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ABSTRACT

H2B ubiquitylation (H2Bub)-dependent H3K4 methy-
lation is mediated by the multisubunit Set1 complex
(Set1C) in yeast, but precisely how Set1C subunits
contribute to this histone modification remains un-
clear. Here, using reconstituted Set1Cs and recom-
binant H2Bub chromatin, we identified Set1C sub-
units and domains involved in the H2Bub-dependent
H3K4 methylation process, showing that the Spp1
PHDL domain, in conjunction with the Set1 n-SET do-
main, interacts with Swd1/Swd3 and that this interac-
tion is essential for H2Bub-dependent H3K4 methy-
lation. Importantly, Set1C containing an Spp1-Swd1
fusion bypasses the requirement for H2Bub for H3K4
methylation, suggesting that the role of H2Bub is
to induce allosteric rearrangements of the subunit-
interaction network within the active site of Set1C
that are necessary for methylation activity. Moreover,
the interaction between the Set1 N-terminal region
and Swd1 renders the Spp1-lacking Set1C compe-
tent for H2Bub-dependent H3K4 methylation. Col-
lectively, our results suggest that H2Bub induces
conformational changes in Set1C that support H3K4
methylation activity.

INTRODUCTION

Evolutionarily conserved histone H3 lysine 4 (H3K4)
methylation plays important roles in many cellular pro-
cesses, including transcription, DNA replication and re-

pair, meiotic recombination, and class-switch recombina-
tion, among others (1-4). Defects in histone H3K4 methy-
lation are closely correlated with human pathologies (5,6),
emphasizing the importance of understanding underlying
molecular mechanisms that govern H3K4 methylation.

In contrast to metazoans, which have multiple H3K4
methyltransferase enzymes, the budding yeast Saccha-
romyces cerevisiae contains a single H3K4 methyltrans-
ferase (Setl) that forms a multisubunit complex (Setl com-
plex) with seven other subunits (Swdl, Swd3, Bre2, Sdcl,
Sppl, Swd2 and Shgl) (7), thus providing a good model
system for studying the molecular basis of the regulation
of H3K4 methylation. Genetic studies have revealed contri-
butions of each subunit to cellular H3K4 methylation levels
(8—11). However, these studies do not exclude the possibility
that various cellular factors indirectly affect H3K4 methy-
lation, emphasizing the necessity of biochemical analyses
using defined factors to directly assess the precise roles of
each subunit in the Setl complex (Set1C) during the H3K4
methylation process.

The requirement for prior mono-ubiquitylation at his-
tone H2B lysine 123 (H2Bub) is one of most interesting fea-
tures of H3K4 methylation in yeast (12-14). Such histone
modification crosstalk is also observed in at least a subset
of human H3K4 methyltransferase complexes (15,16), em-
phasizing the importance of understanding the mechanis-
tic details of this trans-tail histone modification for the de-
velopment of H3K4 methylation-related therapies. Previous
studies have proposed at least three mechanistic models for
H2Bub-dependent H3K4 methylation that are not mutually
exclusive (17): (1) H2Bub-mediated alteration of the nucle-
osome configuration to one favorable for H3K4 methyla-
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tion (18), (i) H2Bub-dependent recruitment of SetlC to
chromatin (19) and (iii) H2Bub-induced conformational
changes in the catalytic region, resulting in altered catalytic
properties of Set1C (15). Despite extensive investigation, a
definitive answer for how Setl1C recognizes and methylates
H2Bub-chromatin has yet to be provided.

Here, using a biochemically defined system reconstituted
with recombinant H2Bub-containing chromatin (20) and
recombinant Setl1Cs (15), we provide mechanistic insights
into the functions of Setl1C subunits/domains during the
H2Bub-dependent H3K4 methylation process. Our study
reveals a previously unrecognized function of Sppl and the
N-terminal region of Setl in mediating H2Bub-dependent
H3K4 methylation that involves crosstalk among subunits
that induces allosteric activation of the catalytic activity of
Set1C.

MATERIALS AND METHODS

c¢DNA, plasmids, baculoviruses, recombinant proteins and
Set1 complex purifications

The cDNAs for yeast genes were PCR-amplified from yeast
genomic DNA. For protein expression in yeast, cDNAs
were subcloned into pRS416 (ATCC). For GST-tagged pro-
teins, cDNAs were subcloned into pGEX4T (Amersham),
expressed in Escherichia coli, and purified on Glutathione-
Sepharose 4B beads (GE Healthcare). For baculovirus-
mediated expression, cDNAs were subcloned into pFAST-
BACI1 (Gibco-Invitrogen) with or without an epitope tag
and baculoviruses were generated according to the man-
ufacturer’s instruction (Gibco-Invitrogen). For expression
of FLAG-tagged proteins, and for reconstitution of Setl
complexes containing FLAG-Setl or FLAG-Setl frag-
ments, Sf9 cells were infected with combinations of bac-
uloviruses and proteins/complexes were affinity purified
on M2 agarose (Sigma) as described (21). The expression
and purification of recombinant Xenopus histones, semi-
synthetic H2Bub, histone octamers, NAP1 and the ACF
complex were as described (20,21).

In vitro chromatin assembly for histone methyltransferase as-
says

Procedures for chromatin assembly with the recombinant
ACF/NAPI1 system were as described (21). Briefly, the re-
action containing core histone octamer (700 ng) and NAP1
(2.4 pg) in 55 wl HEG buffer (25 mM HEPES [pH 7.6], 0.1
mM EDTA and 10% glycerol) was incubated on ice for 30
min. After the further addition of the ACF complex (160
ng) and the pS3ML plasmid (22, 700 ng), the reaction was
adjusted to 25 mM HEPES [pH 7.6], 0.1 mM EDTA, 10%
glycerol, 50 mM KCI, 3.2 mM ATP, and 5 mM MgCl, in a
final volume of 70 .l and incubated at 27°C for 4 h.

In vitro histone methyltransferase assays

For free histone H3 methyltransferase assays, reactions con-
taining 100 ng recombinant histone H3 and purified Set1C
(containing 30 ng Bre2 subunit) in 20 pl reaction buffer (25
mM HEPES [pH 7.6], 50 mM KCI, 5 mM MgCl,, 0.1 mM
EDTA and 10% glycerol) supplemented with 100 .M SAM

(S-adenosyl methionine, NEB) were incubated at 30°C for
1 h. For recombinant chromatin methyltransferase assays,
reactions containing 350 ng (histone amount) recombinant
chromatin (35 pl, assembled as above), purified Set1C (con-
taining 30 ng Bre2 subunit) and 100 puM SAM were ad-
justed to 40 pl with HEG buffer and incubated at 30°C for
1 h. Proteins were resolved by SDS-PAGE and subjected to
immunoblotting.

Protein interaction assays

For GST-pull down assays, 1 pg of GST or GST-tagged
proteins immobilized on Glutathione-Sepharose 4B beads
were incubated with 200 ng of purified proteins in the bind-
ing buffer (20 mM Tris—Cl [pH 7.9], 150 mM KCI, 0.2 mM
EDTA, 20% glycerol, 0.05% NP-40 and 0.2 mg/ml BSA)
at 4°C for 3 h and then beads were extensively washed with
the binding buffer. For peptide-pull down assays, 1 g of bi-
otinylated histone H3 peptides (1-20 amino acid residues)
immobilized on Streptavidin Agarose beads (Pierce) were
incubated with 500 ng of purified proteins in the binding
buffer (50 mM Tris—Cl [pH 7.5], 150 mM NacCl and 0.05%
NP-40) at 4°C for overnight and then beads were extensively
washed with the binding buffer. Bound proteins were ana-
lyzed by immunoblotting.

Yeast strains

All yeast strains used in this study were derived from the
BY4741 strain and summarized in Supplementary Table S1.

Whole cell extracts and immunoblot analyses

Yeast whole cell extracts were prepared from cells in expo-
nential growth phase either in YPD or in synthetic media by
TCA (trichloroacetic acid) extraction and then subjected to
immunoblot analyses.

Antibodies

Polyclonal anti-Sppl antibody was obtained from the
Géli laboratory. The following antibodies were obtained
commercially: anti-H3 (Abcam, ab1791); anti-H3K4mel
(Abcam, ab8895); anti-H3K4me2 (Abcam, ab7766); anti-
H3K4me3 (Active Motif, AM39159); anti-FLAG (Sigma,
A8592); anti-HA (Abcam, ab9110).

RESULTS

The PHDL (PHD-Like) domain within Sppl1 is essential for
H2B ubiquitylation-dependent H3K4 methylation activity of
the C762 complex

We previously demonstrated that the C762 complex, a par-
tial Setl complex that contains a Setl fragment (residues
762-1080) encompassing the n-SET, SET and post-SET
domains together with the five associated subunits, Sppl,
Swdl, Swd3, Bre2 and Sdcl, exhibits strong H3K4 methy-
lation activity toward H2Bub-containing nucleosomes (15).
Furthermore, a C762-based complex lacking Sppl was un-
able to methylate H2Bub chromatin, despite its intrinsic
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Figure 1. Requirements of Sppl domains for H3K4 methylation activity of the C762 Setl complex. (A) A schematic diagram of full-length (FL) Setl
and C762 Setl fragment along with associating subunits deduced from previous study (15). RRM (RNA recognition motif), RRM2 (RNA recognition



11132 Nucleic Acids Research, 2018, Vol. 46, No. 21

ability to methylate free histone H3 (H3) in vitro (summa-
rized in Figure 1A, Supplementary Figure S1A and B) and
in vivo (15,23). These results indicate that, at least in the ab-
sence of Setl N-terminal residues 1-761 (see below), Sppl
acts in conjunction with the n-SET domain of Setl and the
Set1C catalytic core (i.e. C938 complex)—composed of SET
and post-SET domains (Set] residues 938—1080) plus Swdl,
Swd3, Bre2 and Sdcl (Supplementary Figure S2A)—to me-
diate H2Bub-dependent H3K4 methylation.

Accordingly, we analyzed the C762 complex as a model to
define the molecular function of Spp1 in H2Bub-dependent
H3K4 methylation. A multispecies alignment predicted a
PHD (plant homeodomain), an SID (Setl-interacting do-
main), and a PHDL (PHD-Like) domain within Sppl, all
of which are well conserved among different species (Sup-
plementary Figure S1C and D). To test whether each do-
main has a function similar to that predicted from studies
on CFPI1, a mammalian homolog of Sppl, we first puri-
fied FLAG-tagged Sppl mutant proteins in which individ-
ual domains were deleted (Figure 1B, Supplementary Fig-
ure S1E). In a test for binding to synthetic peptides contain-
ing methylated H3K4, only the Spp1 mutant lacking PHD
(APHD-Sppl1) exhibited a complete defect in interactions
with H3K4-methylated peptides (Figure 1C), despite the
fact that this mutant contains a PHDL domain, which has
significant homology with the PHD2 of CFP1 (Supplemen-
tary Figure S1D). These results suggest that the ability of
Sppl to recognize methylated H3K4 (24,25) is attributable
to the PHD rather than the PHDL domain. We also ob-
served decreased interactions with H3K4-methylated pep-
tides in the Sppl mutant lacking SID (ASID-Spp1), which
might be due to alteration of protein characteristics caused
by deletion of this domain. Given previous observations
that the SID within CFP1 binds to human SetlA and Set1B
proteins (26) and that Spp1 selectively interacts with the n-
SET domain of Setl (15), we next examined direct interac-
tions between purified Sppl mutant proteins and the pu-
rified n-SET domain (Setl residues 762-937) (Supplemen-
tary Figure S1F). These analyses revealed that ASID-Sppl
failed to bind to the n-SET domain (Figure 1D), confirm-
ing that the SID also plays a role in the association of Sppl
with the yeast Setl complex.

To determine the domain within Spp1 involved in H3K4
methylation, we reconstituted C762-based Setl complexes
and affinity purified them from Sf9 cells infected with bac-

uloviruses expressing FLAG-C762 Setl, four untagged cat-
alytic core subunits (Swdl, Swd3, Bre2 and Sdcl), and ei-
ther wild-type (WT) or mutant Sppl. All Sppl mutant pro-
teins, surprisingly including ASID-Sppl which is unable
to bind the n-SET domain, were stably integrated into the
complex with all other subunits (Figure 1E). These results
strongly suggest that Sppl can be retained in the com-
plex through secondary interactions with Set1C compo-
nents other than the n-SET domain (see below).

‘We then assessed the contribution of each domain within
Sppl to H3K4 methylation activity using an in vitro (cell-
free) histone methyltransferase (HMT) assay, first employ-
ing free H3 as the substrate. Consistent with the dispens-
ability of Sppl in a C762-based complex for methylation
of free H3 (Figure 1A), all complexes exhibited comparable
levels of H3K4 mono-, di-, and trimethylation (H3K4mel,
H3K4me2 and H3K4me3, respectively) (Figure 1F), al-
though H3K4me3 levels were somewhat decreased for the
APHD-Sppl-containing complex (Figure 1F, lane 3). We
next tested the H3K4 methylation activity of complexes to-
wards a more physiologically relevant H2Bub-containing
chromatin template (Figure 1G). The complex containing
APHD-Sppl generated levels of all three H3K4 methy-
lation states similar to those observed with the complete
C762 complex (Figure 1G, lane 3), and the ASID-Sppl-—
containing complex exhibited H3K4mel /me2 activity, but
no H3K4me3 activity (Figure 1G, lane 4). Importantly, we
further found that the complex reconstituted with APHDL-
Spp1 was totally inactive with respect to H3K4 methylation
(Figure 1G, lane 5), similar to the case for the C762-based
complex reconstituted without Sppl (Figure 1G, lane 2).

To confirm the critical role of the PHDL domain for
H3K4 methylation in intact cells, we generated a yeast strain
carrying a chromosomal copy of HA-C762 Setl derived
from an sppl-deletion background. After reintroduction of
plasmids expressing either WT or mutant Sppl, we mon-
itored H3K4 methylation levels (Figure 1H). Consistent
with results obtained using a reconstituted recombinant
protein system, the ASID-Sppl strain exhibited a selective
loss of H3K4me3 (Figure 1H, lane 4), whereas the APHDL-
Sppl strain showed almost undetectable levels of all three
H3K4 methylation states (Figure 1H, lane 5). Hence, these
data strongly suggest that the PHDL domain within Sppl
plays a critical role in C762 complex-mediated, H2Bub-
dependent H3K4 methylation of the chromatin template.

motif 2), n-SET, SET, and post-SET (hatched box) domains within Setl protein are depicted. H3K4 methylation activities of purified Set1Cs on free
histone H3 and recombinant chromatin templates assembled with unmodified H2B or H2Bub-containing octamers (Supplementary Figure SIA and B)
are summarized on the right. (B) A schematic diagram of the C762-based Setl complexes containing wild-type (WT) or mutant Sppl. (C) Requirement of
the PHD domain of Spp1 for binding to histone H3 peptides with mono- (H3K4mel), di- (H3K4me2), tri- (H3K4me3), or no (H3K4me0) methylation at
lysine 4 residue. Biotin pull-down assays employed biotinylated H3 peptides and purified FLAG-Spp1 proteins (Supplementary Figure S1E) and peptide-
bound proteins were scored by immunoblotting with anti-FLAG antibody. (D) Requirement of the SID domain of Sppl for binding to the n-SET domain
of Setl. GST pull-down assays employed GST-tagged n-SET fragment (Setl residues 762-937) (Supplementary Figure S1F) and purified FLAG-Sppl
proteins (Supplementary Figure S1E) and bound proteins were scored by immunoblotting with anti-FLAG antibody. (E) SDS-PAGE/Coomassie blue
staining and anti-Sppl immunoblot analyses of purified C762-based Setl complexes reconstituted with baculoviruses expressing FLAG-tagged C762 Setl,
Swdl, Swd3, Bre2, Sdcl, and either WT or mutant Sppl. Spp! polypeptides are marked by asterisks. (F and G) Requirement of the PHDL domain of Sppl
for in vitro H3K4 methylation activity of SetlC on H2Bub chromatin. Free histone H3 (F) and H2Bub chromatin (G) were subjected to in vitro histone
methyltransferase (HMT) assays with indicated purified C762-based Setl complexes (E). H3K4 methylation status was monitored by immunoblotting
with indicated antibodies. (H) Requirement of the PHDL domain of Sppl for H3K4 methylation in yeast cells. Plasmids expressing WT or mutant Sppl
were introduced into the sez/ Asppl A yeast strain that contains a chromosomal gene expressing HA (three copies)-tagged C762 Setl. Yeast whole cell
extracts were analyzed by immunoblotting with indicated antibodies. H2Bub, K120-ubiquitylated H2B; H3K4mel, K4-monomethylated H3; H3K4me2,
K4-dimethylated H3; H3K4me3, K4-trimethylated H3.



The PHDL domain mediates interactions between Sppl/n-
SET and Swd1l/Swd3 within the catalytic core of the Setl
complex

We previously showed that Sppl mediates physical interac-
tions between the n-SET domain and the catalytic core (15).
With Sppl mutant proteins lacking individual domains in
hand, we next sought to detail the role of Sppl as a bridg-
ing molecule within the C762 complex and determine its re-
lationship with the H2Bub-dependent H3K4 methylation
activity of the complex. To determine the Sppl domain re-
quired for bridging the n-SET domain and the catalytic
core, we performed in vitro protein-interaction assays em-
ploying a purified n-SET fragment, the C938 complex and
either WT or mutant Sppl, as shown schematically in Fig-
ure 2A. Consistent with our previous observation (15), a
GST-immobilized n-SET fragment was able to bind the
C938 complex only in the presence of Spp1 (Figure 2B, lane
S versus lane 4). The addition of APHD-Sppl also resulted
in association of the C938 complex with n-SET (Figure 2B,
lane 6), whereas addition of ASID-Spp1 did not (Figure 2B,
lane 7), reflecting its inability to bind to n-SET (Figure 1D).
Importantly, we found that APHDL-Sppl is unable to me-
diate interactions between the n-SET domain and the C938
complex (Figure 2B, lane 8), strongly suggesting that the
defective H3K4 methylation activity of the APHDL-Sppl—
containing complex towards an H2Bub chromatin template
(Figure 1G) might involve failure of APHDL-Sppl to me-
diate trans-interactions between the n-SET domain and the
catalytic core.

Taken together with the above results, the presence of
ASID-Sppl in the purified C762-based complex (Figure
1E) led us to postulate that, in addition to the n-SET do-
main, Sppl can also interact with one or more components
in the catalytic core. To test this idea, we examined inter-
actions of n-SET domain-bound Sppl (Sppl/n-SET) with
purified Set1C subunits (Supplementary Figure S2B), as
shown schematically in Figure 2C. We found that Sppl/n-
SET selectively interacted with Swd1l and Swd3 in a reaction
containing all four subunits (Swd1l, Swd3, Bre2 and Sdcl)
(Figure 2D, lane 7), but not with any individual subunit
alone (Figure 2D, lanes 8-11). Moreover, Swdl and Swd3
were found to be sufficient for Sppl/n-SET binding (Fig-
ure 2D, lane 13), confirming the minimal subunit require-
ment. Finally, and importantly, we further confirmed that
the PHDL domain plays a key role in the interaction be-
tween Sppl/n-SET and Swd1/Swd3 (Figure 2E, lane 9 ver-
sus lane 8). Collectively, these results suggest that the n-SET
domain of Setl and the PHDL domain of Sppl together
create a binding platform for interaction with heterodimeric
Swd1/Swd3 in the catalytic core (Figure 2F), an interaction
that is correlated with H2Bub-dependent H3K4 methyla-
tion (Figure 1G and H).

Physical linkage between Spp1 and Swd1 renders the complex
competent for nucleosomal H3K4 methylation in the absence
of H2B ubiquitylation

Deletion of the n-SET domain results in the concomitant
disappearance of Sppl from SetlC; the resulting Set1C
is incompetent for H2Bub-dependent H3K4 methylation

Nucleic Acids Research, 2018, Vol. 46, No. 21 11133

(15). Similar to the case above, where Sppl plays a criti-
cal role in the catalytic activity of the C762 complex, this
situation complicates the task of defining the role of the
n-SET domain because the n-SET domain may partici-
pate in the H3K4 methylation process (i) as a catalytic
player in conjunction with Sppl or (ii) by merely present-
ing Sppl to the catalytic core. To differentiate these mech-
anisms, we performed the following experiments using pu-
rified Set1Cs (Supplementary Figure S3A and B). First, we
reconstituted a C762-based complex containing either an
Sppl-Swdl or an Sppl-Swd3 fusion protein (Figure 3A,
middle and bottom left, respectively). We found that these
complexes exhibited H3K4 methylation activities compara-
ble to that of the intact C762 complex (Figure 3B, lanes
2 and 3 versus lane 1), indicating that a physical linkage
between Sppl and Swdl or Swd3 does not disrupt the in-
trinsic enzymatic activity of the complex. Second, we in-
troduced serine substitutions at several amino acid residues
in the Sppl-interacting motif (SIM), located within n-SET,
to uncouple Sppl from the n-SET domain (Figure 3A, up-
per right). Consistent with a previous report (25), these
mutations led to a defect in interactions of Sppl with the
n-SET domain (Supplementary Figure S3D and E) and
caused almost a complete disappearance of Sppl in the
reconstituted complex (Supplementary Figure S3A, anti-
Sppl immunoblot, lane 4). The resulting C762-sim com-
plex generated H3K4mel and significantly decreased lev-
els of H3K4me2, but failed to generate H3K4me3 (Figure
3B, lane 4). The interpretation of these results is that the
residual amount of Sppl within the complex is responsible
for generating H3K4mel, but is insufficient for generating
H3K4me2 and H3K4me3. Third, combining the above two
strategies, we generated a complex in which Sppl is phys-
ically linked to Swdl, but is unable to interact with the n-
SET domain (Figure 3A, middle right). Tests of H2Bub-
dependent H3K4 methylation activity showed that the re-
sulting complex generated significant, albeit somewhat de-
creased, levels of all three H3K4 methylation states (Fig-
ure 3B, lane 5). Similarly, we found that a C762-sim—based
complex containing an Spp1-Swd3 fusion (Figure 3A, lower
right) also generated significant levels of all three H3K4
methylation states (Figure 3B, lane 6). Importantly, these
results indicate that physical association of Sppl with the
catalytic core is sufficient to support the H3K4 methylation
activity of Set1C, even if the interaction of Sppl with the
n-SET domain is disrupted.

In a test for H2Bub dependence, we surprisingly found
that the Sppl-Swdl fusion-containing, C762-based com-
plex is able to generate H3K4mel and H3K4me2 in the
absence of H2Bub (Figure 3C, lane 5). This strongly sug-
gests that the forced proximity between Sppl and Swdl by-
passes the requirement for H2Bub for the H3K4 methy-
lation activity of Set1C. Importantly, this further suggests
the role of H2Bub on the nucleosome is to induce rear-
rangements of subunit interactions in the catalytic region of
Set1C that render the complex competent for H3K4 methy-
lation (see Discussion). Moreover, we found that a C938-
based complex containing an Sppl-Swd3 fusion also gen-
erated H3K4mel and H3K4me2 in an H2Bub-dependent
manner (Figure 3D, lanes 7 and 8), indicating that the
forced proximity between Sppl and Swd3 bypasses the re-
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Figure 2. Direct domain-subunit interactions within the C762 Setl complex. (A) A Schematic representation of the in vitro protein interaction assays in
(B). Four gray-colored circles indicate Swd 1, Swd3, Bre2 and Sdcl. (B) Requirement of the SID and PHDL domains of Spp! for trans-interaction between
the n-SET domain and the catalytic core of Set1C. The purified C938 complex (Supplementary Figure S2A) was tested for binding to GST-n-SET in the
presence of purified WT or mutant Sppl. (C) A Schematic representation of the in vitro protein interaction assays in (D) and (E). (D) Physical interaction
of Swdl and Swd3 with Sppl bound to the n-SET domain. Combinations of purified Set1C subunits (Supplementary Figure S2B) as indicated were tested
for binding to GST-n-SET in the presence of purified Sppl. Note that FLAG-Sdc] ran slower than FLAG-Swd3 in this assay where a gradient SDS-PAGE
gel was used for better resolution of protein migrations. (E) Requirement of the PHDL domain for Sppl-mediated interaction of the n-SET domain with
Swd1/Swd3 heterodimer. Purified Swdl and Swd3 proteins were tested for binding to GST-n-SET in the presence of either purified WT or APHDL-
Sppl. (F) A schematic model of subunit/domain interactions in the C762 Setl complex. A surface created by the n-SET domain and Spp! interacts with
heterodimeric Swd1/Swd3 (highlighted by red lines). Direct association of heterodimeric Swd1/Swd3 and Bre2/Sdcl with SET and post-SET domains has
been established by previous studies (15,33,34). The SID domain may also contribute to the proper subunit-interaction network in the catalytic region of
Set1C, as inferred from the selective loss of H3K4me3 in the ASID-Sppl-containing complex (Figure 1G and H).

quirement for an n-SET domain for the H2Bub-dependent
H3K4 methylation activity of Set1C.

Collectively, these results suggest that a role of the n-
SET domain is to locate Sppl at the proper position for
interacting with the catalytic core, an interaction that is re-
quired for the H3K4 methylation activity of Set1C. Failure
of the C762-based complex containing an Sppl-Swdl fu-

sion (Figure 3C, lane 5) and the C938-based complex con-
taining an Spp1-Swd3 fusion (Figure 3D, lane 8) to generate
H3K4me3 is probably attributable to the unnatural linkage
between Sppl and Swd1 or Swd3, which prevents enzymatic
activity from proceeding beyond the H3K4 di-methylation
state.
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Figure 3. H3K4 methylation activities of the subunit fusion-containing Setl complexes. (A) Schematic representations of anticipated subunit associations
in the purified complexes used in an in vitro HMT assay in (B). Four gray-colored circles indicate Swd1, Swd3, Bre2 and Sdcl. Amino acid substitutions
to serine (bold) in the SIM (Sppl-interacting motif) are depicted in the C762-sim Setl complex (upper right). In Sppl and either Swdl or Swd3 fusion
proteins, two subunits are connected by the linker amino acids (GGGGGGAAA, depicted by short black lines). Depiction of faint Sppl in the C762-sim
Setl complex implies its inefficient retention in the complex (Supplementary Figure S3A). (B) H3K4 methylation activities of Set1Cs containing physically-
associated subunits. H2Bub chromatin templates were subjected to in vitro HMT assays with purified C762-based Setl complexes containing subunit
fusions (Supplementary Figure S3A). (C and D) Spp1-Swd1 fusion bypasses requirement of H2Bub for H3K4 methylation activity of the C762-based Set1
complex (C). Sppl-Swd3 fusion bypasses requirement of the n-SET domain for H2Bub-dependent H3K4 methylation activity of the C938-based Setl
complex (D). Chromatin templates assembled with unmodified H2B- or H2Bub-containing octamers were subjected to in vitro HMT assays with purified
Set1Cs (Supplementary Figure S3B) that all have intact intrinsic H3K4 methyltransferase activities on free H3 (Supplementary Figure S3C). Subunit
compositions and subunit fusions within the complexes are depicted at the top. unmod, unmodified H2B.

Setl N-terminal residues 1-229 play a role in H2B
ubiquitylation-dependent H3K4 methylation activity in the
absence of Sppl

In contrast to the strict requirement for Sppl for the
H2Bub-dependent H3K4 methylation activity of the C762
complex, Sppl-deficient Set1C containing full-length Setl
exhibited significant H3K4 methylation activity in vitro (15)

(summarized in Figure 1A, Supplementary Figure S1A and
B) and in vivo (10,11,15), although this activity was mod-
erately decreased compared with that of complete Set1C.
This conditional requirement for Spp1 raises the possibility
that some region(s) within the first 761 amino acid residues
of Setl play a redundant role in H2Bub-dependent H3K4
methylation, through a mechanism similar to (or possi-
bly distinct from) Sppl. To determine region(s) required
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for H3K4 methylation activity of Setl1C in the absence of
Sppl, we generated a series of deletion mutants of FLAG-
tagged Setl and then reconstituted them into complexes
with six other (untagged) subunits (Swd 1, Swd3, Bre2, Sdcl,
Swd2 and Shgl), but without Sppl (Figure 4A). Compo-
sitional analyses revealed that all purified complexes con-
tained the expected subunits, as depicted in Figure 4A (Fig-
ure 4B).

In functional in vitro assays, all complexes, except the
A938-1080 Setl complex, generated comparable levels of
all three H3K4 methylation states on free H3 (Figure
4C), confirming that the catalytic core has intrinsic H3K4
methylation activity. Importantly, tests of H3K4 methyla-
tion activity towards an H2Bub-containing chromatin sub-
strate (Figure 4D) revealed that the A1-229 Setl complex
showed no H3K4 methylation activity (Figure 4D, lane 3).
However, complexes with Setl internal deletions exhibited
markedly enhanced (A356-568 and A569-761, Figure 4D,
lanes 5 and 6) or comparable (A230-355, Figure 4D, lanc 4)
H3K4 methylation activity relative to the full-length Setl-
containing complex (Figure 4D, lane 2). Notably, a com-
mon feature of these H3K4 methylation-competent com-
plexes is inclusion of the first N-terminal 229 amino acid
residues of Set1 and the presence of associating Swd2. How-
ever, the fact that these complexes gained H3K4 methyla-
tion activity is not attributable to Swd2, because we previ-
ously showed that a partial Set1C composed of five subunits
(full-length Setl, Swdl, Swd2, Bre2 and Sdcl), but lacking
Swd2, Shgl and Sppl, possesses H2Bub-dependent H3K 4
methylation activity (15, see also Figure 6B, lane 1). Fi-
nally, as expected, and consistent with our previous report
(15), deletion of n-SET (A762-937) and SET plus post-SET
(A938-1080) domains resulted in complete loss of H3K4
methylation activity (Figure 4D, lanes 7 and 8).

To confirm these results in intact cells, we expressed
HA-tagged full-length Setl and Setl fragments in the
setl Asppl A yeast strain and examined global levels of
H3K4 methylation (Figure 4E). Consistent with results
from our cell-free reconstitution system, the three strains
that expressed the N-terminal 1-229 and C-terminal 762-
1080 (n-SET, SET and post-SET domains) residues of Setl
in common showed all three H3K4 methylation states (Fig-
ure 4E, lanes 5-7), whereas those with a deletion of any
of these regions showed no detectable activity (Figure 4E,
lanes 4, 8 and 9). Similar results were obtained using pu-
rified complexes and yeast strains containing Sppl in the
same series of experiment as deployed in Figure 4, although
the Sppl-independent role of the Setl N-terminal region in
H3K4 methylation activity could not be addressed in this
experimental context owing to the presence of Sppl (Sup-
plementary Figure S4). Collectively, these results strongly
suggest that the N-terminal region of Setl contains a pre-
viously unrecognized motif required for H2Bub-dependent
H3K4 methylation that was unveiled in the absence of Sppl1.

Basic motifs within the Set1 N-terminal region physically in-
teract with Swdl

Given that Setl N-terminal residues 1-229 compensate for
the absence of Sppl in the C762-based complex in support-
ing H2Bub-dependent H3K4 methylation activity, as indi-

cated above, we considered the possibility that communi-
cation between the Setl N-terminal region and the catalytic
core might also be involved in the H2Bub-dependent H3K4
methylation activity of Set1C. To test this possibility, we ex-
amined direct interactions between purified Setl fragments
(Supplementary Figure SSA and B) and purified Set1C sub-
units constituting the catalytic core. These analyses revealed
a direct interaction of Swd1 with the Setl 1-229 fragment
(Figure 5A, Swdl immunoblot, lane 3). None of the tested
subunits alone showed direct binding to SET or post-SET
domains (Figure 5A, lane 8) or the n-SET domain (Figure
SA, lane 7), possibly reflecting the necessity of prior inter-
actions between these subunits for their incorporation into
Set1C.

It has been previously reported that Swdl contains acidic
patches at its C-terminus, which are important for Setl
protein stability and proper levels of H3K4 methylation
(27). Accordingly, we considered the possibility of charge-
based interactions between the Setl N-terminal region and
Swdl, and thus sought to identify Setl region(s) enriched
with basic amino acid residues. Interestingly, we found three
consecutive arginine resides at two locations (RRR1 and
RRR2)in Setl residues 1-229 (Figure 5B) that could poten-
tially create basic binding platform(s) for the acidic region
of Swdl. In support of this idea, we found that a purified
Setl 1-229 fragment containing arginine-to-alanine substi-
tutions in RRR1 and, to a lesser extent, a fragment contain-
ing substitutions in RRR2, exhibited significantly decreased
binding to Swdl (Figure 5C, lanes 4 and 5 versus lane 3,
Supplementary Figure S5C); moreover, combining muta-
tions in RRR1 and RRR2 resulted in an almost complete
loss of interaction with Swdl (Figure 5C, lane 6). These
results suggest that the Setl N-terminal region physically
interacts with the catalytic core of Set1C through charge-
based binding to Swd1.

We previously showed that Swd2 also binds to Setl
residues 1-229 (15). To examine the binding of Swdl and
Swd2 to Setl in greater detail, we further subdivided the
Setl 1-229 fragment (Supplementary Figure S5D) and per-
formed protein interaction analyses using purified Swdl
and Swd2. We found that Swd1 and Swd?2 directly bound to
regions of Setl encompassing residues 1-123 and 124-229,
respectively (Figure 5D), and furthermore that Swdl and
Swd2 could bind simultaneously to the Setl 1-229 fragment
(Supplementary Figure SSE). These data imply that Swd2
does not interfere with physical interactions of the Setl N-
terminal region with Swdl.

Setl N-terminal basic motifs are involved in H2B
ubiquitylation-dependent H3K4 methylation

The above-described results raise the question of whether
the Setl N-terminal region alone is sufficient to render the
Sppl-deficient C762-based complex competent to methy-
late H3K4. To address this, we generated baculovirus
plasmids that express polypeptides composed of Setl N-
terminal regions and a C762 fragment incorporating combi-
natorial arginine-to-alanine substitutions in the RRR1 and
RRR2 motifs, and then reconstituted Set1C with four cat-
alytic core subunits (Swdl, Swd3, Bre2 and Sdcl) in the
presence and absence of Sppl (Figure 6A). All purified
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complexes (Supplementary Figure S6A) exhibited intrinsic
H3K4 methylation activity towards free H3 (Supplemen-
tary Figure S6B), as expected based on their common pos-
session of all components of the catalytic core.

In an HMT assay using H2Bub chromatin as a substrate,
the full-length Setl-containing complex lacking Sppl gen-
erated all three H3K4 methylation states (Figure 6B, lane
1), confirming that five subunits—Setl, Swdl, Swd3, Bre2
and Sdcl—constitute the minimal set of subunits sufficient
for H2Bub-dependent H3K4 methylation activity (15). Im-
portantly, in the absence of Sppl, the complex containing
A230-761 Setl (N-terminal 1-229 residues fused to C762)
exhibited significant levels of H3K4 methylation, whereas
the Sppl-deficient C762-based complex was almost un-
able to methylate H3K4 (Figure 6B, lane 2 versus lane 3).
In addition, the complex containing A124-761 Setl (N-
terminal 1-123 residues fused to C762) was also able to
generate H3K4 methylation, exhibiting somewhat increased
levels of H3K4mel and H3K4me?2 and reduced levels of
H3K4me3 relative to the Sppl-containing complex (Figure
6C, lane 4 versus lane 3). These results indicate that the
Swdl-interacting Setl N-terminal residues 1-123 are able
to compensate for Sppl in supporting the H3K4 methyla-
tion activity of the Sppl-deficient C762-based complex. We
also found that mutations in individual RRR1 and RRR2
motifs resulted in a marked reduction in H3K4 methyla-
tion activity (Figure 6C, lanes 6 and 8 versus lane 4), and
that combining these mutations led to a greater decrease in
H3K4 methylation activity (Figure 6C, lane 10 versus lane

4). In addition, we confirmed that the H3K4 methylation
activities of all these complexes required H2Bub on chro-
matin (Supplementary Figure S6C). Collectively, these ob-
servations lend strong support to the idea that the Setl N-
terminal region plays a previously unrecognized role in me-
diating H2Bub-dependent H3K4 methylation through di-
rect interaction with Swdl.

DISCUSSION

H3K4 methylation is regulated by various players, including
the H2B ubiquitylation machinery, Set1C itself, and many
other cellular factors. To directly assess the roles of subunits
and domains of Set1C in H2Bub-dependent H3K4 methy-
lation without interference from other cellular factors, we
used biochemically defined in vitro HMT assays employing
reconstituted SetlCs and H2Bub chromatin templates in
conjunction with yeast genetic analyses. Our findings pro-
vide a number of valuable insights into the mechanism of
action of domains and subunits within Set!C in H2Bub-
dependent H3K4 methylation: (i) the PHDL domain of
Sppl, in conjunction with the n-SET domain of Setl, in-
teracts with the catalytic core of Set1C, an interaction that
is critical for the H2Bub-dependent H3K4 methylation ac-
tivity of Setl1C; (ii) the proximity between Sppl and the
Swd1l/Swd3 heterodimer bypasses the requirement for an
n-SET domain or H2B ubiquitylation for the H3K4 methy-
lation activity of Set1C and (iii) a charge-based interaction
between the N-terminal region of Setl and Swdl regulates
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the H2Bub-dependent H3K4 methylation activity of Set1C,
at least in the absence of Sppl. Taken together, these results
provide a mechanistic basis for the functions of Set1C sub-
units in the H2Bub-dependent H3K4 methylation process.

Roles of Spp1 domains in the structure and H3K4 methylation
activity of the Setl complex

Our ability to reconstitute Set1Cs with Sppl mutants al-
lowed us to address the functions of individual domains of
Sppl. The SID of Sppl is responsible for direct interaction
with the n-SET domain of Set1, but is dispensable for reten-
tion of Spp1 in Set1C (Figure 1). Instead, we found that the
PHDL domain located at the C-terminus of Sppl is critical
for the association of Spp1 with Set1C in an n-SET domain-
dependent manner (Figure 2, see below). These results are
consistent with the previously reported requirement for the
C-terminus of CFP1, which contains the PHD2 domain, for
interaction with human Setl A and Set1B complexes (26).
However, the SID likely still contributes to the full H3K4
methylation activity of Set1C, because its deletion resulted
in selective loss of H3K4me3 (Figure 1G and H). One plau-
sible interpretation is that the SID contributes to the proper
binding of Sppl to the n-SET domain, which in turn creates
a binding surface suitable for interaction with Swdl/Swd3
as well as full H3K4 methylation activity. We found that the
PHD of Sppl was not directly involved in the enzymatic
activity of SetlC (Figure 1), excluding the possibility that
Sppl acts through binding of methylated H3K4 to bring
Set1C to chromatin to methylate H3K4 in the other tail
in the same nucleosome or a neighboring nucleosome dur-

ing the methylation process. Alternatively, it is possible that,
by binding methylated H3K4, the PHD contributes to the
maintenance of cellular H3K4 methylation levels by pro-
tecting against demethylation (25) (see below). Also, distinct
from its function as a Set1C component, the PHD of Sppl
appears to play a more critical role in meiotic recombina-
tion by binding H3K4me3 enriched in the vicinity of mei-
otic double-strand breaks (24,25). Mammalian Setl com-
plexes can target the promoter region of actively transcrib-
ing genes through recognition of unmethylated CpG dinu-
cleotides by the CXXC domain of the CFP1 subunit (28—
30), a function that is important for the proper distribution
of H3K4 methylation on chromatin (31). In a related ob-
servation, a multispecies alignment also revealed a putative
DNA-binding domain in Sppl (32); however, we did not
detect DNA binding activity of Sppl in vitro under condi-
tions in which human CFP1 exhibited a strong affinity for
DNA (Supplementary Figure S1G and H). Thus, in light
of the lack of DNA methylation in yeast, targeting of the
yeast Setl complex to chromatin may be regulated differ-
ently than that of the mammalian Setl complexes, which is
affected by DNA methylation status.

Conformational change in the catalytic region of the Setl
complex

Although several plausible models have been proposed (17),
no clear evidence has been presented to provide a definitive
answer for how Set1C recognizes and methylates H2Bub
chromatin. The current study presents data that bear on
this tantalizing question, providing several lines of evidence
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supporting the conclusion that an H2Bub-induced con-
formational change in the catalytic region of SetlC (en-
compassing the n-SET domain, Sppl, Swdl, Swd3, and
SET plus post-SET domains, which also connect Bre2
and Sdcl) renders the complex competent for nucleosomal
H3K4 methylation. Our in vitro protein-interaction studies
demonstrated a complex subunit-interaction network that
correlates with the H2Bub-dependent H3K4 methylation
activity of SetlC. The n-SET domain and Sppl together
create a binding platform that is required for interaction
with heterodimeric Swd1/Swd3; importantly, this implies
that all essential components in the catalytic region required
for H2Bub-dependent H3K4 methylation activity are inter-
connected (Figure 2F). In support of our demonstration of
the subunit interaction network, very recent structural anal-
yses of the Set1C catalytic region showed that Swd1/Swd3
heterodimer, in conjunction with the SET domain of Setl,
creates an inter-subunit pocket next to the active site and
that proper positioning of Swdl and Swd3 is crucial for
formation of the catalytic pocket and substrate selectivity
(33,34). Hence, consistent with our results, these studies
raise a possibility that rearrangement of subunit interac-
tions in the catalytic site of Set1C accompanies by recogni-
tion of correct substrate. In line with this, it is possible that
recognition or sensing of ubiquitin on the surface of the nu-
cleosome core triggers allosteric changes in the catalytic re-
gion, which in turn results in alteration of the catalytic prop-
erties of Set1C towards nucleosome substrates. The most
compelling observation in this context is our demonstra-
tion that an Sppl-Swdl fusion bypassed the requirement
for H2Bub for the H3K4 methylation activity of Set1C (Fig-
ure 3); thus, we postulate that the role of H2Bub is to cause
rearrangements in the subunit-interaction network that ul-
timately generate H3K4 methylation-competent crosstalk
among subunits. In support of our model, recognition of
histone modifications has been proposed to induce a simi-
lar allosteric activation of the HMT activity of a different
multisubunit complex. Structural and biochemical analy-
ses of the PRC2 complex have revealed that recognition of
H3K27me3 by the EED subunit causes a conformational
change in the PRC2 complex that leads to activation of the
H3K27 methyltransferase activity of the SET domain cat-
alytic subunit, EZH2 (35-37).

Because there is currently no evidence for direct, stable
interactions of H2Bub with any components of Set1C, one
unanswered question in our scenario relates to how Set1C
recognizes H2Bub on chromatin. In this context, we postu-
late that interaction of n-SET/Sppl with the Swd1/Swd3
heterodimer, together with other components in the cat-
alytic region, generates a new surface that potentially senses
H2Bub on chromatin. Our failure to detect a direct interac-
tion between H2Bub and Set1C is possibly attributable to
the dynamic nature of the catalytic region within Set1C, re-
flecting its modulation by H2Bub.

Involvement of the N-terminal region of Setl in mediating
H2B ubiquitylation-dependent H3K4 methylation in the ab-
sence of Sppl

Several studies have reported that the Setl N-terminal re-
gion affects cellular H3K4 methylation levels through a

number of mechanisms, including regulation of Setl pro-
tein stability (38), recruitment and/or localization of Set1C
to chromatin (15,23,39), and binding to nascent mRNA
(40,41). However, none of these studies implicated direct
function of the Setl N-terminal region in the catalytic ac-
tivity of Set1C. In this regard, our previous study demon-
strated that the inhibitory central region of Setl (residues
230-761) is counteracted by the Setl N-terminus (residues
1-229) (15). The current study provides evidence that the
Setl N-terminus participates directly in the catalytic activ-
ity of Set1C by communicating with the catalytic region of
Set1C (Figure 5 and 6). This interaction is also supported
by previous reports by other groups showing the interac-
tion of Swdl with a Setl polypeptide as it emerges from
the ribosome (e.g. the Setl N-terminal region) during trans-
lation (42), as well as by evidence for coimmunoprecipi-
tation of Swdl/Swd3 with a Setl fragment incorporating
residues 1-900 (10). In addition, our demonstration that
Setl N-terminal residues 1-123 converts the Sppl-deficient
C762 complex into an H3K4 methylation-competent form
(Figure 6) provides a plausible explanation for why the full-
length Setl-containing complex is able to methylate H3K4
in the absence of Sppl. These observations raise the inter-
esting question of whether the interaction of the Setl N-
terminus with the catalytic region of Set1C is conditional
only in the absence of Sppl. In this case, we postulate that
the Setl N-terminal region acts as a backup for Sppl that
can be dispensed with in Set1C during meiosis (25).

We note that a parallel experiment using an sppl A strain
that expresses the A124-761 Setl fragment showed only
weak H3K4mel signals, and no H3K4me2 or H3K4m3 sig-
nals (Supplementary Figure S6D). Chromatin immunopre-
cipitation analyses used to assess localization of Setl re-
vealed that the A124-761 Setl fragment showed markedly
decreased recruitment to chromatin relative to full-length
Setl (Supplementary Figure S6E and F). Thus, it is likely
that defective physical association of A124-761 Setl with
chromatin resulted in more severely reduced enzymatic ac-
tivity in cells compared with that observed in the defined in
vitro system, where substrates are much more readily acces-
sible to the enzyme. In addition, a recent genetic study sug-
gested that Spp1 protects methylated H3K4 from demethy-
lation activity in cells (25), an observation that may account
for the decreased H3K4 methylation levels in the A124-761
Setl strain lacking Sppl (Supplementary Figure S6D).

Models of Spp1- and Setl N-terminal region-mediated H2B
ubiquitylation-dependent H3K4 methylation

It is unlikely that H2Bub-dependent recruitment of Set1C
to nucleosomes fully accounts for the requirement for
H2Bub for H3K4 methylation activity. This is because, de-
spite intensive efforts, no convincing evidence for a direct,
stable interaction of ubiquitin or H2Bub chromatin with
any components of Setl1C has been reported. On the con-
trary, it has been reported that accumulation of Setl on
chromatin is little affected by impaired H2B ubiquitylation
(10,15). Instead, our study favors a model in which H2Bub
induces a conformational change in the catalytic region of
Set1C. According to our proposed model, in the absence
the N-terminal region of Setl, the active site of the catalytic
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Figure 7. Mechanistic models of H2B ubiquitylation-dependent H3K4 methylation involving Spp1 and the Set]1 N-terminal region. (A) In the absence of the
Setl N-terminal region, we envision that H2B ubiquitylation causes conformational changes in the catalytic region of Set1C that involve rearrangements
of the subunit-interaction network; this, in turn, induces allosteric activation of the catalytic site, rendering it accessible to nucleosomal H3K4. This
conformational change does not occur in the absence of Sppl, as evidenced by the fact that Sppl1 is essential for the interaction between n-SET/Sppl and
Swd1l/Swd3, which is involved in sensing H2Bub and/or conformational changes. (B) In the absence of Sppl, we envision that basic motifs within the
Setl N-terminal region physically interact with Swdl, creating a surface for sensing H2Bub in conjunction with other subunits in the catalytic region of
Set1C. This also induces allosteric activation of the catalytic site of Set1C, rendering it favorable for nucleosomal H3K4 methylation. Sdcl x 2 indicates
the dimeric association of Sdcl in the catalytic region, which was established in recent reports (33,34).

region (e.g., C762 complex) is predicted to be present in
a form that is inactive toward nucleosomal substrates ow-
ing to occlusion by the chromatin structure. Upon sensing
ubiquitin on nucleosomal H2B, the catalytic region under-
goes allosteric changes that could involve shifting of Sppl
and/or Swd1 positions within the active site, changes that,
in turn, render SetlC enzymatically active for nucleoso-
mal H3K4 methylation. This conformational change does
not occur in the absence of Sppl (Figure 7A). We also en-
vision that, in the absence of Sppl, H2Bub can induce a
rearrangement of the subunit-interaction network within
the active site of Set1C, which is also physically connected

to the Setl N-terminal region (Figure 7B). One intriguing
question in this context is whether the Setl N-terminal re-
gion participates in the H2Bub-dependent H3K4 methyla-
tion process through the same mechanism as Spp1. Previous
reports of H2Bub-mediated conformational changes that
reinforce the repositioning of human DotlL for efficient
H3K79 methylation (43,44) lend support to our models.
Structural analyses, ideally involving Set1C and an H2Bub
nucleosome, should provide detailed information relevant
to key aspects of these models. The mechanistic insights into
Set1C subunits provided here set the stage for detailed struc-
tural analyses of Set1C.
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