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Abstract

Histone H3 lysine 4 (K4) methylation is a prevalent mark associated with transcription activation and is mainly catalyzed by
the MLL/SET1 family histone methyltransferases. A common feature of the mammalian MLL/SET1 complexes is the presence
of three core components (RbBP5, Ash2L and WDR5) and a catalytic subunit containing a SET domain. Unlike most other
histone lysine methyltransferases, all four proteins are required for efficient H3 K4 methylation. Despite extensive efforts,
mechanisms for how three core components regulate MLL/SET1 methyltransferase activity remain elusive. Here we show
that a heterodimer of Ash2L and RbBP5 has intrinsic histone methyltransferase activity. This activity requires the highly
conserved SPRY domain of Ash2L and a short peptide of RoBP5. We demonstrate that both Ash2L and the MLL1 SET domain
are capable of binding to S-adenosyl-L- [methyl->H] methionine in the MLL1 core complex. Mutations in the MLL1 SET
domain that fail to support overall H3 K4 methylation also compromise SAM binding by Ash2L. Taken together, our results
show that the Ash2L/RbBP5 heterodimer plays a critical role in the overall catalysis of MLL1 mediated H3 K4 methylation.
The results we describe here provide mechanistic insights for unique regulation of the MLL1 methyltransferase activity. It
suggests that both Ash2L/RbBP5 and the MLL1 SET domain make direct contacts with the substrates and contribute to the
formation of a joint catalytic center. Given the shared core configuration among all MLL/SET1 family HMTs, it will be
interesting to test whether the mechanism we describe here can be generalized to other MLL/SET1 family members in the

future.
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Introduction

MLLI (mixed lineage leukemia) is a mammalian homolog of the
Drosophila Trithorax protein (ITrx). It is essential for definitive
hematopoiesis by regulating transcription activation of Hox genes
(e.g. Hoxa9 and MeisI), which encode transcription/regulatory
factors promoting hematopoetic stem cell expansion. MLLI is an
H3 K4 histone methyltransferase (HMT) that effect mono-, di-,
and tri-methylation through its evolutionarily conserved SET (Su
(var), Enhancer of Zeste and Trithorax) domain [1,2,3]. Both
MLL1 and H3 K4 methylation are localized broadly across
promoter, 5" transcribed and coding regions of the critical target
genes and facilitate the recruitment of RNA Pol-II and other
chromatin remodeling activities involved in transcription activa-
tion [4,5,6]. Deregulation of MLLI is associated with acute
lymphoid and myeloid leukemia [7,8,9]. In most cases, balanced
chromosome translocations occur on one MLLI allele and result
in leukemogenic MLLI fusion proteins (e.g. MLL1-AF9, MLLI-
ENL) [7,8]. MLLI fusion proteins, which lack the C-terminal SET
domain, cooperate with the remaining copy of wild type MLLI in
leukemogenesis [10,11]. Therefore, understanding the regulation
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of MLL1 methyltransferase activity bears clinical significance in
the treatment of MLLI1 deregulated leukemia.

MLLI is one of the MLL/SET1 family HMTs for H3 K4
methylation in higher eukaryotes. MLL/SET1 family HMTs
include SET1A and SET1B [12], the mammalian orthologues of
ySET1, and four MLLs (MLL1-4), which share limited homology
with ySET1 beyond the SET domain [1,3,13,14,15]. Biochemical
studies have shown that MLL/SET1 family histone methyltrans-
ferases share a core configuration that includes three common
proteins: RbBP5, Ash2L. and WDR5 [1,3,13,14,15]. The presence
of such a structural core in MLL/SET1 family HMTs implies
common regulatory mechanisms for their enzymatic activities
and/or substrate specificities. Indeed, unlike most histone lysine
methyltransferases, optimal methyltransferase activity for MLLI
depends on its interaction with all three proteins [16]. Using i vitro
biochemical reconstitution, we have demonstrated that a four-
component MLLI core complex is sufficient to recapitulate most
of the methyltransferase activity of the MLL] holo-complex,
which is significantly higher than MLLI alone [16]. Later
biochemical studies have confirmed and further explored the
detailed structural organization of the MLLI core complex
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[17,18]. In particular, it has been reported that WDRS5 is
important in maintaining the integrity of the MLL] complex by
directly interacting with MLLI1 through a conserved Arginine (R)
residue in the MLLI pre-SET domain [17,19,20] and with RbBP5
[21]. However, WDRS5 by itself does not stimulate methyltrans-
ferase activity of the MLL1 SET domain i witro [17,20,22]. In
contrast, RbBP5 and Ash2L contribute significantly to the overall
activity of the MLLI complex despite their lack of stable
association with the MLL]I SET domain in the absence of
WDRS5 [16,22]. The mechanism for RbBP5 and Ash2L. mediated
stimulation of MLLI activity remains elusive and is the focus of
this study.

With the exception of Dotl, most histone lysine methyltrans-
ferases contain the evolutionarily conserved SET domain [23].
Biochemical and structural studies revealed that SET domains
usually adopt structures featuring a narrow hydrophobic channel
that links the substrate lysine and S-adenosyl-L- [methyl-*H]
methionine (SAM) [24]. This lysine access channel, formed by
conserved aromatic residues, is essential for optimal alignment
between the methyl-group of SAM and the g-amine group of the
lysine residue required for efficient catalysis [23,24]. It is also
important for determination of the methylation state specificity
[24]. For most lysine methyltransferases, SE'T domains alone are
sufficient to carry out the methyl-transfer reaction. Notable
exceptions to the rule are the MLL/SET1 family H3 K4
methyltransferases and the Polycomb group protein EZH2, which
are fully active only in the context of the complexes [16,25,26].
Recent report of the co-crystal structure of the MLL1 SET
domain in complex with AdoHcy and an H3 peptide suggests that
the lysine access channel of MLL1 SET may be widely exposed in
the native protein, rendering it inefficient in aligning the g-amine
of substrate lysine with SAM for optimal catalysis [22]. The
unique structure of the MLL]1 SET domain and the requirement
of other proteins for optimal methyltransferase activity support a
hypothesis that other members of the MLL] complex contribute
to the proper alignment of the substrate lysine with SAM [22].

Recently, a SET domain independent methyltransferase activity
has been reported for the MLL1 core complex [18]. This activity
mainly targets H3 K4 mono-methylation [18]. Here we show that
non-SET proteins RbBP5 and Ash2L, acting as a heterodimer
(referred to as Ash2L./RbBP5 herein), account for this novel
methyltransferase activity. By comprehensive mapping of both
RbBP5 and Ash2L., we found that the Ash2L. SPRY domain and a
short RbBP5 peptide are important for both their intrinsic activity
and the overall activity of the MLLI complex. Importantly,
Ash2L/RbBP5 is able to directly interact with substrates H3 and
SAM and contributes significantly to the overall catalysis of the
MLLI complex. Our results support a model that Ash2L./RbBP5,
just like the MLL1 SET domain, directly participates in the
catalytic reaction of H3 K4 methylation in the MLL] complex.
Our study presents a new paradigm for the regulation of histone
lysine methyltransferases.

Results

Ash2L/RbBP5 stimulate MLL1 activity in the absence of
WDR5

In order to study the function of RbBP5 and Ash2L in the
MLLI1 complex, we expressed WDR5 (W, A23aa), RbBP5 (R),
Ash2L. (A, isoform b, 534aa) and the MLLI SET domain
(MLL13®T or M, residues 3754-3969) in E. coli and purified them
to homogeneity respectively (Fig. S1A). The purity of the
recombinant proteins was further confirmed by mass spectrometry
(data not shown). Different combinations of these four proteins
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were mixed together and tested for HMT activity m witro.
Consistent with previous studies [16,22], dramatic increase in
H3 methylation was observed when stoichiometric quantities of
four core components were present (Fig. 1A, lane 6 vs 2).
Surprisingly, RbBP5 and Ash2l. were able to stimulate the
MLLI®®" activity to the same level as the four-component
complex (MWAR) at 5 puM concentration for each protein
(Fig. 1A, lane 5 vs 6). In contrast, WDR5, which makes direct
contact with MLLI through a “WIN” motif [19,20], could not
stimulate. MLL1 activity at the same assay condition in uitro
(Fig. 1A, lane 3 vs lane 2). Given the essential role of WDR5 in
maintaining the integrity of the MLL] complex and in H3 K4
methylation i vivo [16,27], we further compared the methyltrans-
ferase activity of the four-component complex with that of the
three-component mixture (MAR) at different complex concentra-
tions. As shown in Fig. 1B, we found that the requirement of
WDRY5 in overall methyltransferase activity was sensitive to
complex concentration (Fig. 1B). When complex concentration
was low (e.g. 0.5 uM), there was ~10-fold difference in activities of
MWAR versus MAR (Fig. 1B). In contrast, when complex
concentration was high (e.g. 5 pM), the difference was reduced to
~2 fold. Given that neither RbBP5 nor Ash2L stably interacts
with MLL1®®*T in the absence of WDR5 [16,22] and that their
stimulatory effects to MLLI®®T activity are more apparent at high
complex concentration, it is likely that some previously unchar-
acterized transient interactions between Ash2L/RbBP5 and
MLL1%" are important for catalyzing H3 K4 methylation.

RbBP5 and Ash2L function as a heterodimer

In order to study the underlying mechanism for Ash2L./RbBP5
mediated stimulation of MLL1**" activity, we first mapped Ash2L
and RbBP5 for minimal domains that support the overall activity
of the MLLI core complex. As shown in Fig. 1, Ash2L. C-terminal
SPRY domain (Fig. 1C) and a short RbBP5 peptide (330-356aa)
(Fig. 1D) were sufficient to stimulate the activity of MLL1%*T. For
all reactions in Fig. 1C and 1D, equal molar amount of proteins or
peptides were used. RbBP) peptides were run out of the gel due to
their small sizes (Fig. 1D). The Ash2L SPRY domain is
evolutionarily conserved, with ~50% sequence identity/similarity
among Ash2L. homologues in Homo sapiens, Drosophila, S. cerevisiae
and Tetralymena thermophila (Fig. S2). It has been proposed that the
SPRY domain is a protein-protein interaction domain [28,29].
Unlike Ash2L, the required RbBP5 peptide (330-356aa) is highly
acidic, with 30% residues being glutamic acid (E) or aspartic acid
(D). By the thermal shift assay [30], this RbBP5 peptide (330-
356aa) did not show any thermal transition, suggesting no
secondary structure in solution (Fig. S3). Interestingly, it includes
residues 350-356 that are essential for Ash2L interaction [16].
Deleting this Ash2L interacting region in RbBP5 abolished the
Ash2L./RbBP5 dependent stimulation of the MLLI®*T activity
(Fig. 1D, lane 4). This result suggests that Ash2L. and RbBP5
probably function together as a heterodimer in the complex. This
is consistent with the observation that neither RbBP5 nor Ash2L.
alone was able to stimulate MLL1*T activity to the same extent as
when they were together (Fig. 1A and data not shown).

Ash2L/RbBP5 has intrinsic methyltransferase activity
Given the reported presence of a SET domain independent
methyltransferase activity in the MLL1 core complex [18], we
tested whether RbBP5 and Ash2L. possess intrinsic histone
methyltransferase activity. Using m vitro HMT assays, we found
that Ash2L./RbBP5 exhibited intrinsic HMT activity for histone
H3 (Fig. 2A). As shown in Fig. 2A, Ash2L./RbBP5 demonstrated
specificity mainly towards H3 K4 (Fig. 2A). Mutation of K4, but
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Figure 1. Ash2L/RbBP5 stimulates MLL1 activity in the absence of WDRS5. (A) /n vitro HMT assay for MLL1**" and MLL1°¥" with one, two or
three components of the MLL1 complex as indicated on top. For all reactions, 5 uM of MLL1°E" was used and all other MLL1 core components were
added at equal molar concentration. (B) Scintillation count for in vitro HMT assays using either four-component complex MWAR or three-component
mixture MAR as enzymes. Y-axis, scintillation counts (cpm) for the methylation reaction. X-axis, molar concentration of MLL1%ET used in different
reactions. Other proteins were added at equal molar concentration to MLL1°F" in each reaction. All experiments were repeated for three times. The
error bar represented standard deviation. (C) In vitro HMT assay using various Ash2L fragments as indicated on top. Top panel, fluorogram of
methylated H3. Bottom two panels, Coomassie stained gels for H3 substrate and the MLL1 core components used in the same reaction. (D) In vitro
HMT assay using various RbBP5 peptides at equal molar concentration (5 pM) as indicated on top. Top panel, fluorogram of methylated H3. Bottom
two panels, Coomassie stained gels for H3 substrate and the MLL1 core components used in the same reaction. Ash2L5P®Y and MLL1°ET were run at
about the same position. RbBP5 peptides were run out of the gel due to their small sizes.

doi:10.1371/journal.pone.0014102.g001

not other lysine residues, abolished H3 methylation by Ash2L/
RbBP5. When H3 peptides carrying one, two or three methyl-
groups at K4 were used as the substrates, Ash2LL/RbBP5 was
more efficient in methylating unmodified H3 peptides (Fig. 2B). In
contrast to both MLLI®*" and the MLLI core complex, activity
of Ash2LL/RbBP5 on H3 peptides with mono- or di-methylated
K4 was minimal (Fig. 2B). H3 peptide with tri-methylated K4 was
used as the negative control (Fig. 2B). This result was reminiscent
of what was described previously for the SET-independent activity

@ PLoS ONE | www.plosone.org

of the WAR complex [18]. Of note, the activity we observed for
Ash2L/RbBP5 was much weaker compared to MLLI*T and
required long exposure for detection (Fig. 2B). Further character-
ization showed that the same domains in Ash2L. and RbBP5 that
were important for overall H3 methylation also supported the
intrinsic methyltransferase activity. As shown in Fig. 2C; the
Ash2L. SPRY domain and RbBP5 330-356aa were capable of
methylating recombinant histone H3 in the w vitro HMT assays
even though they were less active compared to full-length proteins.
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doi:10.1371/journal.pone.0014102.g002

The weaker activities of Ash2L. SPRY domain and RbBP5 shorter
peptides suggest that other sequences in Ash2L. or RbBP5 may
also be important for the intrinsic activity of the Ash2LL/RbBP5
heterodimer. In addition, neither Ash2L. nor RbBP5 alone had
any detectable HMT activity under the same assay condition

(Fig. 2B and 2C).

Ash2L is capable of binding to substrate SAM

Given the intrinsic activity of the Ash2L./RbBP5 heterodimer, we
next examined whether it bound to substrate SAM, an essential step
in catalysis. We found that Ash2L was capable of binding to SAM in
the presence of RbBP5 and MLL1®! after UV treatment (Fig. 3A).

@ PLoS ONE | www.plosone.org

In contrast, no SAM binding by RbBP5 was detected in the same
reaction (Fig. 3A). SAM binding by Ash2L was UV-dependent and
could be competed off by excess amount of unlabeled SAM (1000
fold, ~0.35 mM) (Fig. 3A). As a control, excess amount of ATP
(1000 fold, ~0.35 mM) could not compete off the SAM binding by
Ash2L or MLLI®T. Interestingly, stable Ash2l. SAM binding
required both RbBP5 and MLLI®*", As shown in Fig. 3B, SAM-
binding by Ash2L. was severely comprised when MLLISET and
RbBP5 were either sub-stoichiometric or absent. Quantitation of
Ash2LL SAM binding in Fig. 3B was included in Fig. 3C. In contrast
to Ash2L, MLLIS®*T-SAM interaction was stable and was not
affected by Ash2L/RbBP5 (Fig. 3D). Adding excess amount of
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RbBP5 and Ash2L interaction by site-directed mutagenesis
reduced SAM binding by Ash2L. As previously demonstrated,
the minimal Ash2L interacting region in RbBP5 (350-356aa) is

Ash2L/RbBP5 to wild type MLLI®®*" did not enhance SAM
binding by wild type MLL1®*". However, Ash2L./RbBP5 was able
to partially rescue the SAM binding deficiency of the MLL1%®T

mutant H3907A, which was deficient in SAM binding by itself
(Fig. 3D) [3]. Quantitation of Ash2. SAM binding in Fig. 3D was
included in Fig. 3E. These results suggest that two proteins in the
MLLI core complex (i.e. Ash2L and MLL1%*") are capable of SAM
binding and their interactions with SAM can potentially be
influenced by each other.

Mutations that disrupt RbBP5 and Ash2L interaction

abolish Ash2L SAM binding and H3 K4 methylation
Given the importance of RbBP5 and Ash2L interaction in the
overall H3 K4 methylation, we next tested whether disrupting
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highly acidic, with 30% residues being glutamic acid (E) or aspartic
acid (D). We reason that the residues in Ash?2L that are important
for RbBP5 interaction may involve positively charged residues
such as Lysine (K) or Arginine (R). By sequence alignment, we
found that a couple of Arginine residues in Ash2L were highly
conserved through evolution (square, Iig. S2). Mutating one of
them, R343A, completely abolished Ash2L interaction with
RbBP5 (Fig. 4A). Reciprocally, we also introduced mutations
F3528/D353G to RbBP5 (RbBP5*“, which was previously
showed to disrupt Ash2L interaction [16](Fig. 4A). When
RbBP5°¢ or Ash2L®**** mutant was used in the in vitro HMT
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assay, they failed to support overall H3 K4 methylation (Fig. 4B).
Strikingly, both mutants led to reduction in Ash2l, SAM binding
as well even though SAM-binding by MLLI®*! was not affected
(Fig. 4C). The SAM binding deficiency of Ash2L. mutant was not
due to protein mis-folding since mutated Ash2L. and RbBP5
proteins have similar thermal stability as the wild type proteins in
the thermal shift assay (Table S1) [30]. Taken together, these
results argue that SAM binding by Ash2L. probably plays a
previously uncharacterized role in the regulation of the overall
activity of the MLL] complex.

To further confirm the function of Ash2L. in mammalian cells, we
tested the ability of Ash2L®**3* in rescuing global reduction of H3
K4 methylation after RNAi knockdown of endogenous Ash2L [16].
The siRNAs we used specifically targeted 3'UTR of Ash2L
transcripts from the endogenous locus. As a result, Ash2L. knock-
down led to global down regulation of H3 K4 tri-methylation
(Fig. 4D). H3 K4 mono-methylation was also slightly affected by
Ash?2L. knockdown. Over-expression of Myc-tagged wild-type
Ash2L in cells treated with Ash2L. siRNA partially rescued the
global reduction of H3 K4 tri-methylation. In contrast, over-
expression of Ash2LR#2 could not rescue H3 K4 tri-methylation
defects (Fig. 4D). Immunoblots for H3 and myc-Ash2L. were
included as loading and expression controls respectively.

SAM binding by Ash2L, not the intrinsic activity of
MLL1°®, correlates with overall activity of the MLL1 core
complex

To further study the functions of Ash2L. SAM binding, we next
tested its function in the context of MLL1®*" mutants. There are
several previously characterized MLL1%*" mutants including
Y3858F, Y3942A and Y3874A/K3878A [22]. Both Y3858 and
Y3942 are at the catalytic center of the MLL1 SET domain and
Y3942 is important for the state specificity of MLLI®®T alone
[18]. In contrast, Y3874 and K3878 are at the SET-I sub-domain
away from the active center [22]. Consistent with previous
observation [22], the intrinsic activity of these MLL1%*" mutants
did not always align with the overall activity of the MLLI
complex. For example, Y3942A did not affect the MLL1%™"
activity per se but was insufficient to support H3 methylation in
the complex (Fig. 5A). Y3874A/K3878A, on the contrary, was
inactive by itself but was active in the presence of Ash2LL/RbBP5
(Fig. 5A). To examine the mechanism underlying the discrepancy
of intrinsic versus overall H3 K4 methyltransferase activity, we
decided to perform SAM binding assays for Ash2L in the context
of different MLLI®®*" mutants. To our surprise, we found a
striking correlation between Ash2L. SAM binding and the overall
activity of the MLLI core complex. In the MLL] complex
containing MLLI®*" Y3858F or Y3942A mutant, which had
minimal overall activity, SAM binding by Ash2L. was dramatically
reduced (Fig. 5B). In contrast, SAM binding by Ash2L was only
slightly affected in the complex consisting of double mutants
MLLISFT Y3874A/K3878A (Fig. 5B, bottom panel), which had
almost no effect on overall activity (Fig. 5A, bottom panel).
Duplicate samples were run for Coomassie gels as the loading
controls. In the several cases we tested, SAM binding by Ash2L.
seemed to correlate better with the overall activity of the MLLI
complex than the intrinsic activity of MLL1®®*T. These results
argue that SAM binding by Ash2L plays an indispensable role in
the regulation of the overall activity of the MLL1 core complex.

H3 and SAM mediate Ash2L and MLL1°E" interaction

Given the highly synergistic function of Ash2L and MLL1%*" in
H3 K4 methylation and the ability for both proteins to interact

@ PLoS ONE | www.plosone.org
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Figure 4. Ash2L/RbBP5 is important for the overall activity of
the MLL1 complex. (A) Co-immunoprecipitation of RbBP5 and Ash2L.
Proteins purified through either Flag tag on RbBP5 or RbBP5 mutant
(left) or His tag on Ash2L or Ash2L mutant (right) were run on SDS-PAGE
for Coomassie staining. (B) In vitro HMT assay for MLL1°5", Ash2L or
Ash2L R343A mutant and RbBP5 or RbBP5 mutant as indicated on top.
Equal amount of proteins and H3 substrate were used in each reaction.
(€) SAM binding assays using proteins indicated on top. Positions of
Ash2L and MLL1%ET were indicated on right. In (B)-(C), SG refers to
RbBP5 F3525/D353G double mutations. Coomassie stained gels were
included on bottom as controls. (D) HeLa cells were treated with siRNAs
targeting endogenous Ash2L transcripts for 48hrs and then transfected
with plasmids expressing Myc-tagged Ash2L or Ash2L mutant R343A.
Total proteins were separated on SDS-PAGE and blotted for different
antibodies indicated on right. Anti-H3 antibody was used as the loading
control.

doi:10.1371/journal.pone.0014102.9g004
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Figure 5. Ash2L/RbBP5 and MLL1°%T coordinate in H3 K4 methylation. (A) In vitro HMT assays using ~5 uM of wild type and mutants
MLL1°F" either alone (top) or with Ash2L/RbBP5 (bottom) as enzymes (B) SAM binding assays for Ash2L and either wild type MLL1°" or SET domain
mutants. 3 uM of wild type MLL1°F" or SET domain mutants was used in each reaction. Molar ratios of Ash2L/RbBP5 versus MLL1°F" were indicated on
top. The positions for Ash2L and RbBP5 were indicated on left. Duplicate samples were run for Coomassie staining as the loading controls.

doi:10.1371/journal.pone.0014102.9005

with substrate SAM, we postulate that Ash2L/RbBP5 and
MLLI1®®T may interact with the same set of H3 and SAM
substrates at the catalytic center of the MLLI complex. To test
this, we performed pull-down assays for MLLI®*T and Ash2L/
RbBP5 with or without the presence of H3 or SAM. As shown in
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Fig. 6, MLLI®"" was not able to stably interact with Ash2L, and
RbBP5 in the absence of WDR5, consistent with our previous
observation [16]. However, in the presence of H3 or methylation
product AdoHcy, MLLI®®T could be partially recovered by Flag-
Ash2L. immunoprecipitation (Fig. 6A). The pull-down efficiency
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Figure 6. H3 and SAM mediate Ash2L/RbBP5 and MLL1"
interaction. (A) 150 nM recombinant proteins Flag-Ash2L, His-RbBP5
and His-MLL1°E" were mixed in the presence of ~7.5 uM histone H3,
~10 uM methylation product AdoHcy or both as indicated on top. After
Flag-IP, eluates from M2 agarose beads were separated on SDS-PAGE
and immunoblotted for MLL1°5", Ash2L and RbBP5 (indicated on right).
25% input was loaded as the control. (B) “Single catalytic center” model
for the regulation of the MLL1 core complex. In this model, Ash2L/
RbBP5 and MLL1°F" interact with the same H3 substrate and substrate
SAM and form a shared active center for catalysis. This structure is
further stabilized by WDR5, which simultaneously interacts with RoBP5
and MLL1%ET,

doi:10.1371/journal.pone.0014102.9g006

for MLLI®®T was further enhanced when both H3 and AdoHcy
were present (Fig. 6A). AdoHcy was used during the IP because
Flag-IP was blocked in the presence of SAM, probably due to
methylation of the M2 antibody by MLLI. Co-purification of
Ash2L/RbBP5 and MLL1%®T in the presence of H3 and AdoHcy
suggests that they probably interact with the same molecules. This
result implies that Ash2L./RbBP5 probably functions at the
catalytic center of the MLLI core complex or at least in close
proximity to it. The H3- and AdoHcy-dependent stabilization was
only apparent in the absence of WDR5 (data not shown), which
held MLLI core complex together by simultaneously interacting
with MLL1 and RbBP5 [16,21].

Discussion

Unlike most histone lysine methyltransferases, MLL/SET1
family H3 K4 HMTs are fully active only in the context of a multi-
subunit complex and on a platform comprised of several highly
conserved proteins: WDR5, RbBP5 and Ash2L [16]. Among these
core components, WDR) stably interacts with the SET domain
through the residue R3765 of MLLI [17,20]. This interaction is
critical for the integrity of the MLLI complex [16,17,20]. In
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contrast, RbBP5 and Ash2L. are not able to stably interact with
MLLI even though both proteins are capable of stimulating
MLLI1 methyltransferase activity [16,22]. Here, we show that
Ash2L/RbBP5 heterodimer has weak intrinsic H3 K4 methyl-
transferase activity (Fig. 2). This activity requires the highly
conserved SPRY domain of Ash2L., as well as its interaction with
RbBP5 (Fig. 2). Importantly, the ability of Ash2L to interact with
H3 and SAM plays an essential role in regulating the overall
activity of the MLL1 complex (Fig. 4 and 5). Our results suggest
that both Ash2L/RbBP5 and MLLI®*" are directly involved in
the catalytic reaction, which is highly unique among histone lysine
methyltransferases. Given the highly conserved core configuration
among MLL/SET1 family HMTs and the global effects of Ash2LL
(both wild type and mutants) on H3 K4 methylation in cells, it will
be interesting to test whether the finding in this study is applicable
for the regulation of other MLL/SET1 family members, especially
SET1A/B, the predominant H3 K4 methyltransferases in
mammalian cells [31].

Finding the intrinsic methyltransferase activity for Ash2L/
RbBP5 is surprising since neither protein contains any known
catalytic domain for histone methylation. This activity is
reminiscent of what has recently been reported by Patel et al
[18], even though our activity is much weaker and requires weeks
of exposure for detection. Domain mapping shows that the
minimal domains required for methylation include the highly
conserved SPRY domain at the Ash2L. C-terminus and an acidic
polypeptide of 26 amino acids from RbBP5. Given the size of
RbBP5 peptide and Ash2L. SAM binding capability (Fig. 3), it is
likely that Ash2L plays a more prominent role in the catalysis
while RbBP) stabilizes the Ash2L structure. The 250 amino acid
SPRY domain of Ash2L. and the closely related B30.2 domain are
found in a diverse group of proteins [32]. Crystal structures of the
SPRY domains in different proteins show that the SPRY domain
usually forms a single-domain B-sandwich fold with one or two a-
helixes and is involved in protein-protein interactions [28,29].
Comparing the known SPRY structures with those of the SET
domains and Dotl, we cannot identify features reminiscent of the
active sites in known histone methyltransferases. Future structure
studies of Ash2LL/RbBP5 in complex with SAM and/or H3 are
essential to characterize the molecular mechanism for Ash2L/
RbBP5 mediated catalysis with or without the presence of MLLI.

The exact mechanism for the regulation of MLL/SET1 family
HMTs remains elusive despite extensive effort. Our study here
provides a novel concept that catalysis of H3 K4 methylation by
the MLLI complex not only involves the well-characterized SET
domain, the catalytic domain for almost all histone lysine
methyltransferases, but also a direct participation of the non-
SET domain protein Ash2L. The crystal structure of MLLIST
lends additional support for the requirements of other MLLI
complex components for efficient catalysis [22]. Although H3 and
SAM bind to two different faces of MLLI®®" just as in other SET
domains, the lysine access channel surrounding K4 is relatively
exposed even when MLL1®¥" is in complex with H3 peptide and
SAM [22]. This open conformation implies relatively unstable
alignment between H3 and SAM, underlying the poor catalytic
activity. Because of this unique feature, Wilson and colleagues
proposed a model that the interactions among core components
and MLLI®*" might re-order the SET-I sub-domain of MLL1%*
and convert it to a closed conformation with a tightly formed
lysine access channel [22]. From most well-studied SET domain
structures, the formation of the lysine access channel often involves
msertion of aromatic residues from flexible loop regions of the
post-SET domain such as Y109 in vSET [33], W318 in DIM-5
[34] and Y337 in SET7/9 [35,36]. The aromatic residue inserts

November 2010 | Volume 5 | Issue 11 | e14102



between H3 and SAM to “lock-in” optimal orientation (Fig. S3).
However, such an aromatic residue is not easily identifiable in the
SET-I sub-domain of MLLI®*"_ In light of our finding that Ash2L.
directly interacts with SAM and H3 in the MLLI] complex,
another intriguing scenario is that aromatic residue(s) from
Ash2LL/RbBP5 may directly participate in the catalysis and
facilitate the optimal alignment of substrate lysine and SAM
(Figure. 6B). Notably, there are several highly conserved aromatic
residues in Ash2L. SPRY (Fig. S2) and RbBP) that can potentially
fulfill this function. In this model, we envision that Ash2L./RbBP5
and MLL1%*T may come together to form a complete catalytic
center in the MLL1 complex, each providing essential features to
ensure optimal alignment of substrates for catalysis. This structure
can be stabilized by WDRD5, which simultaneously interact with
MLL1®®" and RbBP5 [16,18,21]. Several lines of evidence
support this model: 1) Ash2L/RbBP5 rescues SAM binding
deficiency of MLLI®®' Mutant H3907A (Fig. 3D); 2) SAM
binding by Ash2L./RbBP5 correlates with the overall activity of
the MLLI complex (Fig. 4B, 4C and 5); and 3) Ash2L./RbBP5 and
MLL1®" co-immunoprecipitate in the presence of H3 and
AdoHcy even when WDR) is absent (Fig. 6A). Future structural
studies of the MLLI core complex are imperative to distinguish
these different models.

In addition to the regulation of overall activity, another important
aspect of MLLI regulation, which still remains an open question in
the field, is to understand the regulation of its methylation state
specificity. For most lysine methyltransferase, the specificity for
mono-, di-, or tri-methylation is determined by the presence of a
critical tyrosine or phenylalanine residue in the lysine access channel
[37]. This residue determines whether the substrate-binding pocket
allows free rotation of substrate lysine for successive addition of up
to three methyl-groups. It has been proposed that Y3942 of
MLL1®T is a key residue to limit the intrinsic activity of MLL1%®T
to lower methylation [18]. Mutation of Y3942 to phenylalanine
converts MLLIS*" from a mono- to a tri-methyltransferase [18].
However, we found that mutation of Y3942 failed to support overall
activity of the MLLI complex (Fig. 5A), making it an unlikely
candidate to determine methylation specificity for the MLLI
complex. Therefore, the simple “F/Y switch” model may not be
able to explain the regulation of the state specificity of the MLLI
complex. Novel mechanisms, which await future studies, may be
mnvolved in this process.

Materials and Methods

Plasmid and Expression Vectors

For bacterial expression, SUMO tagged MLLI®*" (Q03164),
Ash2L. Full length (NP_001098684.1), Ash2l. SPRY and Ash2L
(1-177), WDR5 (A23aa, NP_060058.1), RbBP5 Full length
(NP_005048.2) and RbBP5 peptides fragments were cloned into
pET28a vector (Strategene); Histone H3 and its mutants were
cloned into PET-3d vector. For baculovirus expression, pFastBac
expression vectors (Bacvector 3000, Novagen) were used. Flag-
RbBP5, His-RbBP5 were cloned into EcoRI and HindIII sites of
pFastBac DUAL; His-Ash2L and His- MLL1%*" (3754aa- 3969aa)
were cloned into BamHI and Xhol sites of pFastBac HTb; Flag-
Ash?2L. was cloned into Xhol and HindIII sites of pFastBac
DUAL. For mammalian expression, Myc-tagged Ash2L was
cloned into pcDNA3 vector. Mutations were introduced by
PCR-based site-directed mutagenesis.

Protein Expression and Purification

E. coli BL21(DE3) cells bearing expression plasmids were
induced for 16 hours with 0.1 mM IPTG at 25°C and cells were
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harvested by centrifugation. The cell pellets were resuspended in
lysis buffer (50 mM Tris-HCl pH 8.0, 50 mM NaH2PO4,
400 mM NaCl, 3 mM imidazole, 10% glycerol, 1 mM PMSF,
0.1 mg/ml lysozyme, 2 mM 2-mercaptoethanol, and home-made
protease inhibitor cocktail) and subjected to sonication. The lysate
was cleared by ultracentrifugation at 38,000 rpm for 1 hour and
then incubated with Ni-NTA agarose beads (Qiagen) for 2 hours
at 4°C. The beads were washed by lysis buffer with 10 mM
imidazole for 40 beads volume and the proteins were eluted in
250 mM imidazole. The eluted proteins were digested by ULP1
protease at 4°C overnight to remove SUMO tag. The cleaved
proteins were further purified by gel-filtration chromatography on
Hiload Superdex 200 in buffer A (25 mM Tris-HCl pH 8.0,
150 mM NaCl). For RbBP5 protein, an extra ionic-exchange
chromatography (MonoQ)) was used to increase the purity. For
MLL1®T, protein was cleaved on-column for 3-5 hours using
ULP1 in high salt buffer (50 mM Tri-HCI, 500 mM NaCl, 10%
Glycerol). The purified proteins were concentrated to 1020 mg/
ml and store at —80°C. For Ash2L/RbBP5 heterodimer, equal
molars of purified Ash2l. and RbBP5 proteins were mixed
together, incubated on ice for 30 min and purified through Hiload
Superdex 200 in buffer A.

For baculovirus expressed Flag-Ash2L, His-RbBP5 and His-
MLL1" | cell pellets were washed with 1XPBS, resuspended in
lysis buffer (20 mM Tris-HCl pH 7.9, 500 mM KCL, 20%
glycerol, I mM PMSF, and 0.05%NP40). The cells were broken
by brief sonication and cell debris was removed by centrifugation
at 15,000 rpm for 20 min. The proteins were purified through
epitope tag as previously described [16].

For purification of recombinant histone H3 and H3 mutant, we
followed the procedure described by Luger et al. [38]. In short, the
inclusion body containing histone H3 was resuspended in buffers
containing 6M Urea and passed Sephacryl 200 and SP column
sequentially. Histone H3 eluted from SP column was dialyzed
against water and lyophilized for storage.

Co-immunoprecipitation

For co-immunoprecipitation experiment, ~150 nM Flag-
Ash2L/His-RbBP5 complex and ~180 nM His-MLLI®*" were
mixed together with 7.5 uM H3, 10 uM AdoHcy or both. The
purification using M2 agarose beads was carried out in BC150
buffer containing 20 mM Tris-HCl pH 7.9, 150 mM KCl,
0.2 mM EDTA and 20% glycerol at 4°C for 46 hours and
proteins were eluted from beads by excess FLAG peptide.

Protein Identification by LC-Tandem MS

Samples were denatured in a buffer containing 20 mM HEPES
buffer, pH 7.5, and 8 M Urea. Upon reduction (10 mM DTT,
37°C, 30 min) and alkylation (50 mM iodoacetamide, 37°C,
30 min) of the cysteines, proteins were digested with 500 ng of
sequencing-grade modified trypsin (Promega) after reducing the
urea concentration to 1.5 M. Resulting peptides were resolved on
a nano-capillary reverse phase column (Picofrit column, New
Objectives) using water: acetonitrile gradient system at 300 nl/min
and directly introduced into an ion-trap mass spectrometer
(LTQ XL, ThermoFisher). Mass spectrometer was operated in a
data-dependent mode to collect MS/MS spectra on the 5 most
intense ions from each full MS scan. Proteins were identified by
searching the data against human IPI database (v 3.41) appended
with decoy (reverse) database using X!Tandem/Trans-Porteomic
Pipeline software suite. All proteins with a Protein Prophet
probability score of >0.9 were considered to be positive
identifications.
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In vitro HMT Assay

Reactions were carried out at 30°C for 1 hour in the presence of
[*H]-SAM (S-adenosyl-L- [methyl-*’H]| methionine) as previously
described [1]. 60 pM unmodified, mono-, di-, and tri-methylated
H3 K4 peptides (Millipore) or 10 uM recombinant H3 was used as
substrates. Molar concentration of Ash2l.,, RbBP5/Ash2l. and
MLL1®®" proteins for each reaction were indicated in text or
figure legend. At least three independent experiments were carried
out for each figure.

SAM Binding Assay by UV Cross-linking

Binding assay was performed as previously described with small
modifications [34]. Proteins were incubated with 0.5 pCi of
S-adenosyl-L- [methyl-*H] methionine (82 ci/mmol, Amersham
TRKH581) in 20 pl reaction overnight at 4°C and added to 96-well
plate on ice. After 30 mins exposure from a handheld UV lamp
(short wave, 254 nm) at a distance of 10 cm away from samples,
the proteins were separated on SDS-PAGE, stained with
Coomassie, and subjected to fluorography. For most SAM binding
assays, ~3 UM of Ash2L or Ash2L/RbBP5 or MLLI®"" were
used. Duplicate gels were run for straight Coomassie staining as
loading controls. At least three independent experiments were
carried out and representative results were presented. For
competitive binding, 0.35 mM unlabeled SAM or ATP was
incubated with proteins in the presence of [*H]-SAM.

Thermal Shift assay

The thermal shift assay was carried out using Thermofluor 384
ELS system. The Thermofluor contains a heating/cooling device
for temperature control and a charge-coupled device (CCD)
detector for simultaneous imaging of the fluorescence changes in
the wells of the microplate. Protein unfolding was examined by
monitoring the fluorescence of ANS (l-anilinonaphthalene-8-
sulfonic acid) as a function of temperature with Ex/Em: 475/
525 nm. All samples were prepared in quadruplicates and
contained proteins at 10 uM concentrations in 50 mM Tris,
pH 7.5, 150 mM NaCl buffer and 50 pM ANS. To limit the
evaporation the samples were covered using mineral oil. Thermal
denaturation was monitored by heating the samples from 25 to
65°C. The Tm, which is the midpoint of the protein unfolding
transition, is summarized in Table S1. For proteins that do not
have folded tertiary structure, we observed no thermal transition
and the Tm was not determined.

RNAi Knockdown and Rescue Experiment

HelLa cells [1] were transfected with siRNA duplexes (Dharma-
con) using oligofectamine (Invitrogen) according to the manufac-
turer’s instruction. Transfection of 1 pug Myc-Ash2L plasmid was
performed 24 hour after the second of two rounds of siRNA
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Antibodies for immunoblots were obtained commercially: anti-
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Supporting Information

Figure S1 (A) Coomassie gels for purified recombinant proteins
or protein complexes from E. coli: MLLISET, WDR5, RbBP5,
Ash2L, Ash?2L./RbBP5 and Ash2L.-C/RbBP5-N complex. (B) The
Coomassie gel for purified recombinant proteins used in Figure 3B:
RbBP5, RbBP5FD/SG, Ash2L, Ash2l. R343A and MLLISET.
(C) The Coomassie gel for purified MLLISET and MLLISET
mutant proteins as indicated on top.

Found at: doi:10.1371/journal.pone.0014102.s001 (1.03 MB TTF)

Figure 82 Secquence alignment of SPRY domains of Ash2L
homologues in human, Drosophila, Saccharomyces cerevisiae and
Tetrahymena thermophila. The conserved Argnine residues are
highlighted by square ()). Several aromatic residues were
highlighted by (*).

Found at: doi:10.1371/journal.pone.0014102.s002 (0.63 MB TTF)

Figure 83 Comparison of SET domain structures for DIM5 and
MLLISET. Left, DIM5 SET domain is depicted in brown and H3
is in green. SAM is locked in position by residues 281-283 on one
side and W318 on the other side. Right, MLL SET domain is
depicted in pink and H3 is in blue. In this non-canonical SET
domain structure, SAM and H3 are not optimally aligned. Both
structures were adapted from the original structure studies [1,2].
Found at: doi:10.1371/journal.pone.0014102.s003 (1.10 MB TTF)

Table S1 Table for Tm derived from the thermal melting curves
for wild type Ash2L. and RbBP5 proteins as well as their mutants
as indicated. RbBP5 330-363 showed no fluorescence transition in
the assay, suggesting the lack of secondary structure for this
peptide.

Found at: doi:10.1371/journal.pone.0014102.s004 (0.12 MB TTF)

Author Contributions

Conceived and designed the experiments: YL ML YD. Performed the
experiments: FC YC TC VB. Analyzed the data: FC YC TC YL ML YD.
Wrote the paper: YD.

7. Ayton PM, Cleary ML (2001) Molecular mechanisms of leukemogenesis
mediated by MLL fusion proteins. Oncogene 20: 5695-5707.

8. Dou Y, Hess JL (2008) Mechanisms of transcriptional regulation by MLL and its
disruption in acute leukemia. Int J Hematol 87: 10-18.

9. Krivtsov AV, Armstrong SA (2007) MLL translocations, histone modifications
and leukaemia stem-cell development. Nat Rev Cancer 7: 823-833.

10. Thiel AT, Blessington P, Zou T, Feather D, Wu X, et al. (2010) MLL-AF9-
induced leukemogenesis requires coexpression of the wild-type Mll allele. Cancer
Cell 17: 148-159.

11. Milne TA, Martin ME, Brock HW, Slany RK, Hess JL (2005) Leukemogenic
MLL fusion proteins bind across a broad region of the Hox a9 locus, promoting
transcription and multiple histone modifications. Cancer Res 65: 11367-11374.

12. Lee JH, Skalnik DG (2005) CpG-binding protein (CXXC finger protein 1) is a
component of the mammalian Setl histone H3-Lys4 methyltransferase complex,
the analogue of the yeast Setl/COMPASS complex. J Biol Chem 280:
41725-41731.

November 2010 | Volume 5 | Issue 11 | e14102



20.

21.

22.

. Hughes CM, Rozenblatt-Rosen O, Milne TA, Copeland TD, Levine SS, et al.

(2004) Menin associates with a trithorax family histone methyltransferase
complex and with the hoxc8 locus. Mol Cell 13: 587-597.

Goo YH, Sohn YC, Kim DH, Kim SW, Kang MJ, et al. (2003) Activating signal
cointegrator 2 belongs to a novel steady-state complex that contains a subset of

trithorax group proteins. Mol Cell Biol 23: 140-149.

. Wysocka J, Myers MP, Laherty CD, Eisenman RN, Herr W (2003) Human Sin3

deacetylase and trithorax-related Setl/Ash2 histone H3-K4 methyltransferase
are tethered together selectively by the cell-proliferation factor HCF-1. Genes
Dev 17: 896-911.

. Dou Y, Milne TA, Ruthenburg AJ, Lee S, Lee JW, et al. (2006) Regulation of

MLL1 H3K4 methyltransferase activity by its core components. Nat Struct Mol
Biol 13: 713-719.

. Patel A, Vought VE, Dharmarajan V, Cosgrove MS (2008) A conserved

arginine-containing motif crucial for the assembly and enzymatic activity of the
mixed lineage leukemia protein-1 core complex. J Biol Chem 283:
32162-32175.

. Patel A, Dharmarajan V, Vought VE, Cosgrove MS (2009) On the mechanism

of multiple lysine methylation by the human mixed lineage leukemia protein-1

(MLLI) core complex. J Biol Chem 284: 24242-24256.

. Patel A, Dharmarajan V, Cosgrove MS (2008) Structure of WDR5 bound to

mixed lineage Leukemia protein-1 peptide. J Biol Chem 283(47): 32158-61.
Song ]JJ, Kingston RE (2008) WDR5 interacts with mixed-lineage Leukemia
(MLL) protein via the histone H3 binding pocket. J Biol Chem 283(50):
35258-64.

Odho Z, Southall SM, Wilson JR (2010) Characterisation of a novel WDR5
binding site that recruits RbBP5 through a conserved motif and enhances
methylation of H3K4 by MLLI. J Biol Chem 285(43): 32967-76.

Southall SM, Wong PS, Odho Z, Roe SM, Wilson JR (2009) Structural basis for
the requirement of additional factors for MLLI SET domain activity and
recognition of epigenetic marks. Mol Cell 33: 181-191.

. Cheng X, Collins RE, Zhang X (2005) Structural and sequence motifs of protein

(histone) methylation enzymes. Annu Rev Biophys Biomol Struct 34: 267-294.

. Dillon SC, Zhang X, Trievel RC, Cheng X (2005) The SET-domain protein

superfamily: protein lysine methyltransferases. Genome Biol 6: 227.

. Dehe PM, Dichtl B, Schaft D, Roguev A, Pamblanco M, et al. (2006) Protein

interactions within the Setl complex and their roles in the regulation of histone 3
lysine 4 methylation. J Biol Chem 281: 35404-35412.

@ PLoS ONE | www.plosone.org

1

26.

27.

28.

30.

31.

32.

36.

37.

38.

39.

Regulation of MLL Family HMTs

Cao R, Zhang Y (2004) The functions of E(Z)/EZH2-mediated methylation of
lysine 27 in histone H3. Curr Opin Genet Dev 14: 155-164.

Wysocka J, Swigut T, Milne TA, Dou Y, Zhang X, et al. (2005) WDR5
associates with histone H3 methylated at K4 and is essential for H3 K4
methylation and vertebrate development. Cell 121: 859-872.

Kuang Z, Yao S, Xu Y, Lewis RS, Low A, et al. (2009) SPRY domain-
containing SOCS box protein 2: crystal structure and residues critical for protein
binding. J Mol Biol 386: 662-674.

. Woo JS, Suh HY, Park SY, Oh BH (2006) Structural basis for protein

recognition by B30.2/SPRY domains. Mol Cell 24: 967-976.

Cummings MD, Farnum MA, Nelen MI (2006) Universal screening methods
and applications of ThermoFluor. J Biomol Screen 11: 854-863.

Lee JH, Tate CM, You JS, Skalnik DG (2007) Identification and characteriza-
tion of the human SetlB histone H3-Lys4 methyltransferase complex. J Biol
Chem 282: 13419-13428.

Rhodes DA, de Bono B, Trowsdale J (2005) Relationship between SPRY and
B30.2 protein domains. Evolution of a component of immune defence?
Immunology 116: 411-417.

Qian C, Wang X, Manzur K, Sachchidanand, Farooq A, et al. (2006) Structural
insights of the specificity and catalysis of a viral histone H3 lysine 27
methyltransferase. J Mol Biol 359: 86-96.

. Zhang X, Tamaru H, Khan SI, Horton JR, Keefe L], et al. (2002) Structure of

the Neurospora SET domain protein DIM-5, a histone H3 lysine methyltrans-
ferase. Cell 111: 117-127.

. Wilson JR, Jing C, Walker PA, Martin SR, Howell SA, et al. (2002) Crystal

structure and functional analysis of the histone methyltransferase SET7/9. Cell
111: 105-115.

Jacobs SA, Harp JM, Devarakonda S, Kim Y, Rastinejad F, et al. (2002) The
active site of the SET domain is constructed on a knot. Nat Struct Biol 9:
833-838.

Zhang X, Yang Z, Khan SI, Horton JR, Tamaru H, et al. (2003) Structural basis
for the product specificity of histone lysine methyltransferases. Mol Cell 12:
177-185.

Luger K, Rechsteiner TJ, Flaus AJ, Waye MM, Richmond TJ (1997)
Characterization of nucleosome core particles containing histone proteins made
in bacteria. J Mol Biol 272: 301-311.

Xu Z, Gong Q, Xia B, Groves B, Zimmermann M, et al. (2009) A role of histone
H3 lysine 4 methyltransferase components in endosomal trafficking. J Cell Biol
186: 343-353.

November 2010 | Volume 5 | Issue 11 | e14102



