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(Bacl(ground: The MLL1 core complex mono- and dimethylates histone H3 lysine 4 (H3K4).
Results: MLL1 automethylates a conserved cysteine residue in its active site cleft.
Conclusion: MLL1 automethylation is inhibited by unmodified histone H3 but not by histones previously mono-, di-, or

Significance: The pattern of automethylation inhibition is consistent with distinct active sites for mono- and dimethylation of
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The mixed lineage leukemia-1 (MLL1) core complex predom-
inantly catalyzes mono- and dimethylation of histone H3 at
lysine 4 (H3K4) and is frequently altered in aggressive acute
leukemias. The molecular mechanisms that account for conver-
sion of mono- to dimethyl H3K4 (H3K4mel,2) are not well
understood. In this investigation, we report that the suppressor
of variegation, enhancer of zeste, trithorax (SET) domains from
human MLL1 and Drosophila Trithorax undergo robust intra-
molecular automethylation reactions at an evolutionarily con-
served cysteine residue in the active site, which is inhibited by
unmodified histone H3. The location of the automethylation in
the SET-I subdomain indicates that the MLL1 SET domain pos-
sesses significantly more conformational plasticity in solution
than suggested by its crystal structure. We also report that
MLL1 methylates Ash2L in the absence of histone H3, but only
when assembled within a complex with WDRS5 and RbBP5, sug-
gesting a restraint for the architectural arrangement of subunits
within the complex. Using MLL1 and Ash2L automethylation
reactions as probes for histone binding, we observed that both
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automethylation reactions are significantly inhibited by stoichi-
ometric amounts of unmethylated histone H3, but not by his-
tones previously mono-, di-, or trimethylated at H3K4. These
results suggest that the H3K4mel intermediate does not signif-
icantly bind to the MLL1 SET domain during the dimethylation
reaction. Consistent with this hypothesis, we demonstrate that
the MLL1 core complex assembled with a catalytically inactive
SET domain variant preferentially catalyzes H3K4 dimethyla-
tion using the H3K4mel substrate. Taken together, these results
are consistent with a “two-active site” model for multiple H3K4
methylation by the MLL1 core complex.

Human mixed lineage leukemia protein-1 (MLL1, KMT2A,
EC2.1.1.43) isamember of the SET1 family of histone H3 lysine
4 (H3K4) methyltransferases and is frequently altered in acute
myeloid and lymphoid leukemias (1-4). The MLL1 protein
contains an evolutionarily conserved suppressor of variegation,
enhancer of zeste, trithorax (SET) domain that predominantly
catalyzes monomethylation of H3K4 (5), a reaction that is
required for subsequent H3K4 di- and trimethylation and tran-
scriptional activation in eukaryotes (6—10). Although the
mechanisms that regulate the degree of H3K4 methylation are
not well understood, H3K4 di- and trimethylation by SET1
family enzymes are known to require a sub-complex of proteins
called WRAD, which consists of WDR5 (tryptophan-aspartate
repeat protein-5), RbBP5 (retinoblastoma-binding protein-5),
Ash2L (Absent-small-homeotic-2-like), and DPY-30 (Dumpy-
30) (6, 11). A central question is to understand how the degree
of H3K4 methylation is regulated by MLL1 and WRAD,
together forming what is known as the MLL1 core complex.

Two models for regulation of the degree of H3K4 methyla-
tion by the MLL1 core complex have emerged. In the two-active
site model, H3K4 mono- and dimethylation are sequentially
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catalyzed in a stepwise manner at two distinct active sites
within the complex. This model is supported by the recent
demonstration that WRAD possesses H3K4 di-methyltrans-
ferase activity within the complex that is independent of the
catalytic activity of the MLL1 SET domain (5). In the one-active
site model, H3K4 mono-, di-, and trimethylation (H3K4mel, 2,
or 3) are catalyzed in the same active site of the MLL1 SET
domain, whose conformation is allosterically regulated by
interaction with WRAD. The one-active site model is inferred
from amino acid sequence alignments suggesting that the
MLL1 SET domain requires a conformational change to
increase the active site volume and accommodate multiple
methylation events. Cited in support of this hypothesis is the
crystal structure of the MLL1 SET domain, which, contrary to
other SET domain structures, is locked in an inactive “open”
conformation in the presence and absence of ligands (12). It has
been suggested that interaction with WRAD is required to
induce the domain closure necessary for full catalytic activity
(12). However, an analysis of crystal packing of the x-ray crystal
structure suggests that the open conformation of the MLL1
SET domain may be constrained by unnatural crystal contacts
(13). Therefore, the conformational dynamics of the MLL1 SET
domain in solution remain an open question. In addition,
although it has been demonstrated that the MLL1 SET domain
has inherent monomethyltransferase activity (5), the discovery
that WRAD has intrinsic H3K4 methyltransferase activity (5,
14) raises the question as to whether the SET domain of MLL1
catalyzes H3K4 di- or trimethylation within the complex.

In this investigation, we report on a relatively robust auto-
methylation reaction in the MLL1 SET domain and demonstrate
that it serves as a convenient probe for histone and cofactor
binding. We show that a conserved cysteine residue (Cys-3882
in MLL1) in the SET domain active sites of human MLL1 and its
Drosophila melanogaster ortholog Trithorax (Cys-3641) is
methylated in an intramolecular manner, which is inhibited by
unmodified histone H3. The location of the automethylation in
the SET-I subdomain suggests that the MLL1 SET domain pos-
sesses significantly more conformational plasticity in solution
than suggested by its crystal structure. We also report that
MLL1 methylates Ash2L, but only when assembled within the
MLL1 core complex in the absence of histone H3, suggesting a
restraint for the quaternary structure of the complex. Using
MLL1 and Ash2L automethylation reactions as probes for his-
tone binding within the MLL1 core complex, we demonstrate
that stoichiometric amounts of full-length unmethylated his-
tone H3, and to a lesser extent unmethylated histone H3 pep-
tides, significantly inhibit MLL1 automethylation and Ash2L
methylation reactions. In contrast, despite being a robust sub-
strate for dimethylation, H3K4 monomethylated species do not
significantly inhibit MLL1 or Ash2L automethylation reac-
tions, suggesting that they do not bind to the SET domain
within the MLL1 core complex during the dimethylation reac-
tion. Supporting this hypothesis, we demonstrate that the
H3K4mel species is preferentially methylated by WRAD when
assembled with a catalytically inactive MLL1 SET domain var-
iant. These results are consistent with the two-active site model
for multiple lysine methylation. Taken together, we demon-
strate that MLL1 and Ash2L automethylation reactions are use-
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ful probes for subunit conformational dynamics, substrate and
coenzyme binding, complex assembly, and the mechanism of
multiple lysine methylation by the human MLL1 core complex.

EXPERIMENTAL PROCEDURES
Protein Expression and Purification

Human MLL1 constructs consisting of amino acid resi-
dues 3811-3969 (MLL**'") and 3745-3969 (MLL®"**) were
expressed in Escherichia coli as MBP” or GST fusion proteins,
respectively, and purified as described previously (15). Full-
length human WDR5, RbBP5, Ash2L, and DPY-30 cDNAs were
expressed individually in E. coli as N-terminal His, fusion pro-
teins and purified as described previously (5, 15). Aliquots of
each protein were maintained at —80 °C until thawed and used
directly in assays.

Mutagenesis and Histones

Point mutations were introduced using the QuikChange II
XL site-directed mutagenesis kit (Agilent Technologies). Plas-
mids were sequenced to ensure the presence of the intended
mutations and the absence of unintended mutations. Unmod-
ified and modified histone H3 peptides (residues 1-20) with
C-terminal GGK(biotin) were synthesized from Global Peptide.
Full-length unmodified and H3K4 mono-, di-, and trimethylated
histone H3 proteins as methylated lysine analogs (MLA) were pur-
chased from Active Motif.

Methyltransferase Assays

Radiolabeling assays were conducted by combining 7 ug of
MLL?**" or MLL*"** with 1 uCi of [*H]methyl-S-adenosylme-
thionine ([*H]AdoMet) in the absence or presence of 300 um
histone H3 peptide or 4 ug of full-length unmodified or meth-
ylated histone H3 proteins (Active Motif) in reaction buffer (50
mM Tris, pH 8.5, 200 mm NaCl, 3 mMm dithiothreitol, 5 mm
MgCl, and 5% glycerol). Control experiments revealed that the
MLL1 SET domain rapidly inactivates at temperatures above
20 °C. The reactions were therefore incubated at 15 °C for 4 or
8 hand quenched by the addition of 1X SDS loading buffer. The
samples were separated by 4—12% SDS-PAGE and stained with
Coomassie Brilliant Blue. Gels were then soaked in autoradiog-
raphy enhancer solution (Enlightening, PerkinElmer Life Sci-
ences), dried, and exposed to film at —80 °C for 24 or 48 h. For
quantitative measurements, bands corresponding in size to
MLL1 or histone H3 were excised after Coomassie staining,
dissolved in Solvable (PerkinElmer Life Sciences), and counted
by liquid scintillation counting.

Concentration Dependence of Automethylation

For MLL1 and MLL1 core complex concentration depen-
dence assays, various concentrations of enzyme (1-30 um)
were incubated with [*H]AdoMet (50 um) in reaction buffer for
4 h. Samples were quenched with 1X SDS loading buffer at
various time points and separated by 4—12% SDS-PAGE and

”The abbreviations used are: MBP, maltose-binding protein; AdoMet, S-
adenosylmethionine; AdoHcy, S-adenosylhomocysteine; BisTris, 2-[bis(2-
hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; MLA, methylated
lysine analog; PDB, Protein Data Bank; ESI, electrospray ionization.
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stained with Coomassie Brilliant Blue. Gels were soaked in
autoradiography enhancer (Enlightening, PerkinElmer Life Sci-
ences) solution, dried, and exposed to film for 1-3 weeks at
—80 °C. Multiple exposures were taken at different intervals to
ensure that adequate signal-to-noise could be obtained without
band saturation. Films were scanned with the Bio-Rad Chemi-
Doc™ MP system, and bands for each time course were quan-
titated by densitometry using Bio-Rad Image Lab™ software
or Image] software (16). Relative intensity values were plotted
using GraphPad Prism 6 (GraphPad Software Inc.) and fitted
with linear regression to determine methylation rate. Methyla-
tion rate versus enzyme concentration was plotted in a log-log
plot and fitted with linear regression to determine reaction
order.

Apparent K, Value Determination

To determine the apparent K, value for MLL1 automethyl-
ation, [*H]AdoMet concentration was varied (020 um) with a
constant concentration of MLL*’*> (15 um) for 3 h. Samples
were quenched at various time points with 1X SDS loading
buffer, separated by 4—-12% SDS-PAGE, and stained with Coo-
massie Brilliant Blue. Gels were soaked in autoradiography
enhancer (Enlightening, PerkinElmer Life Sciences) solution,
dried, and exposed to film for 7 days at —80 °C. Densitometry of
the fluorogram bands was conducted with Image]. Methylation
rates were plotted as a function of AdoMet concentration and
fitted by nonlinear least squares regression to the Michaelis-
Menten Equation 1. To determine the apparent K, value for
AdoMet in the histone H3 methylation reaction, 7 um MLL1
was incubated with different concentrations of [PH]AdoMet
(0-100 M) at a fixed concentration of histone H3 peptide (500
uMm) consisting of residues 1-20 followed by a GGK-biotin on
the C terminus. Reactions were quenched by the addition of
EDTA (0.5 m) at various time points. H3 peptides were pulled
down with streptavidin-agarose and washed three times in
phosphate-buffered saline with Tween 20 (PBST). Beads were
then counted by liquid scintillation counting. Methylation rates
were plotted as a function of AdoMet concentration and fitted
to the Michaelis-Menten Equation 1 as described above.

[AdoMet]

V= Voa X e [AdoMet]

Mass Spectrometry

Sample Preparation—Purified MLL3*®*'" and MLL*"*® pro-
teins at a concentration of 0.8 mg/ml were incubated with 1 mm
AdoMet at 15 °C for 18 h. Samples were diluted 5-fold and
subjected to overnight trypsin digestion at 37 °C (1:20 enzyme/
substrate ratio). The samples were not reduced or alkylated
prior to digestion. Digestions were terminated by the addition
of 1.0% TFA.

MALDI-TOF Mass Spectrometry—MALDI-TOF mass spec-
trometry was carried out on a Kratos Axima TOF* mass spec-
trometer (Shimadzu, Manchester, UK). One microliter of the
digested samples was applied to the sample plate and allowed to
air dry. This was followed by addition of 1 ul of 10 mg/ml
a-cyano-4-hydroxycinnamic acid matrix solution to the dried
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samples, which was again allowed to air dry. Spectra were
acquired in reflectron mode as an average of 100 profiles.

ESI-HPLC Mass Spectrometry—The tryptic digestion prod-
ucts from MLL?>”*>"¥" were separated and analyzed by nESI LC
MS/MS on a hybrid LTQ-Orbitrap mass spectrometer
(Thermo, San Jose, CA). A 4.0-ul aliquot of the digested sample
was first diluted 10-fold with 0.1% formic acid. A 5.0-ul aliquot
of the peptide mixture was then injected onto a C,4 reverse
phase column and gradient eluted with acetonitrile, 0.1% for-
mic acid over 50 min. Full MS scans were carried out in the
Orbitrap, and all fragment ions were measured in the LTQ.
Precursors were selected in data-dependent mode and frag-
mented using collision-induced dissociation.

RESULTS

MLL1 SET Domain Possesses a Robust and Irreversible
Automethylation Activity—Previous studies revealed that the
SET1 family of SET domain proteins specifically methylates lysine
4 of histone H3 (7, 17-20). We cloned, expressed, and purified an
enzymatically active human MLL1 SET domain fragment con-
sisting of amino acid residues 3811-3969 (MLL?**'") and com-
pared its enzymatic activity with a group of synthetic histone
H3 peptides that mimic the histone H3 N-terminal tail (resi-
dues 1-20). These peptides were either unmethylated or previ-
ously trimethylated at lysine 4 (H3K4me3) or lysine 9
(H3K9me3) (Fig. 1A). We observed that MLL?**!'' methylated
unmodified and H3K9me3 peptides (Fig. 1B, lanes 1, 2, and 4)
but did not methylate the H3K4me3 peptide (Fig. 1B, lane 3).
Because trimethylation of lysine 4 prevents methylation in H3
peptides containing a total of four lysine residues (4, 9, 14, and
18) (Fig. 1A), these results suggest that MLL*®*'" has a high
specificity for lysine 4 of histone H3.

Unexpectedly, in our methylation assays with H3 peptides,
we also observed robust automethylation of MLL?**'! (Fig. 1B).
The amount of automethylation appeared to be dependent on
the concentration of histone peptide, as automethylation was
reduced with excess unmethylated histone H3 (Fig. 1B, lane 1).
To rule out the possibility that MLL1 is methylated by a con-
taminating methyltransferase from E.coli, we created an
MLL1%#! variant with a point mutation (MLL38!!(N39064)) that
abolishes its enzymatic activity and tested for radioactive label-
ing after incubation with [*H]AdoMet. We previously demon-
strated that asparagine 3906 of MLLL1 is required for binding
the methyl donor AdoMet but not for the overall structure of
MLLI1 (5). When Asn-3906 of MLL?*#!! was replaced with ala-
nine, both histone H3 methylation and MLL1 automethylation
reactions were abolished (Fig. 1C). These results indicate that
MLL1 automethylation depends on the activity of the MLL1
SET domain, ruling out the possibility that MLL1 is methylated
by a contaminating methyltransferase. Similar results were
observed with an MLL1 construct containing amino acid resi-
dues 3745-3969 (MLL3"*%) (see below).

To determine whether MLL1 automethylation is reversible,
we preincubated the enzyme with 1 um [*H]AdoMet for 2 h and
compared automethylation over time after the addition of 1 mm
cold (nonradioactive) AdoMet or an equivalent volume of
buffer (Fig. 2A4). The results show little change in the incorpo-
ration of [*H]methyl during the incubation with cold AdoMet

asEveN
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FIGURE 1. MLL1 SET domain undergoes an automethylation reaction that is inhibited by histone H3. A, surface representation of the nucleosome core
particle (PDB code 1KX5 (61)) is shown with the position of H3K4 indicated. The dashed box encompasses residues 1-20 of histone H3. The box below shows a
schematic of histone H3 peptides used in this investigation, consisting of amino acid residues 1-20. The positions of lysine or trimethyl-lysine residues are
indicated. B, comparison of enzymatic activity of the MLL1 SET domain (amino acid residues 3811-3969, MLL®*®'") among histone H3 peptides that were
unmodified (H3U"™°dfied  janes 1 and 2) or previously trimethylated at Lys-4 (H3K4me3, lane 3), or trimethylated at Lys-9 (H3K9me3, lane 4). C, MLL1 auto-

methylation is abolished when Asn-3906 is replaced with alanine.

(Fig. 24, lanes 6-10) as compared with the incorporation
observed after the addition of buffer (lanes 1-5), suggesting
that the reaction is irreversible under these conditions. In addi-
tion, enzymatic assays show that the rate of automethylation in
the absence of histone H3 peptide is ~% that of the rate of
histone H3 methylation at a substrate concentration of 250 um
(Fig. 2B). These results indicate that the rate of automethylation
in the absence of histone H3 is relatively robust. We also esti-
mated from radiolabeling that ~3% of the MLL1 sample is
methylated under these conditions after 22 h. This low level of
[*H]methyl incorporation may be indicative of the low catalytic
rate of automethylation or of the possibility that the majority of
enzyme is purified from E. coli in a highly automethylated form.

We next compared the apparent K, values for AdoMet
between MLL1 automethylation and histone H3 methylation
reactions. For the histone H3 methylation reaction with a fixed
concentration of histone H3 peptide (500 um), the apparent K,
value for AdoMet was 10.4 = 3.1 um (Fig. 2C). The apparent K,
value for AdoMet in the MLL1 automethylation reaction in the
absence of histone H3 was similar at 6.5 = 1.5 um, when assayed
over the concentration range of 0—-20 um AdoMet (Fig. 2D).
The results suggest that AdoMet binding is likely to be similar
in both the MLL1-catalyzed automethylation and histone H3
methylation reactions. However, unlike the histone H3 methy-
lation reaction, the MLL1 automethylation reaction exhibited a
pattern of partial substrate inhibition at a higher concentration
of AdoMet (50 um) (Fig. 2D, inset). This may indicate the pres-
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ence of a second AdoMet-binding site that diminishes the
MLL1 automethylation reaction but not the histone H3 meth-
ylation reaction.

MLLI1 Automethylation Is Intramolecular—To determine
whether MLL1 automethylation occurs in an intra- or intermo-
lecular fashion, we determined whether the wild type MLL?*!*
construct (18 kDa) could methylate a longer MLL1 construct
containing residues 3745-3969 (MLL3"%°, 26 kDa) that was
made catalytically inactive by replacement of Asn-N3906 with
alanine (MLL3745(N3906A4)) \hen wild type MLL?**!! was mixed
with the catalytically inactive MLL?*7#*™3%0¢4) enzyme, no
trans-methylation of the longer MLL1 construct could be
observed, despite significant cis-methylation of the wild type
MLL?*!! protein in the absence of histone H3 peptide (Fig. 34,
lane 3). Similarly, when wild type MLL?*”*® was incubated with
the catalytically inactive MLL3¥*'™N3904) 1o trgpus-methyla-
tion of MLL?®*!" was observed despite robust cis-methylation of
the longer MLL3"** construct (Fig. 3B, lane 4). These results are
consistent with intramolecular automethylation.

To further test this hypothesis, we examined the concentra-
tion dependence of MLL1 automethylation. If MLL1 auto-
methylation is intramolecular, then the reaction rate will be first
order with respect to MLL3"*® concentration. In contrast, inter-
molecular automethylation reactions will be second order or
higher. To distinguish these possibilities, we measured the rate
of MLL1 automethylation as a function of time and MLL?*"**
concentration. The logarithmic plot of the rate of autometh-
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MLL3®"" automethylation reactions, respectively. C, apparent K,,, determination for AdoMet in the histone H3 methylation reaction catalyzed by MLL1.
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ylation as a function of MLL?*”*® concentration shows a slope of MLL1 Automethylates a Cysteine Residue in the SET Domain

~0.7 (Fig. 3C), which approximates a first order reaction mech-  Active Site—Automethylation of MLL1 is surprising given its
anism. Together, these results indicate that the MLL1 auto- high specificity for lysine 4 of histone H3 and the lack of lysine
methylation reaction is intramolecular. 4-like sequences in the primary structure of MLL?"** (Fig. 4A).
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FIGURE 4. Mass spectrometry identifies Cys-3882 as a site for MLL1 automethylation. A, sequence of the MLL3>"#° construct; B, table of predicted trypsin
proteolytic peptides and expected masses. C, MALDI-TOF spectrum of the trypsinized MLL3"#° protein after preincubation with T mm AdoMet. The peptide at
m/z 960.4 is indicated and is 14 Da larger than the expected GIGCYMFR peptide at 946.4. D, ESI LC MS/MS spectrum of the doubly charged precursor at m/z =
480.8, which corresponds to the methylated peptide GIGCYMFR. The table below displays all predicted and observed b- and y-ions for the unmodified and
modified forms of the peptide, respectively. Each of the peptides highlighted in yellow are 14 Da greater than predicted, indicating that Cys-3882 is meth-
ylated. E, MALDI-TOF spectrum of the trypsinized C3882S MLL?"#° protein. The peak corresponding to the GIGSYFMR peptide is indicated at m/z 930.5. F,
comparison of histone methylation and automethylation activities of wild type and C3882A/S MLL?’*® proteins in the presence and absence of histone H3
peptide. Reactions were quenched at 8 h and separated by 4-12% BisTris PAGE and visualized by Coomassie Blue staining (upper panel) and fluorography
(lower panel).
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MLL1 (magenta, PDB code 2W5Z (12)) and Dim5 (green, PDB code 1PEG (30)). The positions of Cys-3882 in MLL1 and the equivalent residue in Dim5 (Val-203)

are indicated.

To identify the site(s) of automethylation in MLL1, we com-
pared MALDI-TOF mass spectra of tryptic digests of auto-
methylated MLL?*'! and MLL?”*" constructs to those of theo-
retical tryptic peptide sequences (Fig. 4B). For MLL?"*%, 12 of
the peptide products observed in the mass spectra corre-
sponded to peptide masses generated via in silico trypsin diges-
tion. Although a peptide signal corresponding to the theoretical
peptide, GIGCYMFR ([M + H]" = 946.4), was not detected, a
peptide was observed at m/z 960.4 that corresponded to a
monomethylated form of this peptide (Fig. 4C). A similar pep-
tide was observed at m/z = 960.4 in the mass spectrum of the
tryptic digestion products of the MLL**'" protein (data not
shown). To identify the residue methylated in this peptide, we
analyzed digestion products using ESI LC-MS/MS on an LTQ-
Orbitrap mass spectrometer. The MS/MS spectrum of the dou-
bly charged precursor at m/z = 480.8 corresponding to the
methylated peptide GIGCYMER is shown in Fig. 4D. Seven b-
and six y-ions were identified in the MS/MS spectra that
matched predicted fragment ions. The table in Fig. 4D displays
all of the predicted b- and y-ions for the unmodified form of this
peptide. Five b-ions (b,—bg) and two y-ions (y; and y,), with
m/z values 14 Da greater than the predicted masses, were
observed, which confirmed that this peptide was methylated.
Furthermore, in the observed b-ion series, b, and b, had m/z
values that were consistent with their predicted masses. This
fragmentation pattern indicates that the site of methylation is
Cys-3882.
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To confirm that Cys-3882 of MLLL1 is a site for automethyla-
tion, we replaced Cys-3882 with serine by site-directed
mutagenesis and performed MALDI-TOF mass spectrometry
on a tryptic digest of the C3882S MLL?*’** protein that was
preincubated with AdoMet (Fig. 4E). The only difference
observed was a shift in mass of the peak at m/z = 960.4 in the
MLL3”**-WT spectrum to m/z = 930.5 in the spectrum of the
MLL?7*® (C3882S) digest (Fig. 4E). The peptide at m/z = 930.5
corresponds to the peptide GIGSYMEFR, which contains the
mutation site, residue 3882.

To further confirm that Cys-3882 is a site for automethyla-
tion, we incubated wild type, C3882S, and C3882A MLL3"**
SET domain proteins with [*H]AdoMet and compared their
ability to automethylate by fluorography. The results show that
replacement of Cys-3882 with alanine or serine abolishes most,
but not all, MLL1 SET domain automethylation (Fig. 4F). Anal-
ysis of the C3882S MALDI-TOF spectrum did not reveal the
identity of the minor automethylation site, which may be due to
its low methylation level or it may occur in a peptide fragment
that is missing in the sequence coverage. Taken together, these
results indicate that Cys-3882 of MLL1 is a major site of
automethylation.

Cys-3882 Is Located in the SET-I Region of the MLL1 SET
Domain—Cys-3882 is located in the SET-I region of the MLL1
SET domain (Fig. 5A4), a region that is less conserved between
SET domain families but highly conserved among SET1 family
enzymes. Cys-3882 is conserved in all metazoan MLL1
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3882

A ) B Coomassie 3H-Methyl
Homo sapiens 3871 REKYYDSKGIGCYMFRIDDSEVVDATMHGN
Pan troglodytes 3871 REKYYDSKGIGCYMFRIDDSEVVDATMHGN
Callithrix jacchus 3896 REKYYDSKGIGCYMFRIDDSEVVDATMHGN
Otolemur garnettii 3964 REKYYDSKGIGCYMFRIDDSEVVDATMHGN 220
Macaca mulatta 3888 REKYYDSKGIGCYMFRIDDSEVVDATMHGN
Pongo abelii 3914 REKYYDSKGIGCYMFRIDDSEVVDATMHGN 100
Nomascus leucogenys 3870 REKYYDSKGIGCYMFRIDDSEVVDATMHGN
Sarcophilus harrisii 3897 REKYYESKGIGCYMFRIDDSEVVDATMHGN -
Mus musculus 3865 REKYYDSKGIGCYMFRIDDSEVVDATMHGN 50 <_MBP-TrIth0r§X
Rattus norvegicus 3889 REKYYDSKGIGCYMFRIDDSEVVDATMHGN SET domain
Heterocephalus glaber 3801 REKYYDSKGIGCYMFRIDDSEVVDATMHGN
Cricetulus griseus 3809 REKYYDSKGIGCIYMFRIDDSEVVDATMHGN
Cavia porcellus 2701 REKYYDSKGIGCYMFRIDDSEVVDATMHGN
Monodelphis domestica 3862 REKYYESKGIGCYMFRIDDSEVVDATMHGN
Canis lupus familiaris 3731 REKYYDSKGIGCYMFRIDDSEVVDATMHGN 25
Ailuropoda melanoleuca 3883 REKYYDSKGIGCYMFRIDDSEVVDATMHGN
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Gallus gallus 3773 REKYYDSKGIGCYMFRIDDSEVVDATMHGN
Meleagris gallopavo 3753 REKYYDSKGIGCYMFRIDDSEVVDATMHGN
Taeniopygia guttata 3751 REKYYDSKGIGCYMFRIDDSEVVDATMHGN
Apis mellifera 3099 REKYYDSKNIGCYMFKIDDHLVVDATMKGN
Megachile rotundata 3338 REKYYDSKNIGCYMFKIDDHLVVDATMKGN C Q (%)
Camponotus floridanus 3122 REKYYDSKNIGCYMFKIDDHLVVDATMKGN ’\A V'~\
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Anopheles gambiae 4829 RERYYDSRGIGCYMFKIDENFVVDATMRGN H L - -
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FIGURE 6. SET domain automethylation is conserved throughout metazoan evolution. A, ClustalW2 multiple sequence alignment of SET-I subdomain
amino acids among metazoan MLL1 orthologs. The position of Cys-3882 in MLL1 (Homo sapiens numbering) is boxed and indicated at the top. The equivalent
position (Cys-3641) in the D. melanogaster Trithorax protein is indicated at the bottom. B, SET domain from the D. melanogaster Trithorax protein was purified
as an MBP fusion and incubated with [*HJAdoMet in the presence (lanes 2 and 4) and absence (lanes 1 and 3) of histone H3 peptide (residues 1-20). The
Coomassie Blue-stained gel is shown on the left and fluorogram on the right. C, comparison of automethylation activities of wild type and C3641S Trithorax SET

domains in the presence and absence of histone H3 peptide.

orthologs (Fig. 6A). The SET-I region separates two canonical
subdomains that are more highly conserved in all SET domain
proteins, the SET-N and SET-C regions. The recent crystal
structure of the MLL1 SET domain (12) reveals that histone H3
binds in a deep groove within the protein that is flanked by two
acidic lobes, one of which is composed of residues from the
SET-I subdomain and the other with residues from the SET-C
and post-SET subdomains (Fig. 5B). Cys-3882 is located in the
SET-Ilobe ~10 A away from the putative position of the sulfo-
nium group of AdoMet, which binds to the opposite lobe (Fig.
5C). This distance indicates that domain closure is required for
MLL1 SET domain automethylation. Indeed, superposition of
the MLL1 SET domain ternary complex with that of the ternary
complex of the Dim5 SET domain shows that the CSB atom of
valine 203 in Dim5 (the residue equivalent to Cys-3882 in
MLL1) is ~4 A closer to the sulfonium of AdoMet than that of
the CB atom of Cys-3882 in MLL1 (Fig. 5D). Histone H3 binds
in the groove between domains, providing a plausible explana-
tion for why MLL1 SET domain automethylation is reduced in
the presence of histone peptides. It is possible that the confor-
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mational flexibility of the SET-I subdomain is restricted when
histone H3 peptide is bound, which may prevent the domain
closure required for Cys-3882 methylation. Alternatively, it is
possible that the e-amino group of H3K4 is better aligned for
the S,2 nucleophilic attack on AdoMet when bound to the SET
domain.

Cys-3882 Automethylation Is Likely Conserved throughout
Metazoan Evolution—Amino acid sequence alignments of ver-
tebrate and invertebrate MLL1 orthologs reveal that Cys-3882
is conserved throughout metazoan evolution (Fig. 6A4). To test
the hypothesis that Cys-3882 automethylation is conserved, we
cloned the SET domain from the D. melanogaster Trithorax
protein into an MBP fusion vector and purified the protein after
overexpression in E. coli. Enzymatic assays reveal that the
MBP-Trithorax SET domain is enzymatically active and under-
goes automethylation in the absence of histone H3 (Fig. 6B, lane
3). Like MLL1, automethylation is reduced in the MBP-Trithorax
SET domain in the presence of excess histone H3 peptide
(Fig. 6B, lane 4). To determine whether the residue equiva-
lent to MLL1 Cys-3882 in Trithorax (Cys-3641) is the site of
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FIGURE 7. MLL1 automethylation is reduced when assembled into the MLL1 core complex. A, automethylation of MLL3>7#° in the absence (lanes 7 and 2) or
presence (lanes 3 and 4) of the WDR5-RbBP5-Ash2L subcomplex. Enzymes (7 um) were incubated with 1 um [*HJAdoMet in the presence or absence of 300 um
histone H3 peptide for 8 h. Quenched samples were separated by 4-12% PAGE and visualized by Coomassie Blue staining (upper panel) and fluorography
(lower panel). B, comparison of automethylation activities of MWRAD complexes assembled with a full-length (residues 1-538) or truncated form of RbBP5
(residues 1-402). Assays were carried out as described above. The positions of Ash2L and RbBP5 are indicated with the boxes. C, Ash2L is not methylated in the
context of WRAD in the absence of MLL1. Assays were visualized by fluorography as described above. D, MLL1 does not methylate Ash2L in the absence of
WDR5 and RbBP5. £, Ash2L methylation depends on the catalytic activity of the MLL1 SET domain. Ash2L methylation was compared between MWRAD
complexes assembled with wild type (lanes 7 and 3) or N3906A (lanes 2 and 4) MLL3”#° SET domains in the absence of histone H3. Lanes T and 2 are Coomassie
Blue-stained gel, and lanes 3 and 4 are the fluorogram of the same gel. F, Ash2L methylation depends on the interaction of MLL1 with WRAD. Wild type (lanes
5-8)and R3765A (lanes 1-4) variants of MLL?”#° were assayed in the presence and absence of a stoichiometricamount of WRAD and 300 um histone H3 peptide
for 8 h as described above. G, log-log plot showing the concentration dependence of Ash2L methylation within the context of the MLL1 core complex
(MWRAD). The data were fit with linear regression showing a slope of 0.99 = 0.1 (R> = 0.93). Error bars represent one standard deviation from the mean from
two independent experiments.

automethylation, we substituted Cys-3641 with serine and
tested for automethylation activity in the presence and
absence of histone H3. As shown in Fig. 6C, replacement of
Cys-3641 in the Trithorax protein abolishes SET domain
automethylation. These results suggest that automethyla-
tion may be a conserved feature of MLL1 orthologs through-
out metazoan evolution.
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MLLI1 Automethylation Is Reduced upon Interaction with
WRAD—To determine whether WRAD affects the autometh-
ylation activity of MLL1, we compared incorporation of
[*H]methyl into the SET domain of MLL1 in the presence and
absence of WRAD and a histone H3 peptide by fluorography.
As shown in Fig. 7A, in the absence of histone H3, MLL1
automethylation is reduced by the addition of WRAD (compare

A=Y
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lanes 1 and 3). Surprisingly, we observed a methylation band
corresponding in size to Ash2L or RbBP5 (Fig. 7A, lane 3).
Upon addition of a stoichiometric excess of histone H3, both
bands disappear (Fig. 74, lane 4). These results suggest that
WRAD alters the conformational dynamics of the MLL1 SET
domain in the complex such that MLL1 automethylation is
reduced. Alternatively, MLL1 automethylation may be reduced
in the complex due to competition for methylation of Ash2L
(see below).

Ash2L Is Methylated by MLL1 within the Context of the MLL1
Core Complex—To ascertain whether RbBP5 or Ash2L is meth-
ylated within the MLL1 core complex, we compared auto-
methylation activities of complexes assembled with wild type
RbBP5 (residues 1-535) or a C-terminal truncated form of
RbBP5 consisting of amino acid residues 1-402 (RbBP5(1-
402)). If RbBP5 is methylated within the MLL1 core complex,
then we expected the position of the radiolabeled band to be
altered on the fluorogram when the complex assembled with
RbBP5(1-402) was incubated with [PH]AdoMet. However, the
results show that the pattern of methylation is unchanged with
the complex assembled with RbBP5(1-402) compared with
that of wild type RbBP5 (Fig. 7B, compare lanes 1 and 5 and
lanes 3 and 7), indicating that it is Ash2L that is methylated
within the MLL1 core complex in the absence of histone H3. To
determine whether Ash2L is methylated in the absence of
MLL1, we incubated WRAD with [PH]AdoMet in the presence
and absence of histone H3 peptides. As shown in Fig. 7C,
despite significant histone H3 methylation by WRAD, no
Ash2L methylation was observed in the presence or absence of
histone H3. To determine whether the MLL1 SET domain cat-
alyzes Ash2L methylation in the absence of WDR5 and RbBP5,
we incubated MLL?*’** with Ash2L in the presence of
[PH]AdoMet. Despite observing significant histone H3
methylation and MLL1 automethylation, no Ash2L methy-
lation was observed (Fig. 7D).

Together, these results suggest that Ash2L methylation
depends on the catalytic activity of the MLL1 SET domain, but
only within the context of the MLL1 core complex. To test this
hypothesis, we compared Ash2L. methylation between MLL1
core complexes assembled with wild type or the catalytically
inactive N3906A MLL1 variant. We previously demonstrated
that the N3906A variant assembles into the core complex with
a sedimentation coefficient similar to that of wild type MLL1
(5). As shown in Fig. 7E, Ash2L methylation is absent in the
complex assembled with the catalytically inactive variant of
MLL1, indicating that Ash2L methylation is dependent on the
catalytic activity of the MLL1 SET domain.

To further test the hypothesis that Ash2L methylation occurs
only within the context of the MLL1 core complex, we mixed
WRA (the minimal complex required for WRAD activity (14))
with a variant of MLL1 containing the R3765A substitution,
which was previously shown to abolish the interaction of MLL1
and WRAD, resulting in the loss of H3K4 dimethylation activity
of the MLL1 core complex (15,21-23). As shown in Fig. 7F, the
R3765A variant of MLL1 is capable of automethylation and
methylation of histone H3 (lanes I and 2), similar to that of wild
type MLL1 (lanes 5 and 6). However, unlike that observed with
wild type MLL1, when the R3765A variant is mixed with WRA,
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no Ash2L methylation was observed (Fig. 7F, compare lanes 3
and 7). These results indicate that Ash2L is methylated by
MLL1 only within the context of the fully assembled MLL1 core
complex.

To determine whether Ash2L methylation occurs in an intra-
or intermolecular fashion, we examined the concentration
dependence of Ash2L methylation within the context of the
MLL1 core complex (MWRAD). We measured the rate of
Ash2L methylation as a function of time and MWRAD concen-
tration. The logarithmic plot of the rate of Ash2L methylation
as a function of MWRAD concentration shows a slope of ~0.99
(Fig. 7G), which is consistent with a first order reaction mech-
anism and intramolecular methylation.

Taken together, these results suggest that in the absence of
histone H3, the core complex is assembled such that sequences
from Ash2L interact with the SET domain as a substrate for
methylation by MLLI in an intramolecular (intra-complex)
manner. This would explain why both Ash2L methylation and
MLL1 automethylation reactions are inhibited by the addition
of unmethylated histone H3. Further studies will be required to
identify sites of methylation in Ash2L and their functional
significance.

Pattern of Inhibition of MLLI and Ash2L Automethylation
Reactions Is Consistent with the Two-active Site model for Mul-
tiple H3K4 Methylation—The one-active site model for multi-
ple lysine methylation by the MLL1 core complex predicts that
unmodified, mono-, and dimethylated histone H3 species will
bind as substrates to the MLL1 SET domain active site and
inhibit MLL1 automethylation and Ash2L methylation reac-
tions. However, in the two-active site model, although the
unmodified form of histone H3 is predicted to bind to the SET
domain and inhibit these reactions, mono-, di-, or trimeth-
ylated histone H3 species are not expected to bind to the SET
domain as substrates and are therefore not expected to inhibit
MLL1-catalyzed automethylation. To distinguish these mod-
els, we compared MLL1-catalyzed automethylation activities
within the context of the MLL1 core complex in the presence of
full-length histone H3 species that were either unmodified or
previously mono-, di-, or trimethylated at lysine 4 (as MLA).
Sub-stoichiometric amounts of histones were used in the assays
to reduce the possibility that inhibition of automethylation may
be due to product binding to the SET domain.

When the unmodified H3 protein is incubated with MLL1
and WRA in the presence of [*’H]AdoMet, both MLL1 auto-
methylation and Ash2L methylation activities are significantly
reduced (Fig. 84, lane 2). The relative intensity of the Ash2L
and MLL1 bands is reduced 99 and 95%, respectively, when in
the presence of unmodified histone H3 compared with those
same bands in the absence of histone H3 (Fig. 8B). However,
despite being a robust substrate for di-methylation, the H3K4
monomethylated species does not significantly inhibit MLL1
catalyzed automethylation reactions when incubated with the
MLL1 core complex (Fig. 84, lane 3). Similarly, inhibition of
automethylation was not observed when previously di- and
trimethylated histone H3 MLA proteins were incubated with
the MLL1 core complex (Fig. 84, lanes 4 and 5). A similar pat-
tern of inhibition was observed, albeit to a lesser extent, when
stoichiometric amounts of histone H3 peptides were used in the
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FIGURE 8. MLL1 and Ash2L automethylation reactions distinguish one- versus two-active site models for multiple H3K4 methylation. A, comparison of
MLL1 and Ash2L automethylation activities in the absence (lane 1) or presence (lanes 2-5) of full-length recombinant histone H3 proteins that were unmodified
or previously mono-, di-, or trimethylated at lysine 4 as MLA (from Active Motif). The upper panel shows the Coomassie Blue-stained gel, and the lower panel is
the fluorogram of the same gel. B, ImageJ densitometry of the fluorogram in A. The vertical axis shows percent intensity of each band relative to the intensity
of Ash2L or MLLT methylation in Fig. 84, lane 1. Histone H3 bands were saturated at this exposure and were not included in the densitometry. C, comparison
of MLL1 and Ash2L automethylation activities in the presence or absence of histone H3 peptides (residues 1-21, purchased from Millipore) that were
unmodified or previously mono-, di-, or trimethylated at lysine 4. The left-most panel shows the Coomassie Blue-stained gel; the middle panel shows fluorogram
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assays instead of full-length histone H3 (Fig. 8C). These results another site in histone H3, or in the case of the H3K4me2

are consistent with the predictions of the two-active site model
for multiple lysine methylation.

We note that H3K4me2/3 MLA histones show small
amounts of methylation at this exposure (Fig. 84, lanes 4 and
5), likely due in part to incomplete removal of unreacted
histones in the chemical alkylation reaction, methylation at
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protein, bona fide H3K4 trimethylation. We note that trace
amounts of H3K4 trimethylation have been observed in
quantitative MALDI-TOF assays with the MLL1 core com-
plex (5), but it represent <5% of total methylation, consis-
tent with the MLL1 core complex being predominantly an
H3K4 dimethyltransferase.
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FIGURE 9. WRAD preferentially utilizes the H3K4me1 substrate when
assembled with the catalytically inactive N3906A MLL1 variant. The
MLL1MN3996" yariant was assembled with WRAD, and the complex was puri-
fied by size-exclusion chromatography (Superdex 200, GE Healthcare). Com-
plex was assayed with different concentrations of [*HJAdoMet (0-500 um)
with a fixed concentration of unmodified histone H3 peptide (500 um) (resi-
dues 1-20, H3K4me0) or 500 um H3K4me1 peptide. Samples were quenched
at various time points with 1 SDS loading buffer and separated by 4-12%
SDS-PAGE. Histone H3 peptide bands were excised from the gel and quanti-
tated by liquid scintillation counting as described under “Experimental Pro-
cedures.” Error bars represent the standard error of measurement from two
independent experiments. The unpaired Student’s t test in Prism (GraphPad)
was used to test for statistical significance. p values < 0.05 are indicated.

WRAD Preferentially Catalyzes H3K4 Dimethylation within
the MLL1 Core Complex—The results presented above suggest
that the H3K4mel species binds to WRAD and not the MLL1
SET domain during the dimethylation reaction. However, these
results do not rule out the possibility that a conformational
rearrangement of the MLL1 SET domain allows both auto-
methylation and H3K4 dimethylation activities to occur in the
same active site. To distinguish these hypotheses, we compared
the enzymatic activity of WRAD in the presence of the
catalytically inactive N3906A MLL1 SET domain variant
(M®M3996ANWRAD) using either unmodified H3K4 (H3K4me0)
or H3K4mel peptides (both at 500 um) as substrates. When the
assays were conducted with low concentrations of AdoMet
(0-25 um), both peptides were methylated but with little dif-
ference in activity between H3K4meO or H3K4mel substrates
(Fig. 9). In contrast, at higher concentrations of AdoMet (>25
uM), the H3K4mel substrate showed an AdoMet-dependent
increase in activity, with little change in the activity with the
H3K4me0 substrate. For example, at a concentration of 500 pum
AdoMet, activity with the H3K4mel substrate was almost an
order of magnitude greater than that with an equivalent con-
centration of the H3K4meO substrate (Fig. 9). These results are
consistent with the hypothesis that WRAD preferentially cata-
lyzes H3K4 dimethylation within the MLL1 core complex.

DISCUSSION

Multiple Methylation and the SET Domain—SET domain
enzymes that catalyze multiple methylation events invariably
contain a phenylalanine at the key Phe/Tyr switch position in
their active sites (24). In contrast, SET domain enzymes that
possess a tyrosine in the switch position have smaller active site
volumes and are monomethyltransferases. The MLL1 SET
domain contains a tyrosine in the switch position and is there-
fore predicted to be a monomethyltransferase. However, a puri-
fied MLL1-containing super-complex has been shown to pos-
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sess H3K4 mono-, di-, and trimethyltransferase activity (25).
This paradox has led to the suggestion that proteins that inter-
act with the MLL1 SET domain allosterically alter the orienta-
tion of the tyrosine in the switch position to regulate the degree
of SET domain-catalyzed H3K4 methylation (26). This “one-
active site” model is based on the assumption that the MLL1
SET domain is the only known methyltransferase motif in the
complex. Often cited in support of this assumption is the claim
that all H3K4 methylation is lost in Saccharomyces cerevisiae
when the gene for the MLL1 homolog SET1p is deleted (10, 18,
19, 27). However, these early studies were based on results
obtained from Western blots using antibodies raised against
the H3K4me2 or H3K4me3 epitopes and therefore do not
exclude the possibility that H3K4mel may still be present.
Indeed, there is evidence for weak H3K4 monomethylation
activity in S. cerevisiae SET1 knock-out strains (28). SET1p
assembles into a multisubunit complex called COMPASS with
subunits homologous to those found in the MLL1 core complex
(18). What is lacking is an unambiguous demonstration that the
SET domain is responsible for the observed multiple methyla-
tion behavior of these super-complexes.

Several groups have attempted to address this issue with bio-
chemical reconstitution systems. Roeder and co-workers (6)
attempted a biochemical reconstitution of human MLL1 with
its core components WDR5, RbBP5, and Ash2L using a bacu-
lovirus co-expression and immunopurification system from
insect cells. They observed by Western blotting multiple H3K4
methylation (mono-, di-, and possibly trimethylation) with
their immunopurified MLL1 core complex but did not conclu-
sively show that the MLL1 subunit was responsible for multiple
methylation. Wilson and co-workers (12) determined the
atomic structure of the MLL1 SET domain and noted that it was
different from the structures of other SET domain proteins in
that it was locked in an inactive open conformation in the pres-
ence or absence of ligands. They demonstrated a 20-fold stim-
ulation of activity by addition of WRAD to the same MLL1
construct and concluded that protein interaction-induced con-
formational changes are required for closing the SET domain
for full activity (12). However, the work reported here describes
the discovery of MLL1 automethylation activity at an evolu-
tionarily conserved cysteine residue in the SET domain active
site. The location of Cys-3882 in the SET-I subdomain, more
than 10 A from the putative position of the sulfonium group of
AdoMet in the crystal structure, indicates that domain closure
is necessary for automethylation. The observation that MLL1
automethylation reaction is relatively robust in the absence of
histone H3 implies that the SET domain possesses significantly
more conformational plasticity in solution than suggested by its
crystal structure. Furthermore, the MLL1 SET domain con-
struct utilized by Wilson and co-workers (12) did not contain
the evolutionarily conserved Win motif, which has been shown
to be required for MLL1 core complex formation (15, 21). This
observation, along with the recent discovery that WRAD pos-
sesses enzymatic activity on its own (5, 14), makes it difficult to
determine how much MLL1 SET domain activity is stimulated
by WRAD.

Two Active-site Model for Multiple Methylation—Several
lines of evidence suggest that the MLL1 core complex uses two
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SET domain is an intrinsic H3K4 monomethyltransferase (5),
consistent with the predictions of the Phe/Tyr-switch hypoth-
esis (29, 30). This activity was shown to be dependent on Tyr-

distinct active sites to catalyze multiple methylation of H3K4.
We previously demonstrated using quantitative MALDI-TOF
mass spectrometry-based methylation assays that the MLL1
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3942 of MLL1, as replacement with Phe converts MLL1 into a
processive trimethyltransferase (5). In contrast, single turnover
enzyme kinetics experiments reveal that the core complex
assembled with wild type MLL1 is a nonprocessive dimethyl-
transferase, as there is a clear accumulation of a monometh-
ylated intermediate during the course of the reaction (5). These
data suggest that histone H3 dissociates from the first active site
after the addition of the first methyl group. Monomethyl H3K4
may then either rebind the MLL1 SET domain or bind to a
different active site to undergo the dimethylation reaction.

Lack of inhibition of automethylation by H3K4mel sub-
strate, despite being a robust substrate for dimethylation, sug-
gests that the H3K4mel intermediate does not bind to the
canonical SET domain during the dimethylation reaction.
However, lack of automethylation inhibition by itself does not
rule out the possibility of a more complex conformational rear-
rangement of the SET domain that allows both automethyla-
tion and H3K4 dimethylation reactions to occur simultane-
ously in the same active site. The fact that the H3K4
dimethylation reaction can be reconstituted with a complex
containing a SET domain variant that lacks catalytic activity (5)
argues strongly in favor of a two active-site model for multiple
methylation. The two active-site model is supported by the
observation that WRAD possesses intrinsic H3K4 monometh-
yltransferase activity in the absence of MLL1 (5, 14).

The most parsimonious model that accounts for all of the
available data is the one in which two distinct active sites cata-
lyze each methylation event in a stepwise manner (Fig. 10). In
this model, we propose that the first methylation event is cata-
lyzed by the MLL1 SET domain, which is supported by the
observation that stoichiometric amounts of unmodified but not
mono-, di-, or trimethylated species of H3K4 inhibit the MLL1
automethylation reaction. We note MLL1 automethylation is
inhibited by excess H3K4mel (but not by excess H3K4me2/3
(data not shown)), likely due to binding to the SET domain as a
product. The H3K4mel intermediate then dissociates from the
SET domain active site and binds to the second active site com-
posed of sequences from WRAD and MLL1 to undergo di-
methylation. Such a mechanism is reminiscent of several mul-
tifunctional enzymes that employ a “swinging arm” to deliver a
substrate to successive active sites in multistep reactions (for a
review see Ref. 31). Given the intrinsic flexibility of the histone
H3 N-terminal tail, it is possible it could serve as a tethered
swinging arm that delivers the H3K4 substrate to each active
site.

Although the two-active site model accounts for the kinetic
and automethylation behavior of the MLL1 core complex, there
are still some ambiguities that need to be addressed. Although
WRAD activity has now been observed by other groups (32, 33),
it has been suggested that its activity is too low to be physiolog-
ically relevant (33). However, a careful steady-state kinetic anal-

ysis where stoichiometric complex was assayed reveals that
human WRAD has an apparent k_,, value of ~30 h™" (14),
which is similar to that of other histone methyltransferases,
with k_,, values that range from 12 to 396 h™" (34).

Another question is why WRAD requires MLL1 (either wild
type or catalytically inactive) to catalyze H3K4 dimethylation?
This observation suggests that the second active site requires
WRAD and a surface from MLL1 that is distinct from the
canonical SET domain active site cleft to directly or indirectly
form the dimethyltransferase active site (Fig. 10). The identity
of this MLL1 surface is suggested by our recent demonstration
that a common cluster of amino acids that reside outside of the
SET domain active site cleft are required for stabilization of the
interaction of RbBP5 and Ash2L with the core complex and for
the H3K4 dimethyltransferase activity of the MLL1 core com-
plex.® This same cluster of amino acids was previously shown to
be among a spectrum of missense mutations in MLL2 that are
associated with a human multiple malformation disorder called
Kabuki syndrome (35-38).

The last ambiguity is why WRAD in the context of the
core complex requires the H3K4mel substrate to catalyze
H3K4me2? In other words, why does it not use the H3K4me0
substrate to catalyze mono- and dimethylation? We propose
that WRAD is a one-carbon methyltransferase enzyme that
forms part of a unique binding site when in complex with MLL1
that specifically recognizes the H3K4mel intermediate. This
hypothesis is supported by the data presented in this investiga-
tion where we demonstrate that the core complex assembled
with a catalytically inactive variant of MLL1 preferentially
methylates the H3K4mel substrate over unmodified H3. In
addition, it is possible that when WRAD methylates unmodi-
fied H3K4, the e-amino group does not possess the rotational
freedom when bound to the enzyme to align the lone pair for a
second nucleophilic attack. This model may explain why
WRAD in the absence of MLL1 does not have appreciable
H3K4 dimethyltransferase activity. In summary, our data sug-
gest that WRAD is an H3K4 monomethyltransferase that pref-
erentially monomethylates the H3K4mel substrate when
assembled into the MLL1 core complex.

Possible Physiological Significance of MLLI1 Automethylation
Activities—The physiological significance of MLL1-catalyzed
automethylation reactions is unknown. The fact that Cys-3882
is conserved among vertebrate and invertebrate orthologs of
MLL1 and MLL4, but not in unicellular eukaryotes, suggests
that it is retained for some aspect of metazoan evolution. In
addition, cysteine is not conserved in the same amino acid posi-
tion in the other human SET1 paralogs MLL2/3 and SETd1a/b
(data not shown), suggesting that it is retained for some func-

8S. A. Shinsky and M. S. Cosgrove, submitted for publication.

FIGURE 10. Model for multiple lysine methylation by MLL1 core complex. A, MLL1 SET domain (M) is shown in pink with the SET-I lobe and Win motif
indicated. B, MLL1 undergoes automethylation at Cys-3882 in the presence of AdoMet and absence of histone H3. C, WRAD binding to the Win motif of MLL1
positions N-terminal sequences of Ash2L (A) near the SET domain of MLL1. In the absence of histone H3, Ash2L can then be methylated by MLL1. D, nucleosome
(vellow/green) binding to the MLL1 core complex positions the histone H3 N-terminal tail in the MLL1 SET domain active site where it undergoes monometh-
ylation at lysine 4 (H3K4me1). E, H3K4me1 intermediate diffuses away from the MLL1 SET domain, rendering it accessible for automethylation or Ash2L
methylation activities. F, H3K4me1 intermediate undergoes dimethylation at active site 2, which is composed of sequences from WRAD and a surface from
MLL1 that is distinct from the canonical SET domain active site. G, the MLL1 core complex dissociates from the nucleosome.
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tion that is unique to MLL1/4. AdoMet is metabolically expen-
sive to produce as ~3 ATP equivalents are expended in its syn-
thesis (39). It therefore seems probable that evolution would
have selected against conservation of cysteine at position 3882
of MLL1 if it were not otherwise contributing some kind of
selective advantage.

Automodification activities are common among post-trans-
lational modification enzymes and have been shown to play
diverse roles that include regulation of enzymatic activity,
effector protein recruitment, and protein stabilization. Auto-
modifications that regulate enzymatic activity have been
observed in kinases (40), histone acetyltransferases (41, 42), and
protein and DNA methyltransferases (43—47). For example,
automethylation of Lys-485 of the SET domain protein Met-
nase inhibits its enzymatic activity and represses topoisomerase
[Ia-catalyzed chromosome decatenation (45). Automethyla-
tion of an arginine residue in the C-terminal domain of coacti-
vator-associated arginine methyltransferase-1(CARM1) has
been shown to be important for CARM1-associated transcrip-
tional activation and pre-mRNA splicing in vivo (44). Auto-
methylation of a conserved lysine residue in the primary
sequence of the G9a SET domain enzyme has been shown to be
important for its interaction with heterochromatin protein-1
(HP1) (43, 48). However, unlike MLL1 automethylation, G9a,
Metnase, and CARM-1 automethylation reactions are intermo-
lecular and result in methylation of lysine (G9a and Metnase) or
arginine (CARM-1) residues that reside outside of their cata-
lytic domains and mimic their cognate substrates. Because
Ash2L contains several H3K4-like sequences, it is possible that
Ash2L. methylation within the MLL1 core complex serves a
similar role in vivo.

Cysteine Methylation in Biology—Cysteine methylation or
S-methylation has been detected in proteins with diverse func-
tions, including hemoglobin (49), human lens crystallins (50),
DNA methylation/repair enzymes (46, 51, 52), and in proteins
involved in regulation of NF-kB signaling (53). Crystallin
S-methylation has been suggested to serve a protective role
from cataractogenesis by preventing intermolecular disulfide
bond formation and protein aggregation (50). In contrast,
automethylation of the catalytic cysteine residues in bacterial
(BspRI and Dcm-C5 (51, 54)) and mammalian (Dnmt3a (46))
DNA methyltransferases in the absence of DNA inhibits cata-
lytic activity and has been suggested to either play a regulatory
role in response to changes in cellular AdoMet/AdoHcy con-
centrations or to be an aberrant side reaction due to the high
methyl group transfer potential of AdoMet (46). Given that the
apparent K, values for AdoMet in the MLL1 automethylation
and histone H3 methylation reactions are similar to that of
other AdoMet-dependent enzymes (55) and in the range of
intracellular AdoMet concentrations (estimated at ~30 wmol/
liter in non-liver tissue (55)), it is possible that MLL1 S-meth-
ylation could play a similar regulatory role in response to
changes in the AdoMet/AdoHcy ratio.

More recently, a novel role for S-methylation has been sug-
gested for regulating the ubiquitin chain-sensing functions of
TGEF-B-activated kinase-binding proteins TAB-2/3 in the
NEF-kB signaling pathway in response to bacterial infection (53).
It has been demonstrated that the enteropathogenic E. coli pro-

882 JOURNAL OF BIOLOGICAL CHEMISTRY

tein NleE possesses an AdoMet-dependent cysteine methyl-
transferase activity that specifically modifies a zinc-coordinat-
ing cysteine residue in TAB2/3, which abolishes their ubiquitin
chain binding activity (53). Because MLL1 requires zinc for cat-
alytic activity, it is possible that S-methylation could play a sim-
ilar role in regulating the H3K4 methylation by MLL1. How-
ever, automethylation of MLL1 involves a cysteine residue
(Cys-3882) that does not coordinate zinc in the crystal structure
(12). In addition, mutation of Cys-3882 to alanine or serine does
not alter enzymatic activity. Therefore, it is likely that the autom-
ethylation at Cys-3882 in MLL1 serves a different function.

The last example includes a novel form of S-methylation that
involves enzymatic methyl group transfer to proteins that does
not involve AdoMet as a methyl donor. This mechanism is cen-
tral to bacterial and mammalian DNA damage repair enzymes
that remove a methyl group from O°-methylguanine (56, 57). In
these enzymes, an active site cysteine acts as a nucleophile to
accept a methyl group from the O° position in an apparent
suicide reaction that repairs DNA alkylation damage. Although
the bacterial Ada enzyme repairs O°-methylguanine in this
manner, it also repairs DNA methylphosphotriesters by trans-
fer of the methyl group to another cysteine residue in the pro-
tein, which induces a conformational change that allows it to
bind DNA and activate transcription (58 — 60).

These studies illustrate the diverse functional consequences
of S-methylation in cells. Further studies will be required to
understand the role of S-methylation in MLL1 biology.
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