays

An in vitro reaction containing the MLL1 core complex at
7 UM was incubated with 250 uM S-adenosyl methionine
(AdoMet) and 10 uM H3 peptide at 15 °C for 24 h. At
various time points, aliquots of the reaction were quenched
with 0.5% trifluoroacetic acid. Samples were diluted 1:5 in
a-cyano-4-hydroxycinnamic acid and shot on a Bruker
Autoflex Il mass spectrometer (SUNY College of Environ-
mental Science and Forestry, Syracuse, NY) in reflectron
mode. Relative methylation levels were quantitated using
mMass [68] and fit with an irreversible consecutive reactions
model [Egs. (1-3)] using Dynafit [53] as previously
described [7].

[A] = [Al.exp(~kit) (1)

Al kq

[B] = ko—k1[exp(—kit)—exp(—kat)]

@)

1
Cl=[A.q1+ 3
cr=n { k1—k2[k2exp(—k1t)—k1exp(—k21‘)]} ®)
Analytical ultracentrifugation

MLL1 variants were mixed in stoichiometric amounts
with WRAD (2 or 4 uM) and the samples were loaded
into 3-mm two-sector charcoal-filled Epon centerpieces
with quartz windows. All experiments were carried out at
10 °C using a Beckman Coulter ProteomLab XL-A
analytical ultracentrifuge equipped with absorbance
optics and a 4-hole An-60 Ti rotor at 60,000 RPM that
was pre-equilibrated at 10 °C. The samples were scanned at
0-min time intervals for 300 scans and analyzed by the
continuous distribution method ¢(s) in the program SEDFIT
[69].

3H-Methyltransferase assays

Histone H3 methylation assays were conducted by
incubating 5 yM MLL1 or MLL1 variant with 0.5 pM
3H-AdoMet (Perkin Elmer, Inc.) and 100 pM H3 peptide
for 8 h at 15 °2C. Reactions were quenched with SDS
loading buffer, separated by 4—12% Bis-Tris SDS PAGE
(Invitrogen) in 4-morpholineethanesulfonic acid buffer at
200 V for 30 min. Coomassie brilliant blue-stained gels
were photographed and soaked for 30 min in autoradiog-
raphy enhancer solution (Enlightning, Perkin Elmer, Inc.),
dried for 2 h at 72 °C under constant vacuum, and
exposed to film (Kodak BioMax MS Film) at —80 °C for
16-18 h.

AdoMet binding assays

Apparent K, values for AdoMet in MLL1 auto-methylation
reactions were determined by incubating wild type or variant
MLL1 at a concentration of 14 pM with various concentra-
tions of [®*H]AdoMet (0-50 pM) at 15 °C. The samples
were quenched with SDS loading buffer at 1- and 3-h time
points and separated by 4-12% Bis-Tris SDS PAGE and
stained with Coomassie brilliant blue. Gels were soaked in
an enhancer solution (Enlightning, Perkin Elmer, Inc.) for
30 min then dried and exposed to film for 7 days at —80 °C.
Bands were quantified by densitometry using Image J [70],
and relative intensity values were plotted as a function of
time and fitted by linear regression to determine methylation
rates. Methylation rates were then plotted as a function of
AdoMet concentration and fitted by nonlinear least-squares
regression to the Michaelis—Menten Eq. (4). We note that
that all variants tested displayed a pattern of substrate
inhibition above 20 uM AdoMet; therefore, apparent K,
values are reported from the data fitted over the concentra-
tion range from 0 to 20 uM AdoMet.

[AdoMet]

V= Vmax X e T [AdoMet]|
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Histone H3 binding assays

Histone H3 binding was measured using biolayer interfer-
ometry (BLI) using a ForteBio Octet Red instrument. MLL1 or
MLL1 SET domain variants at a concentration of 1 or 2 yM
were prepared in a buffer containing 20 mM Tris (pH 7.5),
300 mM NaCl, 1 mM tris(2-carboxyethyl)phosphine, 1 pM
ZnCl,, 10% glycerol, and 0.5 mg/mL bovine serum albumin.
The biotin-labeled H3 peptide was prepared at a concentra-
tion of 25 nM in the same buffer and immobilized onto
streptavidin-coated sensors (ForteBio) until a threshold
signal of 0.4 nm was reached. MLL1 or an MLL1 variant
was allowed to associate to the ligand bound sensor for
2000 s then dissociated with buffer for 2000 s. All steps were
performed at 25 °C with sensors dipped into 200 uL of
sample and stirred at 1000 RPM. Reference sensors
(without H3 peptide) were used for each variant tested to
correct for background binding and baseline drift. Data were
processed using the ForteBio Data Analysis Program
(version 6.4) utilizing reference subtraction and Savitzky-
Golay filtering. Association and dissociation profiles were fit
to determine binding constants.
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